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Abstract 

There are several facets of aluminum when it comes to sustainability. While it 

helps to save fuel due to its low density, producing it from ores is very energy-

intensive. Recycling it shifts the balance towards higher sustainability, because 

the energy needed to melt aluminum from scrap is only about 5% of that 

consumed in ore reduction. The amount of aluminum available for recycling is 

estimated to double by 2050. This offers an opportunity to bring the 

metallurgical sector closer to a circular economy. A challenge is that large 

amounts of scrap are post-consumer scrap, containing high levels of elemental 

contamination. This has to be taken into account in more sustainable alloy 

design strategies. A “green aluminum” trend has already triggered a new trading 

platform for low-carbon aluminum at the London Metal Exchange (2020). The 

trend may lead to limits on the use of less-sustainable materials in future 

products. The shift from primary synthesis (ore reduction) to secondary 

synthesis (scrap melting) requires to gain better understanding of how multiple 

scrap-related contaminant elements act on aluminum alloys and how future 

alloys can be designed upfront to become scrap-compatible and composition-

tolerant. The paper therefore discusses the influence of scrap-related impurities 

on the thermodynamics and kinetics of precipitation reactions and their 

mechanical and electrochemical effects; impurity effects on precipitation-free 

zones around grain boundaries; their effects on casting microstructures; and the 

possibilities presented by adjusting processing parameters and the associated 

mechanical, functional and chemical properties. The objective is to foster the 

design and production of aluminum alloys with the highest possible scrap 

fractions, using even low-quality scrap and scrap types which match only a few 

target alloys when recycled.  
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1 Introduction and motivation for scrap-based aluminum alloys 

About 100 Mt (million metric tons) of aluminum are currently produced per year, ~35% of 

which comes from scrap while ~40% has already been scrapped in the manufacturing chain 

[1,2]. Aluminum is a material with two facets when it comes to sustainability [3,4]. On the 

one hand, it reduces energy consumption in products and processes, e.g. in lightweight 

transport, packaging and construction, due to its low mass density (2.7 kg dm-3). It is also 

used for low-resistive, low-weight electrical conduction, as with 37×106 A (Vm)-1it reaches 

64% of the conductivity of pure Cu with about 3 times less mass. On the other hand, 

aluminum is also one of the greatest greenhouse gas (GHG) producers and energy-intensive 

industrial metals produced from ores [5,6]. Its GHG emissions include carbon dioxide, 

methane, nitrous oxides, hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride. 

Globally, aluminum production contributes ~3% of all GHG emissions (~15% of all 

emissions in the industrial sector), with a ca. 1.1 Gt carbon dioxide equivalent per year 

[1,7,8]. This means that aluminum from primary production generates about 12-16.5 t of 

GHG per t of metal produced [1,3,9–12]. About 65% of these emissions occur because ~67% 

of the electricity used for electrolysis is produced from fossil fuels [1,9,13,14]. Aluminum 

production requires ~13 Exa J energy per year, which is ~1% of total global energy 

consumption [14]. The synthesis of aluminum also creates multiple harmful by-products 

during mining and electrolysis [3]. This impact is accelerating due to growing population (and 

the growth of the middle class, now about half of the total population) and per-capita 

consumption of aluminum, which is driven by several current trends in transportation, 

urbanization, electrification and manufacturing. For the first time in history the production of 

aluminum is now facing sustainability limits (see Fig. 1). 

 

 

Fig. 1. Aluminum alloys made entirely from scrap can reduce energy consumption and GHG 

emissions by >90% compared to alloys made by primary synthesis [1]. Advanced alloy design 

aims at improving and developing alloys via built-in recyclability, for maximum scrap 

compatibility and use [15]. On average the values for the embodied energy for primary 

aluminum production range between 53 and 65 kWh/kg (190 – 235 MJ / kg), depending on 

slightly different approximations and year [6,16–20]. 

 

Aluminum is an infinitely recyclable material [21–24]: today, about 75% of all the aluminum 

produced in history – nearly a billion metric tons – is still in use [25,26]. Recycling involves 

re-melting the metal, which requires only 5% of the energy used to make new aluminum from 

bauxite ore [6]: the primary synthesis of Al from ores expends 45 kWh/kg because of the 

large enthalpy of its oxide, and about 12 kg CO2/kg, while re-melting Al scrap (secondary 

synthesis) expends only 2.8 kWh/kg because of its low melting point (660°C), and about 0.6 
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kg CO2/kg [27]. This means that recycling has the potential to shift aluminum’s energy and 

carbon balance substantially towards much greater sustainability [2]. 

 

On average, a third of the aluminum used today is produced from recycled scrap [21], 

although this fraction is predicted to rise to 50% by 2050, according to data (2019) from the 

International Aluminum Institute (see Fig. 2) [1,9,13]. The huge differences between primary 

and secondary synthesis in terms of GHG and energy consumption make aluminum alloys, as 

an important pillar of a circular economy, important subjects for sustainable metallurgy 

research [4,28,29]. 

 

In scrap recycling a differentiation must be made between pre-consumer scrap, produced 

during manufacturing and often featuring well-defined alloy classification, and mixed, low-

quality post-consumer scrap, which must be sorted before remelting (see Fig. 3) [1,2]. 

 

 
Fig. 2. Development of primary and recycled aluminum through 2050, based on numbers in 

2019 for end-of-life product collection rates (data sourced in 2021 from the International 

Aluminum Institute (IAI)). MT: million metric tons 

 

 
Fig. 3. Development of global aluminum scrap intake in metric tons. Since 1990, post-

consumer scrap availability from end-of-life (EOL) products has exceeded pre-consumer 

scrap (data sourced in 2021 from the International Aluminum Institute (IAI)). 

 

A good example of circularity is aluminum beverage cans. In some regions, the recycling 

rates for such alloy grades reach 95% [30]. However, even though used beverage cans (UBC) 

are easily collected, have a short lifetime and can theoretically be made of a single alloy 

(today two are typically used) [31], the can-to-can cycle is still not a closed loop [30]. An 

analysis by Reuters, using data from the Carbon Trust, shows that the overall sustainability of 

aluminum can packing depends greatly on the recycled fraction and on the origin of the 

energy used for melting and for generating the additional primary material (see Fig. 4). 

 

The challenge presented by such issues increases exponentially in multi-material products 

such as vehicles [32–36]. This issue needs to be addressed, because the use of aluminum in 
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cars is increasing. Figures from 2019 indeed show that most post-consumer scrap, in terms of 

tonnage, now stems from packaging and vehicles (see Fig. 5). 

 

 
Fig. 4. Carbon footprint of an aluminum can, analysed by Eric Onstad of Reuters, using data 

from the Carbon Trust. The minimum and maximum values give the grams of CO2 embedded 

in a 300 ml standard package unit. 

 

 
Fig. 5. Numbers from 2019 showing the distribution of the global aluminum post-consumer 

scrap intake as a function of manufacturing methods and sector (data represent the year 2019; 

source: the International Aluminum Institute (IAI)). 

 

Fig. 6 shows an example where using recycled Al (instead of material from primary synthesis) 

in a vehicle generates not only a 28% reduction in mass (and therefore fuel) but also a 35% 

reduction in energy consumption and GHG emissions during manufacture. 

 

Today aluminum recycling is conducted primarily within established alloy classes, and only 

small scrap tonnages are exchanged among compositionally dissimilar alloy groups [37–40]. 

The recycling rates for aluminum are generally rather high, but they differ substantially by 

product, alloy and region, ranging from as low as 20% to as high as 80% for some packaging 

products [25,26]. 
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Fig. 6. Example revealing the dual effect of aluminum alloys made from scrap: weight 

reduction and the associated fuel savings (left) plus reduction in energy consumption and 

GHG output from synthesis when using alloys made from scrap (right). Step 1 (data from Al 

Association) shows how much mass is saved when increasing Al from 9 to 37 wt.%. Step 2 

shows that this generates a 28% reduction in mass plus a 35% reduction in energy 

consumption and GHG emission when using scrap-based Al. 

 

The quality, abundance and flow of scrap in this field vary greatly, as do the target alloys and 

their composition requirements [1]. They range from contaminated and mixed low-price 

scraps (also referred to as old scrap or post-consumer scrap) and lower-purity-sensitive 

commodity alloys to well-defined high-quality secondary material (retrieved from closed-loop 

industry processes where little further improvement can be achieved) and very impurity-

sensitive high-performance alloys with little tolerance for tramp elements [34,41–43]. It is this 

variety in the scrap landscape and the great diversity in the types of aluminum alloys used, 

which set the stage for our investigation of the role of scrap-usage in aluminum alloys and 

their potential recycling-friendly design. Here several questions are of interest with respect to 

the metallurgy of these alloys [44]. One set of questions concerns the number and quantities 

of scrap-related tramp elements that can be tolerated in existing high-performance aluminum 

alloys, and what can be done to make them more impurity-tolerant while retaining 

comparable properties [45–47]. The extensive use of scrap for the synthesis of aluminum 

alloys turns the underlying phase diagrams into multi-component equilibria scenarios: while 

conventional phase diagrams for alloys reside in low-dimensional composition corners with 

one or two prevalent alloying elements, the phase diagrams required to design scrap-tolerant 

alloys may have to juggle up to 15 composition axes. This is particularly important for 

aluminum alloys, due to their low solubility for most scrap-related tramp elements. 

 

Another set of challenges lies in whether new alloy design strategies might target a 

compromise between higher scrap usage on the one hand, and modestly reduced properties 

that satisfy the requirements of a broader range of commodity products on the other. This 

trade-off could be quantified by balancing the reduction in energy use and GHG production 

through higher scrap use with performance loss and the associated sustainability reduction 

when the material is in service. Other questions concern the design of so-called crossover or 

uni-alloys [48], with chemical overlap between separate alloy classes [34]. If sufficient 

performance is achieved, such materials would be more recycling-friendly from the outset. 

Another avenue would be to develop compositionally lean alloys, which realize properties 

less through fine-tuning of composition than through processing and microstructure tuning. 

This allows the decoupling of properties from compositions and permits compositionally 

simple alloys to be more readily recycled and mixed. 
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The following article addresses the current status of established and novel aluminum alloys 

and their development, processing and optimization for high performance if we use recycling 

as the production route. We provide guidelines for creating materials with more built-in 

recyclability, launching a new field, which we call “sustainability alloy design”. It targets a 

shift from primary synthesis (reducing ores) to secondary synthesis (melting scrap). In this 

context it must be emphasized that the amount of energy needed to melt aluminum from scrap 

is much lower than that needed to reduce ores. It should also be noted that scrap availability, 

quality and supply chains obviously impose limits, although markets are currently nowhere 

near reaching even these [1,49–52]. In Europe the amount of aluminum available for 

recycling is estimated to more than double by 2050 [49,53]. However, in this scenario supply 

chains and increasing costs due to demand growth will also play important roles. This means 

that a large-scale business such as secondary alumimium production will only prosper if the 

supply chains for recycled material are logistically robust, quality-controlled (in both their 

pre- and post-consumer scrap fractions and their sorting technology), sufficient in magnitude 

and economically competitive. 

 

Identifying pathways towards sustainability alloy design requires us to understand how 

multiple scrap-related contaminant elements act on aluminum alloys, and to utilize the 

knowledge. Here we have coined a further term: the “science of dirty alloys” (SoDA). This 

term addresses the fundamental question of how alloys can be designed upfront to be scrap-

compatible and composition-tolerant, in order to maximize the use of scrap. Most of the 

aluminum scrap today is post-consumer scrap [1,2,40,54]. This scrap usually has a high 

contaminant content, meaning the intrusion of mostly unwanted tramp elements. In other 

words, most scrap in the next few decades will be “dirty”. This article explores how what 

initially sounds inauspicious can become the basis for a new and fruitful science. 

 

The article presents and discusses the scientific and engineering tasks required to achieve the 

goal of a circular aluminum economy. These have been broken down into specific metallurgy 

research topics such as the influence of scrap-related contaminant elements on the 

thermodynamics and kinetics of precipitation reactions [55] and their mechanical and 

electrochemical effects; precipitation free zones around grain boundaries; casting 

microstructures; the adjustments required in processing parameters; and the resulting 

mechanical, functional and chemical properties. We also review advanced experimental 

methods to identify the partitioning of tramp elements among lattice defects, precipitates and 

the matrix and the associated effects on precipitation kinetics, thermodynamics and 

mechanical response. We follow two main research directions. One involves an asymptotic 

approach, where we evaluate how to improve existing alloys and make them more scrap-

tolerant. The other, where we discuss ideas for developing new generations of 

compositionally robust and lean alloys that are more scrap-tolerant from the outset, is more 

disruptive. Ultimately we wish to steer the design and production of aluminum alloys towards 

using the highest possible scrap fractions, low-quality post-consumer scrap, and scrap types 

which serve only a few matching target alloys when recycled. 

 

The “green aluminum” trend (encompassing both primary synthesis on the basis of 

hydropower and scrap in conjunction with recycling) resonates with international markets. 

The London Metal Exchange announced in June 2020 a new trading platform for sustainable 

aluminum. The future may see a scenario where alloys that fail to achieve a certain level of 

sustainability face limitations on use in products. Investor, consumer and legislative pressure 

is intensifying on industries which pollute, and manufacturers are increasingly being forced to 

source materials responsibly. These trends are starting to create premium markets in cleaner-

footprint metal, and sustainable metallurgy is attracting market awareness in turn. 
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Exploring SoDA – the science behind sustainable metallurgy and green alloys – in this way 

can guide the development of a generation of more sustainable metallic materials. This will 

contribute not only to the metallurgical science, but also to a more sustainable society and a 

circular economy where sustainable materials can be translated into successful, safe, high-

performance products that meet the highest quality standards. 

 

2 What defines a sustainable aluminum alloy? 

2.1 Sustainability and circular economy measures for aluminum alloys 

To frame the leverage effects of individual sustainability measures, we first need to describe 

what defines a sustainable aluminum alloy. Several academic studies, legislative measures 

and industry-driven initiatives have made suggestions for defining sustainable metallic alloys, 

processes and elements of a corresponding circular metallurgical economy [3,15,56,57]. This 

section applies the essence of these suggestions to aluminum alloys. 

 

The sustainability of materials must be broadly defined [10,18,22,58]. It needs to consider the 

environmentally relevant aspects associated with mining, processing, chemistry, waste and 

by-product treatment. It has to include energetic, recycling and metallurgical aspects, the 

amount of material scrapped during manufacturing, and the responsible and lean use of 

alloying elements [37,40,59,60]. It must also incorporate social, ethical and work standards. 

These dimensions must be applied to the entire product and to supply chain pathways, and 

must include implementation of sustainability risk analysis and risk mitigation strategies. 

These must be transparent, well-documented and quantifiable by internationally 

acknowledged standardization methods, since the market for aluminum and aluminum 

products is global. This requires transparent life cycle assessments (LCA) based on data and 

boundaries that are agreed upon by research and economic associations, customers, legislators 

and standardization boards [58,61–63]. The tracking of sustainability measures must be 

extended over the entire value chain. For the specific case of aluminum this involves all 

stages of mining, production and processing, including bauxite mining and transport; alumina 

refining; primary and secondary aluminum production including energy sources; red mud 

treatment and waste management; semi-finished processing such as casting, hot rolling, cold 

rolling, heat treatment, extrusion and forging; and the minimization, collection, alloy-specific 

sorting, refining and re-melting of scrap [15,41,52,64]. 

 

The colossal production, GHG, scrap and energy figures outlined above speak for themselves 

and illustrate the urgency of this approach. It is also important to identify the measures that 

have the biggest effects on the sustainability of aluminum alloys. For different alloy groups, 

Fig. 7 shows the technology readiness level (TRL) versus scaled potential for the impact of 

different sustainability measures throughout value chains [3]. In the specific case of aluminum 

alloys, using electrical energy from renewable resources such as hydropower leverages the 

highest impact at high TRL, making it one of the most efficient measures. Particularly in the 

area of primary synthesis, aluminum production can only get as sustainable as the power 

source used to operate electrolysis [65–67] (see Fig. 4). This reflects the trend in the market, 

which shows that primary aluminum synthesis from renewable energy sources, particularly 

from hydropower, has in some regions advanced market share (see Fig. 8) [13].  

 

High leverage for improved sustainability also comes from electrification (from renewable 

sources) and avoidance of CO2 related energy and heating sources for the entire downstream 
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manufacturing chain that follows primary smelting. One trend, for instance, is to use 

hydrogen-based energy carriers instead of fossil fuels to heat furnaces. 

 

 

Fig. 7. Technology readiness and scaled potential for impact of different sustainability 

measures throughout the value chains of different alloy groups. Modified version reproduced 

with permission from [3]. 

 

 

Fig. 8. Power sources for primary aluminum synthesis by electrolysis, plotted after data from 

the International Aluminum Institute (IAI) [13]. 

 

Further sustainability measures with high leverage but different degrees of technology 

readiness are shown in Fig. 7. They are related to the main topic of this paper, i.e. secondary 

synthesis [68,69]. They include measures associated with the role of scrap-related tramp 
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elements and scrap-compatible alloy design [4,28,70]. The impact analysis suggests that 

strong leverage is expected from advanced and machine-learning-assisted scrap sorting and 

separation techniques; the general increase in scrap fractions used in alloys (where scrap 

collected during or after production, and post-consumer scrap, must be separated from each 

other); upfront recycling-oriented alloy design; reduced chipping and scrapping during 

manufacturing; and within-alloy-family recycling.  

 

If we consider the origin and sustainability of energy sources (for both primary and secondary 

synthesis), the quantity and quality of the scrap and the impact of mining and labour 

conditions (evaluated on the basis of transparent and quantitative LCA validation methods), it 

becomes apparent that a sustainable alloy does not necessarily have to be based on secondary 

synthesis. However, in most cases secondary synthesis provides considerable benefits, as 

LCAs show [41,52,61]. It is therefore conceivable that one and the same alloy can be 

produced with very different levels of sustainability. This underlines the fact that commonly 

accepted standards must be introduced to document the origin and sustainability of the 

material before it is used in products or processes. 

 

Fig. 7 also suggests that for both primary and secondary synthesis, downstream production 

benefits from deploying manufacturing processes with low energy consumption. These can 

involve avoidance of re-heating of melts and slabs; lower thickness reduction in sheet 

manufacturing; temperature and time optimized heat treatments; and near-net-shape casting 

processes. Such methods are also advantageous in that the coarse intermetallic precipitates 

that can form in materials with high scrap-related impurity intrusion remain smaller than in 

conventional thick slab casting. 

 

Kümmerer et al. [57] have translated these aspects into rules for the integration of chemical 

and materials products and processes into a circular economy. Although formulated for all 

material classes, many of these rules also apply to aluminum. One rule suggests keeping the 

chemical complexity and number of components used in materials to the minimum required 

for achieving a certain performance. This should include recycling and all end-of-life 

considerations. Increasing chemical complexity requires more complex synthesis pathways 

and makes recycling more challenging. Another suggests building recycling considerations 

upfront into material design, manufacturing processes and scrap collection streams, including 

auxiliaries, unused substrates and – for aluminum – particular by-products such as red mud. 

Further rules suggest reducing alloy, material and product diversity, dynamics and flows, and 

making alloys with the lowest possible resource intensity. This can in fact be realized in the 

case of aluminum alloys made from scrap, which are also suitable to serve as scrap in new 

alloys. In this article reduction in product diversity is addressed in the section on uni- or 

crossover alloys [48]. This is a new alloy design concept which aims to unify in one material 

the properties of several alloy types with originally different compositions. 

 

Reaching higher circularity for aluminum also requires bringing the innovation speed for new 

alloys and products into better synchrony with the speed of recycling. In particular, the use of 

rare and expensive alloy ingredients should be reduced; if they are required, they must be 

suitable for efficient recovery and recycling to prevent their gradual loss and dissipation as 

landfill. The authors called such scenarios “entropic losses” [46,71,72]. 

 

Something else that should be avoided are so-called “rebound effects” [57]. These can arise 

when sustainable technologies are applied that on the one hand help to reduce GHG 

emissions, but on the other generate higher demand for the metals needed for the technology. 

Examples are wind parks, photovoltaics and the electrification of transport and industry: 
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manufacturing all of the involved parts and the associated infrastructures to put these 

technologies into service over the next few decades will require substantial additional 

amounts of metal and production processes which can be very carbon-intense. LCAs must 

take into account such unintended leverage effects. The rule that circular metrics should be 

developed and adopted by the producer and customer community, encompassing 

responsibility for toxic waste or the use of by-products, can engender similar effects. Using 

fewer high-strength aluminum alloys, for example, could in some applications lead to greater 

use of stainless steels, carbon-fiber-reinforced composites or titanium alloys – i.e. materials 

which can generate even higher energy costs and GHG emissions. 

 

Producers should also take full responsibility for their alloys and products throughout their 

respective life cycles. This includes recycling protocols. Digital measures might be involved, 

such as digital passports which carry traceable, transparent and forgery-proof information on 

alloy composition and production and manufacturing processes. Finally, processing could be 

simplified. For aluminum this means that processing has to be streamlined for efficiency, e.g. 

avoiding homogenization treatments where appropriate, and favoring temperature- and time-

optimized annealing treatments. Of considerable importance are also near-net-shape and thin-

strip casting, i.e. avoidance of energy losses due to unnecessary cooling and re-heating 

through just-in-time workflows. Other efficiency measures include the flexible operation of 

electrolysis cells. This approach uses electrical power when smart grids provide inexpensive 

surplus energy and/or when ample sustainable energy is available, such as on windy or sunny 

days. Similar advantages are provided by just-in-time delivery of pre-alloyed liquid material 

(rather than pre-alloyed slabs) to customers. This turns liquid aluminum alloys into batteries, 

as their high heat capacity stores huge amounts of energy efficiently, thereby qualifying the 

technique as an efficient means of buffering power. 

 

The essence of the rules suggested by Kümmerer et al. is summarized in Table 1. In the case 

of aluminum this means that certain community-agreed limits on GHG emissions, energy 

consumption, waste and by-products must be adhered to if a material is to qualify as a 

sustainable alloy. This leverages the use of the most efficient processing methods. 

 

Table 1 

Elements of a circular economy applied to aluminum alloys. 

Circular economy measures related to aluminum alloys 

 

General  Specific  

 

Metallurgical and engineering measures 

Use of renewable 

energy sources 

and responsible 

use of resources 

Use of renewable 

energy sources 

Transition to use of hydro-, solar and wind power for 

electrolysis and manufacturing 

Use of sources with 

reduced GHG 

emissions 

Avoidance of carbon carriers as fuels for re-heating, 

aging heat treatments and related processes 

Energy efficient 

processes 

Use of high scrap fractions in alloys; near-net-shape 

manufacturing; thin-slab casting; thin-strip casting; 

reduction of required thickness; in-line processing, 

i.e. avoidance of reheating of melts and slabs through 

just-in-time inter-process logistics; low-temperature 

heat treatments 

Waste and by-product 

management 

Responsible deposition or recycling of mining and 

metallurgical waste by-products and of toxic 
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substances; reduced use of products, additives and 

by-products that cannot be separated and recycled 

Adherence to social 

and ethical standards 

Absence of child and slave-like labour; appropriate 

salary and commitment to labour and union rights; 

fair working conditions and payment; adherence to 

inclusion and diversity standards; professional 

development and career training; adequate equal 

opportunity and diversity measures 

Process simplification 

and product portfolio 

streamlining  

Develop process workflows with minimum number 

of process steps, auxiliaries and energy requirements; 

develop low-temperature warm rolling protocols, 

omit/optimize homogenization, low temperature 

annealing treatments; reduce product diversity 

Quantification of 

measures by life cycle 

assessment 

Develop and apply suitable metrics that capture and 

quantify sustainability measures; make results of 

such calculations open  

Responsible use of 

alloying elements 

Use alloying elements with low energy and GHG 

footprint; reduce use of critical alloying elements; 

ensure efficient recovery and recycling of critical 

alloying elements; reduce alloy complexity in terms 

of required processing and chemical composition 

Circular economy 

business models 

Develop closed-loop business models with customers 

Scrap 

management  

Advanced scrap 

sorting 

Automated chipping, spectroscopy and artificial-

intelligence-assisted alloy detection, classification 

and sorting 

Avoidance of scrap 

during manufacturing 

Product and process design for less scrap 

In-production scrap 

collection 

Alloy-specific scrap collection during synthesis and 

manufacturing; develop processes to collect and sort 

scrap during production 

Post-consumer scrap 

use 

Develop low-grade and composition-tolerant alloys 

and identify products that can accommodate higher 

scrap-related contaminant content in alloys 

Green branding for 

alloys containing high 

levels of scrap 

Develop marketing methods to brand high-scrap-

content alloys  

Digitalization Digital twin of 

products and processes 

Thermodynamic, kinetic, process and mechanical 

simulations for knowledge-based sustainable design 

of alloys, processes and products; identify 

thermodynamic, kinetic and mechanical limits of 

tramp-related effects; establish lifetime and corrosion 

simulations for higher product longevity; higher 

digitalization degree of manufacturing enables better 

tracking and management of material, scrap and by-

product flows; sustainability considerations and 

quantitative life-cycle-relevant measures should 

become an integral part of digitalization, sensoring 

and tracking strategy 

Improvement of 

databases  

Maintenance and improvement of thermodynamic 

and kinetic databases to include scrap-related tramp 

elements, specifically taking into account metastable 

and intermetallic phases and contaminant effects on 

vacancies 
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Digital material and 

product passports 

Alloys and products should be fully traceable, e.g. by 

using product- and alloy-specific digital passports 

and history trackers that include the composition of 

products, components, and processes; this also 

implies claiming responsibility and an awareness of 

the history of products throughout their life cycles, 

including recycling; establish digital tracking and 

digital workflows with customers; using digital 

material passports for chemical composition of 

products, components, and processes can become 

part of product marketing to demonstrate and “brand” 

sustainable products and processes 

Alloy design Novel approaches to 

sustainable alloy 

design 

Most compositions in use today were developed 

many decades ago. With today’s understanding of 

physical metallurgy, thermodynamics and kinetics, 

new opportunities in sustainable alloy design are 

emerging 

Lean alloys Design of alloys with minimal use of processing 

steps and chemical ingredients; achieve properties 

more by microstructure and less by composition 

adjustment 

Less use of harmful 

and critical alloying 

elements 

Selection of alloying elements according to lowest 

energy consumption and GHG production; avoidance 

of rare and less-responsible elements as ingredients 

Fewer alloys Design of uni-alloys and crossover alloys that 

combine usually separated or even contradictory 

features of different alloys or different alloy classes 

Scrap-tolerant alloys Design of alloys for high-scrap-related tramp element 

content 

High-strength alloys Alloys that enable reduced vehicle weights and 

enhanced fuel efficiency 

Recycling as part of 

alloy design 

Ensure that alloys and by-products can be collected 

and recycled; recyclability should be an integral part 

of alloy and process design and that of scrap 

collection loops in-house and with customers; 

processes and alloys should be designed for optimal 

material recovery of auxiliaries, scrap and unintended 

by-products 

Product use Longevity  Alloys with high resistance to corrosion, hydrogen 

embrittlement and abrasion 

Damage tolerance and 

self-repair 

Alloys with high damage tolerance and self-healing 

properties 

Use optimization Re-manufacturing, repair, reuse and sharing of 

products 

 

On the metallurgical side the essence of the rules is that alloys must be designed from the 

outset to be impurity-tolerant, making them suitable for high levels of recycled content. This 

would mean that they can be collected and used again as scrap in the most compatible way 

possible for the secondary synthesis of new alloys, i.e. without poisoning the latter [28]. Thus 

the title of the current paper, “the science of dirty alloys”. In other words, sustainable alloys 

should be “scrap-compatible”, and designed not for single use but rather for repeated use and 

recycling. This means that scrap-compatible alloys must be created which accept maximum 

scrap content when synthesized, i.e. they must be tolerant of tramp elements and minor 
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composition variations, including rare impurities stemming e.g. from mixed post-consumer, 

automotive and electronic scrap. 

 

Impurity tolerance is particularly important in the design of aluminum alloys. This is because 

aluminum, unlike many steels, has small solubility for many elements (except Mg and Zn) 

(see Fig. 9) [73–75]. This means that intermetallic phases form more readily than in many 

transition metal alloys when contamination by tramp elements occurs. In conventional alloys, 

modest changes in the solid solution state are usually associated with relatively modest 

property changes, while altering the material’s precipitation state can be more disruptive and 

cause brittleness, corrosion or hydrogen embrittlement. 

 

 

Fig. 9. Solubility limits of tramp and alloying elements in aluminum [73]. 

 

The low solubility of aluminum for tramp elements suggests that from a sustainability 

perspective compositionally lean alloys are generally preferable to over-alloyed materials as 

acceptors and donators of scrap. It is a general feature and an advantage of structural alloys 

that they obtain many of their mechanical properties primarily through microstructure. This 

means that what matters is not only global composition, but the way it helps to realize specific 

microstructures. Of course, certain effects such as precipitate formation do not occur without 

alloying, but the fine-tuning of properties (which today often takes place through composition 

adjustment) can in part be replaced by the tweaking of microstructure, for two main reasons. 

First, composition is a conserved quantity, while microstructure does not depend on 

conservation laws. This means that any alteration of an alloy through composition adjustment 

will reappear in the form of a modified mass balance somewhere in a circular economy, as 

every single atom is conserved. This does not apply to microstructure, which can be modified 

over multiple orders of magnitude in terms of dislocation density, grain size, precipitate 

dispersion, clusters or crystallographic textures without hindrance from any conservation law 

except mass balance. Second, tweaking microstructure is very efficient for improving 

mechanical properties. Among the various microstructure-based hardening and ductilization 

methods, controlling and increasing precipitate dispersion (at given total volume of 

precipitates) are effective because, due to the high mobility of the dislocations in Al-alloys, 

they reduce the mean free path of the gliding dislocations (which translates inversely into 

strength increase) to much lower values than do grain size control, cell size control or strain 

hardening alone. Formability, strength and surface appearance can also be substantially 

influenced by the crystallographic texture. 
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The effectiveness of microstructure control is seen in Fig. 10, where the yield strength is 

plotted for a variety of commercial wrought aluminum alloys as a function of both chemical 

composition and microstructure variation [74]. The compilation shows that a variation in 

strength of up to 50% is achieved for the same composition. Alloys of the 1xxx group, on the 

left-hand side, are relatively pure packaging grades. The 3xxx series alloys, blended primarily 

with manganese, serve in cans and buildings. Next are the medium-strength alloys, the 5xxx 

and 6xxx series. Alloys of the 5xxx series are essentially blended with magnesium, while 

those of the 6xxx series use magnesium and silicon. These two alloy classes are deployed in 

large quantities in vehicles, mobile phones and computers [76–80]. 2xxx alloys use copper as 

their primary alloying element. They serve mostly in highly mechanically loaded parts in the 

aerospace sector. Even higher strength levels can be achieved if aluminum is doped with 

copper, zinc, and magnesium, producing the 7xxx alloys. These are used in electrical vehicles 

and aerospace applications. This means that from left to right, most increases in strength are 

obtained by adjusting chemical compositions, together with the corresponding heat treatment 

required to achieve the desired nano-precipitation state. In essence Fig. 10 thus shows that in 

many of the high-strength aluminum alloys a broad range of tensile strengths can be obtained 

by adequate adjustment of microstructures rather than alterations in chemistry. 

 

Opportunities for improved microstructure control lie in the development of more complex 

thermal treatments in particular. Fifty years ago, when most alloys in use today were 

originally developed, the thermal profiles deployed for precipitation heat treatments were 

quite simple as far as ramps, isothermal holding and cooling are concerned [55,81]. An 

important consideration in the development of well-tailored future thermal treatments is the 

large scope for designing composition-specific and non-isothermal thermal profiles to control 

precipitation and increase efficiency in advanced microstructure and property design [82–85]. 

Such heat treatments have to be robustly tolerant of scrap-related impurities and their effect 

on solutionising and precipitation. 

 

Fig. 10. Overview of the flow stress values for wrought aluminum alloys. The trend shows the 

strength spectrum accessible through composition variation, while the vertical variation bars 

reveal how much the strength can be influenced – for the same chemical composition – by 

microstructure alone. The trend may be of special interest for the future design of thermal 

treatments with composition-specific and non-isothermal profiles for advanced properties that 
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can possibly even tolerate minor variations in tramp elements [82–85]. The figure is 

reproduced with permission, from the original version published in [74]. 

 

Crossover alloys [48], also referred to as uni-alloys, occupy a special niche, as they aim to 

merge existing alloy concepts to make new materials which combine averaged composition 

concepts from different alloy groups [79,86,87]. This could lead to less chemical sensitivity 

and to a smaller number of alloys in use and in scrap. The advantage of crossover alloys is 

also shown in their capability of strength adjustment by microstructure manipulation. Alloy 

5182, shown in Fig. 10, with a relatively narrow range, spans a tensile strength of 300 to 

550MPa in the crossover variant, i.e. after modification with Zn, Cu and Ag [69]. 

 

The influence of different alloying elements on an alloy’s overall sustainability was discussed 

by Jarfors et al. [88]. They suggested imposing energy- and GHG-related measures for more 

responsible use of alloying elements. More specifically, they show that certain elements, such 

as Mn, offer a much higher gain in strength (and also in Young’s modulus) than other alloying 

elements for a given sustainability footprint. The aim of their calculations was to show how to 

achieve a maximum increase in strength at the lowest possible embodied energy and GHG 

footprint associated with the specific choice of alloying element. 

 

Although the rules for sustainable alloy design outlined above provide a framework for 

moving forward, fundamental challenges remain. The compositional tolerance values 

discussed are alloy-, customer-, and application-specific. This means that not all aluminum 

products can be provided easily by secondary synthesis alone, as several classes of high-end 

products, such as those needed for safety-relevant parts in transportation or conductive 

devices, require alloys which are carefully engineered with respect to toughness, corrosion, 

hydrogen, fatigue, conductivity or surface finish – which usually tolerate only small variations 

or uncertainties introduced from scrap. However, it is important to emphasize that even small 

variations in the tolerance limits, sometimes also coupled with adequate alloying or 

processing counter-measures, can generate considerable changes in the level of acceptable 

scrap content. Also, apart from these sensitive parts, there are many products in architecture, 

design, construction, machines, consumer electronics and packaging where over-engineered 

alloys are not actually needed. This means that designing scrap-tolerant alloys must proceed 

in concert with the market, i.e. green-branded alloys would first target market niches where 

sustainability plays a particularly important role and customers are inclined to pay more for 

green branded products, or niches where minor property variations can be tolerated. 

 

In areas which are entirely cost-driven, the scrap content must be high enough to beat the 

price of aluminum products that come from primary synthesis. In such fields, new scrap-

tolerant / highly sustainable alloys and novel crossover alloys must both also meet the highest 

quality standards in their properties in order to compete with existing primary synthesis alloys 

that are potentially less sustainable [48]. In many cases this might mean that alloys with high 

scrap fractions will cost more (we do not give price ranges here because trading and prices 

vary too much from month to month). This could be balanced by green branding strategies. In 

addition, metallic materials are sometimes not very visible to customers in the products that 

contain them, and they frequently comprise a small price fraction relative to the added value 

of the entire product. This means that the higher costs accrued by using a more sustainable 

alloy often change the price of the entire product only modestly. 
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The next question is: what concrete, specific metallurgical research challenges do the 

elements which define a sustainable alloy present? In this context, the main topics addressed 

in the following sections are: 

(i) What effects do contaminants have, individually and collectively, on alloy properties? 

How (for instance) do they influence interface decohesion, phase formation, 

precipitation free zones, precipitation kinetics, surface finish, mechanical properties 

and corrosion? 

(ii) Are thermodynamic and kinetic databases sufficiently detailed and reliable as 

foundations for the development of “dirty alloys”, in particular in the areas of 

spinodal, metastable and intermetallic phases and contaminant effects on vacancies? 

(iii) Can scrap-related contaminants get trapped at lattice defects and inside precipitates? 

Could such trapping be used to render them harmless? Which types of thermal 

treatment should be applied to this end? Are all contaminant-related phases that form 

harmful, or are there beneficial features associated with any of the tramp elements? 

(iv) How impurity-tolerant can we make green near-commercial Al-alloys, and which 

contaminants are most relevant? What upper limits apply to contaminants in near-

engineering Al-alloys? 

(v) Which crossover alloys are the most promising for combining beneficial mechanisms 

across established alloy families? Such broad-band, multi-purpose alloys must be 

designed as universal and not as niche alloys. They should be broad in their 

composition tolerance and application range. 

(vi) What combinatorial high-throughput methods are suitable for revealing scrap-related 

composition-microstructure-kinetics-property trends and ranges? How can we probe 

damage-tolerance in the associated experiments? 

(vii) For which phases is it necessary to use atomistic simulation methods to understand 

phase (meta-) stability, impurity trapping, sublattice occupancy and phase 

stoichiometry ranges? In general, are there sufficiently suitable modeling techniques 

available by which we can analyse the effects of tramp elements on aluminum alloys? 

(viii) How does deploying meso- and near atomic-scale characterization methods address 

these challenges? How can the main effects associated with tramp elements be 

observed and identified? 

(ix) Can supervised, knowledge-informed machine learning identify suitable nanostructure-

composition-processing-property relations for the field of sustainability alloy design? 

(x) How must solidification, solutionizing and heat treatment processes be adjusted to deal 

with the effects of contaminant elements and the associated intermetallic phases? 

(xi) What measures and approaches promise to be the most effective in improving the 

sustainability of secondary synthesis? 

 

2.2 Balance between sustainable primary metal and scrap use in green aluminum 

Primary aluminum will continue to play an important role in alloy production because of the 

need for both dilution and alloy composition adjustment even in closed-loop scrap streams. 

Moreover, it is projected that demand for aluminum products will continue to outstrip scrap 

supply, requiring significant primary aluminum production well into the future (see Fig. 2). It 

is clear, though, that solutions are needed which allow increased scrap uptake without 
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downcycling in secondary aluminum production. Here we are also required to consider how 

improvements in the production of primary aluminum might reduce its environmental impact. 

As seen in Table 2 [15], it is primary aluminum production, particularly electrolysis, that 

generates most of the energy consumption and CO2 emissions during the manufacture of a 

product from aluminum. For example, if we compare the energy required during aluminum 

beverage can production stages, nearly the same amount of energy is required to produce the 

proportion of the liquid metal arising from scrap as is needed to produce the much smaller 

amount of primary aluminum used as a sweetener [8]. Anything – increased scrap usage, 

improved processing, or both – that reduces these negative energy and emissions effects 

would be a great boon. 

 

Table 2 

Estimated energy consumption (on an annual basis) and emissions (per metric ton of product) 

for aluminum manufacturing processes, adapted from [15]. The data reveal that the main steps 

required for primary synthesis, i.e. bauxite extraction, alumina production and electrolysis, 

generate a much greater environmental burden than secondary production through scrap 

preparation, sorting and refining. 

 

Process 

Energy 

Consumption  

(EJ/year) 

Emissions 

(t CO2/t) 

Bauxite extraction + 

Alumina production 

1.1 1.02 

Electrolysis 5 5.5 

Scrap preparation + re-

melting 

0.04 0.6 

Scrap refining 0.15 0.6 

Ingot casting 0.05 0.2 

Hot + cold rolling 0.23 0.2 

Extrusion 0.09 0.3 

Wire drawing 0.09 0.3 

Shape casting 0.17 0.5 

 

One specific component in the electrolysis process is the electrode material, which is a 

particularly strong source of CO2 emissions, even where renewable electrical energy feeds the 

overall process. The standard primary aluminum production method deploys the Hall-Héroult 

electrolysis process, which involves consumable carbon electrodes [89,90]. In this process, 

alumina is dissolved in a sodium-aluminum-fluoride (cryolite and aluminum fluoride) salt at 

960oC, where the species containing aluminum is reduced to metallic aluminum at the cathode 

and the species containing oxide is oxidized to carbon dioxide at the (carbon) anode following 

the reaction 

 1

2
Al2O3(dissolved)+

3

4
C(𝑠) = Al(𝑙) +

3

4
CO2(𝑔)

 
(1) 



23 
 

In addition to CO2, CO (via the Boudouard reaction) and perfluorocarbons 

(tetrafluoromethane, CF4, and hexafluoroethane, C2F6) are generated, the latter resulting from 

insufficient oxide content of the electrolyte. All of these products contribute significantly to 

GHG and global warming. On top of this, the significant energy consumption required to 

drive the above reaction causes indirect emissions via electricity generation from non-

renewable sources. A worrying trend is emerging from the circumstance that the fraction of 

renewable energy being used in the production of primary aluminum is in decline. While in 

2000, 50% of primary aluminum was produced using low emission, renewable or nuclear 

power, by 2018 this figure had dropped to only 29% [89]. 

 

Recognizing the CO2 emissions accruing from traditional consumable carbon anodes as a 

serious issue, research and development over the past 40 years has focused on the 

development of inert anodes that can achieve the reduction with only oxygen as a product: 

 1

2
Al2O3(s) = Al(𝑙) +

3

4
O2(𝑔)

 
(2) 

 

This reaction completely eliminates the formation of CO2, CO and perfluorocarbons. It also 

(potentially) eliminates the need for an anode plant and rodding shop and reduces the 

frequency of anode changes. Technologically, however, the development of inert anode 

technologies has been limited by the availability of suitable materials. Anode materials must 

demonstrate (among other properties) a combination of high electrical conductivity, 

fluoridation resistance, stability with respect to oxide formation, low cost, easy fabrication, 

high thermal shock resistance and mechanical strength [91,92]. Candidate materials have been 

proposed which range from ceramics to cermets to metals [91,92]; metal anodes are the 

current preferred choice [92,93]. Some significant hurdles have apparently been overcome in 

this context, as Rusal [92] and a joint Alcoa / Rio Tinto Aluminum venture (Elysis) [94] will 

launch commercial products in 2021 and 2024, respectively. 

 

Superficially, the environmental benefits of inert anodes appear clear in that they eliminate 

CO2 as a product of electrolysis. This, however, comes at the cost of the increased energy 

required to perform the reduction via reaction (2) compared to (1). Considering only the 

energy required to heat the reactants and to supply the heat of reaction, Solheim [93] has 

estimated the minimum energies involved in reduction via carbon and inert anodes. His 

calculations predict that carbon anodes require a minimum of ~6.2 kWh/kg Al, while inert 

anodes require a minimum of ~9.2 kWh/kg Al. It is notable that the current average energy 

consumed globally in conventional Hall-Héroult processes is ~12.0 kWh/kg Al [93]. This is 

not very far from the minimum energy required by the inert anode process. 

 

If renewable hydroelectric energy or, alternatively, nuclear energy are used to provide 

electricity for electrolysis then the benefits in terms of reduced CO2 emissions from inert 

anodes are clear. However, as shown above, less than 1/3 of current aluminum is produced in 

this fashion. Thus this analysis must be expanded to include the CO2 emissions arising from 

non-renewable electricity generation. If we consider the use of inert anodes in connection 

with energy produced from either coal or natural gas-based electricity, the advantages of 

using inert anodes evaporate. This is because most CO2 emissions come from electricity 

production, not electrolysis. For example, in the conventional Hall-Héroult process ~12.9 t 

CO2 /t Al are generated if coal-fired electricity is used, this accounting for ~ 87% of all the 

CO2 generated in the process [93]. In the case of inert anodes ~15.9 t CO2 /t Al would be 

generated, far surpassing the amount saved due to the reduction in CO2 emissions from the 

reduction reaction itself [93]. 
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In conclusion, because the capacity for renewable energy to drive primary aluminum 

production is limited, the prospects for inert anode production as a generator of “clean” 

primary aluminum are also limited. Indeed, the value of diverting renewable electricity to 

aluminum production rather than using it for other purposes is questionable [15]. Solheim 

[93] argued that carbon capture may be a more promising avenue for reducing environmental 

impact, but this comes at the cost of increased energy demand. Ultimately, all of this provides 

a further incentive to reduce the use of primary aluminum and increase the use of scrap for 

synthesis. 

 

3 Scrap-related production steps and their sensitivity to tramp elements 

3.1 Recycling rates: Definitions, industry branches and regional aspects 

The estimates of different aluminum associations suggest that 1–1.5 billion metric tons of 

aluminum have been produced since the Hall-Héroult and Bayer processes were introduced in 

1886-1892. Roughly three quarters of this enormous quantity are still in use. Of this about one 

third each are found in buildings / infrastructure, electrical devices, and transport. Aluminum 

material used in packaging can return to the recycling stream within a few weeks. 

Approximately 30% of today’s annual global aluminum production comes from scrap. 

However, substantial regional deviations apply: for example, the rate in the US is about 30%, 

versus about 50% in the EU. On average the total worldwide recycling rates for aluminum are 

estimated to be ~40% (see Fig. 2 and Fig. 3). At about 98% the yield in scrap-based 

aluminum production is very high, as the metal lost from recycling processes once collected is 

usually below 2%. Today the collection figures for recycled aluminum produced from old 

scrap are circa 33% from the transportation sector, 26% from packaging, 13% from cables 

and electrical devices and 16% from building applications (see Fig. 5). 

 

The growth of the aluminum scrap market parallels that of the entire aluminum market. In 

2009, 18 million metric tons of aluminum scrap were available globally. In 2019 this 

increased to 33 million metric tons, translating to an average annual growth rate of 6% (see 

Fig. 2 and Fig. 3). The amount of aluminum produced from old scrap increased from one 

million metric tons in 1980 to as many as 20 million metric tons in 2019. Obtaining an 

overview of the recycled aluminum amount can be challenging, however, because academia, 

governmental agencies and industry use different indicators. This applies particularly to 

recycling performance indicators: the recycling input rate, the total (or overall) recycling rate 

and the end-of-life recycling rate [40,54]. 

 

The recycling input rate describes the amount of aluminum that is produced from new scrap 

and old scrap (see definitions in section 3.1) as a fraction of the total amount of aluminum, 

including that obtained from primary and secondary (recycled) sources, that is shipped to 

manufacturing markets. The overall recycling efficiency rate describes the total fraction of 

recycled aluminum that is produced from both new scrap and old scrap as a percentage of the 

aluminum that is available from new and old scrap sources. This means that the recycling 

efficiency rate describes how much of the available scrap is actually turned into recycled 

aluminum. The end-of-life recycling efficiency rate measures the amount of recycled 

aluminum that is made from old scrap as a fraction of the aluminum available from old scrap 

sources. This means that the end-of-life recycling rate quantifies how much of the post-

consumer aluminum scrap is really recycled into new material. The same applies to the end-

of-life collection rate, which describes the fraction of aluminum collected from old scrap as a 

percentage of the aluminum that is in principle available when collecting from all old scrap 
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sources. Along the same lines, the end-of-life processing rate is the aluminum produced from 

old scrap as a percentage of the material collected from old scrap sources [26]. 

 

Industrial operators of re-melting plants often take their total scrap input (counting both new 

and old scrap) divided by the total amount of aluminum they produce to measure their 

recycling. Depending on region, company and specialization their values can range between 

60% and 95%. It is also important to differentiate between end-of-life recycling performance 

as a key indicator and the total recycled amount of aluminum. Although it is usually best from 

a metallurgical perspective to recycle an alloy-specific product which has reached the end of 

its lifetime directly into its new counterpart, this is not always economically worthwhile. Re-

melting an old product into an equivalent new one obviously provides the best composition 

match, but the sheer longevity of many large-volume aluminum products, for instance in 

transportation, buildings and construction, often renders it less attractive from an economic 

and sustainability perspective. 

 

The fact that overall global aluminum demand exceeds the available scrap by about two thirds 

(with substantial regional variations) makes aluminum scrap a product of limited availability. 

This means that aluminum should be reused as soon as possible after it returns to the market 

as scrap, and not just when the exact same alloy is needed. Short-lived products such as cans 

or related packing products, however, are recycled directly into new equivalent products 

[31,52,95,96].  

 

The global aluminum recycling fractions for scraped parts from the transportation and 

building sectors, with their characteristically long lifetimes, range between 80% and 95% 

depending on region (differences are mainly due to market access and logistics). From the 

time systematic scrap collection began, the transportation sector has been the most important 

source of aluminum from end-of-life products. Scrap aluminum from buildings (which have 

greater longevity) only became available in the 2000s, and originally only in the modest 

quantities used when the buildings were erected 30–40 years previously. Scrap from 

aluminum beverage cans, which have an average lifetime of only a few weeks, is collected 

and recycled at rates of 30%–100%, with very high differences among regions. 

 

Due to its large market share it is of interest to take a closer look at the aluminum which 

comes from the transportation sector [97–102]. Here alloys that return as scrap include mainly 

body sheet, frame, bumper and structure parts from the 2xxx alloys class (Al-Cu), the 5xxx 

alloy class (Al-Mg), the 6xxx alloy class (Al-Mg-Si), and the 7xxx alloys class (Al-Zn-Mg-

/Cu). A large fraction of cast Al-Si alloys, such as A356, 360 and A380, is also returned from 

engine blocks. Among these classes, some are incompatible with each other: the high Si 

content inherited from cast parts is not admissible in wrought alloys, and the high Zn and Cu 

content returning from the 2xxx and 7xxx alloys is not compatible with 5xxx and 6xxx sheet 

materials [27,103]. 

 

For buildings, the scrap collection scenario is quite different. The average aluminum content 

of buildings is below 1%, but the total percentage recovered from this is high (about 95%) 

because many aluminum parts in buildings, such as claddings and sun protection devices, are 

peripheral and can be easily dismantled. This aluminum can be sold at a good price relative to 

other materials retrieved from buildings, which are often an economic burden rather than a 

trading good. The market is very heterogeneous, and there are substantial regional variations. 

Factories, commercial and office buildings have a much higher aluminum content than 

residential houses, and building in warm regions use about 20 times more aluminum than 

those in cold climates. Trends in architecture point to an increase, and the markets for both 
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new aluminum in buildings and the amount returning as scrap are growing. While 5xxx and 

6xxx class alloys have traditionally been used in buildings due to their high corrosion 

resistance paired with high strength, modest cost and good joinability, 3xxx alloys (Al-Mn) 

and 5xxx alloys containing large amounts of Mg are gaining momentum. While some of these 

alloys can be mixed to a minor extent, it is economically and ecologically much more sensible 

to collect them separately, also in view of large and growing transportation, construction and 

building markets which demand chemically well-controlled high-end alloys 

[27,39,61,104,105]. 

 

3.2 Advanced aluminum scrap sorting and pre-treatment 

3.2.1 Brief introduction to scrap sorting  

The quality of the input materials in a metallurgical process has a strong influence on both the 

metal yield and the quality of the final product. This is especially true for aluminum, with its 

low solubility. Because of this it is very important that treatment of aluminum scrap be high-

quality, and therefore the technologies in this area are continually improving. Here, to close 

the loop in aluminum recycling in the future, increased interplay between scrap sorting and 

the melting process will be necessary [106]. 

 

Bcause of the growing importance of aluminum as a construction and lightweight material, 

more alloys and material composites are being produced which guarantee aluminum product 

functionality. Here sorting and melting processes must be optimized. Of particular importance 

here, as an essential prerequisite for excellent product properties and high metal yield [106] 

[107], is the reproducible adjustment of a product-specific melt quality with regard to non-

metallic and intermetallic inclusions. Due to both increasing scrap rates and the higher 

impurity content of input material, it is necessary to optimize scrap sorting and the quality of 

aluminum melts along the process chain in a secondary aluminum smelter [108][109]. 

However, legal requirements such as those set out in the European End-of-Life Vehicles 

Directive or the Reach Regulation also have an impact on the recycling of aluminum. 

Furthermore, the limited refining possibilities of aluminum smelters demand optimized scrap 

sorting and collection if high alloy quality is to be achieved [72][54]. In addition, increased 

mixing of scrap and high organic content are also driving the need to develop new alloying 

systems [106][110]. 

 

The scrap sorting technologies used today are well developed, but are reaching their limit due 

to the large number of alloys and composites on the market. The following sections explain 

how the main mechanical and thermal processing techniques are deployed to turn aluminum 

scrap into high-quality input material for recycling. The aim is on the one hand to facilitate 

production of high-quality aluminum alloys, and on the other to create the conditions for 

developing recycling-friendly alloys [110][111]. 

 

3.2.2 Types of scrap and valuation 

In the recycling of aluminum, only scrap and other materials containing aluminum in metallic 

form (dross, salt and slag) are considered as input materials [110][111][112]. Aluminum in 

non-metallic form, for example oxides, nitrides, chlorides, carbides etc., cannot in principle be 

reprocessed into metallic aluminum. The main types of scrap are circulating scrap, new scrap 

and old scrap [110]. Circulating scrap is not usually recorded in statistics and is obtained 

directly “in-line” during the production process in a clean and unmixed form. If possible, this 

scrap is immediately remelted in the same factory [110]. Examples are sort-specific scraps 
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from sheet cutting or surface grinding which do not leave the shop floor for any downstream 

operation but are directly collected for in-house secondary synthesis. 

New scrap (pre-consumer scrap) is created during the production and processing of aluminum 

products, usually at customer sites, which distinguishes it from circulating scrap. New scrap is 

statistically recorded and is usually remelted into aluminum alloys in smelters (remelters or 

refiners). In recent years the amount of this type of scrap has increased significantly. In order 

to guarantee closed-loop recycling of new scrap, the companies involved are required to 

guarantee complete, sorted scrap collection. The scrap is remelted in the smelters to wrought 

and cast alloys. New scrap can occur in a variety of forms and ranges from large pieces to 

highly contaminated, mixed chips. New scrap also includes the dross produced during 

aluminum production, which is remelted in refiners using salt [110][111]. 

Old scrap (post-consumer scrap) is produced in all aluminum material applications 

(automotive, aerospace, construction, food, engineering, packaging, etc.) in widely varying 

compositions. Some old scrap must be extensively processed to enable its use in subsequent 

melting processes. Return quantities also depend very much on service life, which can range 

from weeks to decades (e.g., packaging versus buildings). In addition, collected scrap varies 

greatly, ranging from packaged beverage cans to shredded scrap from old cars [110]. 

Scrap is evaluated according to its condition and purity (chemical analysis), type and quantity 

of foreign components and how they are mixed with the aluminum material [111]. The main 

parameter for evaluation is purity, i.e. the content of the main alloying elements (Si, Cu, Mg, 

Zn, Mn), the secondary components (Fe, Cr, Ni, Pb, Sn, Ti etc.) and minor elements (Li, Sr, 

Sb, Ca, Bi etc.) [110]. Representative sampling is very important for a suitable evaluation. 

The sample must have a certain minimum size, which is difficult to achieve with heavily 

mixed scrap. For this reason, adequate sorting technology is also important [110][111]. 

How scrap is stored plays a decisive role in the output of the melting process and in the purity 

of the melt. Particularly if there is an unfavorable surface-to-volume ratio (e.g. chips and 

foils), alloys may have oxide layers and need pre-treatment. Excess moisture may also affect 

the melting process if scrap has been stored outdoors. At low temperatures, if there are 

cavities in the scrap ice or water can even get underneath the melt and cause dangerous 

explosions [110][113]. In principle, dross must always be stored under a roof. 

 

Suitable scrap preparation which generates high-grade products for the melting process is 

crucial for maintaining high-quality application standards [111][114]. Aluminum recycling 

treatment, which includes all the processes required to provide high-quality input material, 

can be both mechanical and thermal. 

 

3.2.3 Mechanical scrap sorting 

Mechanical scrap processes mainly include comminution, classification, sorting, 

agglomeration, and dehydration [106][110]. Comminution plays an important role in the 

context of aluminum scrap. It enables the separation of foreign substances which can lead to 

problems in melting. Comminution and/or agglomeration are also beneficial for transport, 

storage and charging. Non-metallic and metallic components are separated from each other by 

classification and sorting. There are a wide range of aluminum scrap treatment technologies 

which are utilised depending on the quality of the raw materials. Fig. 11 shows the various 

possible processing options and workflows. Comminution is mostly performed by imposing 

mechanical stresses (tension, pressure, shearing, torsion, bending, cutting, etc.) [111][115]. 
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Fig. 11. Processing methods for aluminum scrap. Reprinted with permission from [110]. 

 

To sort scrap it is necessary to divide the materials into different size classes. In this sizing 

process it is possible to remove fine and coarse particles which would be disadvantageous in 

subsequent processing steps. A sorting process can also be carried out in a sizing procedure if 

(for example) the metallic aluminum contained in the salt slag remains coarse (deformation 

process) and the salt and oxidic components break up finely. The materials can then be sorted 

by subsequent screening [109][111]. 

Sorting represents an essential step in the processing of scrap for aluminum recycling. The 

aim is, as far as possible, to separate non-metallic components and other metals (Fe, Mg, Zn, 

Cu etc.) from scrap which contains aluminum [106][111][31]. Specifically, this involves 

separating metals from non-metals; light metals from heavy metals; different types of light 

metal (i.e. aluminum and magnesium); and different aluminum alloys. Various sorting 

methods are available [106]. The most important are described briefly below. 

Density sorting makes use of the difference in mass density between individual materials and 

a fluid with a certain density (liquid or air) [111][116][117][118]. Magnetic separation is used 

to separate ferromagnetic materials from aluminum. Fe plays an important role in aluminum 

alloy metallurgy through its formation of intermetallic particles, and therefore needs to be 

controlled carefully. Magnetic sorting is thus often used in the processing of aluminum scrap 

[111]. A further method for separating metals and non-metals and metals from each other is 

eddy current separation. A time-variable magnetic field generates electromotive forces, and in 

a conductive material the induced electromotive forces generate currents in the material. This 

magnetic field is counter-directed to the inducing magnetic field [111][75], generating 

repulsion, which depends on the ratio of conductivity/density (see Table 3). This technology 

is being used more and more frequently, especially for aluminum, because it is an efficient 

way to sort weakly conducting materials or non-metals. 

 

Table 3 

Ratio of conductivity/density for different metals. Reprinted with permission from [111]. 
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Manual picking is still used today where there are low volume flows and expensive 

technologies cannot be economically justified. This applies, for example, to portable batteries, 

electric motors, etc. In recent years, however, sensor-based sorting has become more 

common. Originally this addressed visual identification features, but over time that has been 

supplemented or replaced by optoelectronic electromagnetic, X-ray, spectroscopic and other 

identification methods [106] [119]. In sensor-based sorting, determining the exact position is 

also crucial. Two main identification methods are used for aluminum alloys [106] [111]. The 

first is X-ray transmission measurement (XRT) with spectral resolution (RSA) (reverse 

saturable absorption), where elements are determined according to their atomic density. This 

technique is currently used to separate AlCu and AlZn alloys from other aluminum alloys 

[111]. The second method is laser-induced breakdown spectroscopy (LIBS), where material 

evaporation and spectral analysis are performed [111]. 

3.2.4 Thermal pre-treatment 

Aluminum scrap may contain large amounts of hydrocarbons, which can enhance emissions, 

remelting loss and dross formation, and reduce alloy purity. However, scrap with a high 

organic content is also an energy source which allows fuel savings [120][121][122]. 

 

Not only is the type of scrap (used beverage cans (UBCs), chips, offcuts, used aluminum 

packaging etc.) important, but also its nature (e.g. loose, compacted, clean, coated) and 

components. Scrap impurities include non-metallic components, free iron, moisture, and inert, 

volatile and contaminating substances. The main categories containing them are coated scrap 

(covered by paint, varnish, printing ink, plastic, paper or metal); scrap containing residual 

non-metallic substances (such as water, oil, grease, wood, plastic, glass, etc.); scrap 

containing moisture (with liquid that adheres to the material); and scrap containing volatile 

substances (which can be removed by appropriate heat treatment before or during melting or 

by dedusting). 

So-called low-grade materials with a non-metallic organic content of more than 15% by 

weight are problematic in new scrap. These materials change in the furnace from endothermic 

to exothermic scrap with an excess of energy in the metallurgical aggregate [121]. 

Unfortunately, however, the mechanical or thermal treatment required to deal with them is 

currently either technically inadequate or uneconomical. 

 

Due to the versatility of aluminum as a material, there are many different types of aluminum 

scrap. The amount of metal each contains can vary considerably. In dry, single-variety raw 

Material Conductivity / density [m² 10³ / Ω kg] 
Aluminum 13 

Magnesium 12 

Copper 7 

Al-alloy 5…23 

Zinc 2.4 

Gold 2.3 

Brass 1.8 

Nickel 1.3 

Tin 1.2 

Lead 1.0 

Iron, steel, alloyed steels 1.0…1.3 
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material, the valuable metal content is largely determined by the weight of the coating. As 

seen in Table 4, this can vary between 2-90% [123][124]. 

 

Table 4 

Properties of different scrap types with organic coating in the field of aluminum recycling. 

Reprinted with permission from [125]. 

 

There are different types of coatings on aluminum, and each behaves differently during 

pyrolysis. The emissions released during this process are related to the compounds contained 

in the coating. Coatings are mainly composed of plastics, paper, paints, varnishes, inks and 

various oils, often in the form of multiple layers such as in packaging. If the structure is 

complex, the aluminum content will be lower. The risk of toxic emissions during pyrolysis 

increases with higher plastic content [106][124]. Coatings can contain organic and inorganic 

components. The former comprise carbon compounds, which crack when the temperature is 

increased [124] while heating has no effect on inorganic components. After heat treatment, 

this fraction is composed of ashes and metal oxides (pigments) [126], such as titanium or zinc 

oxides. These substances do not volatilise during thermal pre-treatment. Some substances can 

be discharged via exhaust gas in the form of dust. When coated material is heated directly in a 

furnace, waste gas is released, due to the decomposition of the plastics. Besides gas, carbon 

particles are formed which react with the metallic aluminum and form carbides (Al4C3) [126], 

which tend to accumulate in the salt slag or dross. During intermediate storage or processing 

of the dross, these carbides can react with water and form methane. Carbides can also enter 

the aluminum melt and negatively affect alloy properties. These problems can be avoided by 

thermal treatment (pyrolysis) of the scrap before subjecting it to smelting [127]. 

 

To describe the behavior of the input materials in more detail, it is useful to divide the process 

into two steps: the splitting or thermal decomposition of the hydrocarbons present in the 

coating, and the combustion of the decomposition products. The first step depends on the type 

of coating and the metal substrate. During combustion, the coke which is produced during 

pyrolysis and remains on the surface reacts with the oxygen to form CO and CO2 [127]. 

During pyrolysis, a reducing atmosphere is applied, which means that the material is melted 

without substantial oxidation losses. The gas generated by the thermal treatment contains tars, 

oils, dust and pollutants, components which can crack during high-temperature treatment, 

converting the hydrocarbons into CO and H2. The gas produced in this way has a calorific 

value of 4.5 to 5.5 MJ/m3. A typical composition for such a pyrolysis gas is about 22 Vol.-% 

H2, 14 Vol.-% CO, 12. Vol.-% CO2, 2 Vol.-% CH4 and 50 Vol.-% N2 [121][128]. 

 

Scrap Type Coating Mass of coating [%] 

Foil (blank) Oil residues from the rolling process < 10 

Printed foil Color/Varnish 7 

Laminated paper Paper/Ink 50–70 

Laminated plastic Polymer/Ink/Wax 40–90 

Laminated tubes Polymer/Varnish 70 

Window frames Varnish/sheathing 21 

U.B.C *) Varnish/Color 2–3 

*)...Used beverage cans 
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3.3 Secondary synthesis: Process steps for aluminum scrap treatment and 

remelting 

3.3.1 Brief introduction to the metallurgical fundamentals 

Aluminum reacts with different gases, reducing metal yield and negatively influencing the 

quality of secondary alloys. The most important reactions and their relation to impurity effects 

[110] [111] [106] are briefly discussed in the following. 

Aluminum has is highly reactive with oxygen and such oxides can no longer be reduced in 

conventional recycling cycles. Therefore reactions with oxygen plays a special role in the 

field of recycling. Oxygen itself is practically insoluble as a gas in liquid aluminum [110] 

[111]. Oxidation of an aluminum melt takes place above 727°C. Due to its high affinity for 

oxygen, an oxide layer forms instantly on fresh surfaces of solid and liquid aluminum in air. 

This layer is dense, and protects the aluminum from further oxidation. The reaction takes 

place with atmospheric oxygen and humidity. However, aluminum oxide can also be formed 

in a reaction with components in the flame or the combustion gases (CO2, H2O), or arise 

aluminothermically with other metal oxides, e.g. iron oxide which adheres to tools, or silicon 

dioxide from (e.g.) the furnace lining. In addition, not only aluminum itself, but also 

aluminum nitride and carbide formed secondarily in the melt can react to form aluminum 

oxide (see Table 5) [110] [111]. 

 

Table 5 

Free reaction enthalpy of Al and different aluminum compounds to aluminum oxide [110]. 

 

Reaction 
∆𝐺600 °𝐶

0  

kJ/mol Al2O3 

∆𝐺800 °𝐶
0  

kJ/mol Al2O3 

2𝐴𝑙𝑠/𝑙 + 3
2⁄ 𝑂2

𝑔
↔ 𝐴𝑙2𝑂3

𝑠 -1402,7 -1336,0 

2𝐴𝑙𝑙 + 3𝐻2𝑂𝑔 ↔ 𝐴𝑙2𝑂3
𝑠 + 3𝐻2 𝐴𝑙 -804,4 -770,9 

2𝐴𝑙𝑁 + 3𝐻2𝑂𝑔 ↔ 𝐴𝑙2𝑂3
𝑠 + 3𝑁𝐻3

𝑔
 -256,7 -223,5 

𝐴𝑙4𝐶3
𝑠 + 6𝐻2𝑂𝑔 ↔ 2𝐴𝑙2𝑂3

𝑠 + 3𝐶𝐻4
𝑔

 -708,5 -651,6 

 

When aluminum oxidizes in the solid state, in dry air the resulting layer consists of 

amorphous aluminum oxide with a thickness of 2 to 10 nm, which increases only slowly 

below 300 °C. When exposed to humid air, such layers become much thicker, initially 

forming a thin non-porous barrier layer on which a porous, hydrous top layer grows, the 

thickness of which depends on the temperature and can reach a few 0.1 µm. When heated 

above the aluminum melting point, the amorphous oxide transforms into -Al2O3. At 

temperatures above 700 °C the transformation of -Al2O3 to -Al2O3 (corundum) starts, with 

a time delay. This causes a decrease in volume, leading to cracks. Oxygen can penetrate 

through these cracks, causing further oxidation. The speed of oxidation increases with rising 

temperature and increases very strongly from about 780 °C. For this reason it is essential to 

avoid overheating, which can be caused by burning dross, a high organic content or 

incorrectly adjusted burners [110] [111]. 
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During the oxidation of alloyed aluminum melts, oxidation can be either selective or non-

selective towards aluminum, depending on the oxygen affinity of the respective alloying 

elements. The alloying constituents thus have a considerable influence on the amount of oxide 

formed and on the structure and composition of the oxide layers. Selectively oxidizing 

elements (e.g. Mg, Sr and Ca) have a higher affinity for oxygen than aluminum. They tend to 

oxidize out of the melt at a high rate and form separate phases, where the oxidation rate 

increases with the increasing temperature of the melt and with increasing content. In non-

selective oxidation (of e.g. Cu, Fe, Zn), which takes place at a low rate, the oxides that form 

are incorporated into the Al2O3 lattice depending on the atomic or ionic size of the element, 

and generate a change in the oxidation behavior by altering the oxide layer’s structure and 

density [110][111]. 

 

In wrought alloys, oxide inclusion and other non-metallic or intermetallic inclusions impair 

not only the materials’ mechanical properties but also influence corrosion, which can lead to 

problems during pickling, polishing and anodizing [129]. In cast alloys problems can arise 

during surface treatment, e.g. polishing (as mentioned) and anodic oxidation. Pressure 

tightness, weldability, corrosion resistance and machinability are also reduced by non-metallic 

particles. Melts which contain oxides are more viscous, and thus have poorer mold filling and 

feeding properties. Die casting processes also cause increased mold wear [110]. 

 

In order to conduct the entire recycling process of aluminum and produce a high metal yield, 

the reaction with oxygen must be reduced during storage, transport, smelting (where 

technique is crucial), holding and casting. The extent of oxidation depends strongly not only 

on the melt composition but also on temperature and time. The important factors influencing 

it are oxide, moisture and the impurity content of the input material; temperature control 

during melting; duration of exposure to atmospheres containing oxygen and moisture; flow 

conditions during melting, transfer and potting; composition of the fluxes used; and the ratio 

of the bath surface to the volume of the melt. To melt aluminum scrap with minimum loss, the 

following conditions must therefore be met [110] [111]: 

- Oxidation and moisture absorption of the raw materials should be avoided as far as 

possible (dry storage under a roof, rapid processing, etc.). 

- Melting must be carried out at the lowest possible temperature. 

- Melting time must be short and unnecessary holding times should be avoided. 

- Small and fine material must be stirred into the metal or salt melt quickly to protect it 

from oxidation. 

- Turbulent flows during transfer and casting must be avoided to reduce tearing of the 

protective oxide layer. 

- Bath surface must be small to minimise contact with the atmosphere. 

- Optimised fluxes should be used. 

Using optimised fluxes is especially important. Here oxide layers must be completely 

removed from the scrap, and aluminum droplets must be enabled to coalesce in the molten 

salt [110] [111] [130]. 

Oxide layers also play an important role when the material is liquid. This produces dross: a 

mixture of aluminum, the alloying and impurity elements and their oxides. Halogenides, 

carbides or nitrides are also found in the dross. The greater the amount of dross produced, the 

more liquid aluminum is bound within it due to capillary effects. The formation of dross and 

the associated loss of aluminum can be described in terms of the following steps [123] [126]: 

- Formation of the oxide skin on the melt 

- Breaking of the oxide skin by the bath movement 
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- Sinking and floating of the oxide particles 

- Adhesion of the oxide particles 

- Filling of the interstices with metallic Al (capillary action) 

- Oxidation of aluminum dispersed in the dross, resulting in additional dross 

- Removal of the dross from the molten bath 

- Partial dripping of liquid aluminum or further oxidation if no appropriate treatment 

(rapid cooling) takes place 

Oxides also enter the melting process via scrap due to the passive layers. They have a 

thickness of 4-10 nm in dry air and up to a maximum of 10 µm in moist air. A 2-4 nm thin 

barrier layer is formed immediately upon contact of the free surface with any oxygen-

containing atmosphere. This layer consists of pure Al and amorphous Al2O3 and, depending 

on the aluminum alloy, may also contain mixed oxides such as magnesium oxide. If the 

humidity is appropriate, a non-porous top layer will form on the porous barrier layer. Here 

aluminum hydroxide Al(OH)3 is produced [127]. The structure and growth of this top layer 

depends on surface impurities or coatings and on air humidity. The growth rate depends on 

time and temperature. In dry air, the barrier layer has already reached its maximum thickness 

after about one hour, whereas only increased humidity in the ambient atmosphere will cause 

the growth of the top layer [79] [127] [129]. 

 

Hydrogen is soluble in aluminum, but little is known about the specific reactions which place 

except the fact that embrittlement and stress-corrosion cracking can occur in high-strength 

alloy grades [131–133]. The hydrogen solubility in aluminum increases in the solid and liquid 

state with temperature and depends on the hydrogen partial pressure [110]. Due to reduced 

solublity in the solid state compared to that of the liquid state, bubbles and pores form in the 

material during solidification. However, hydrogen precipitation can be suppressed with the 

help of a high cooling rate, which is deployed for example in continuous casting or die 

casting. In subsequent treatment steps (e.g. heat treatment, hot forming, etc.), the forcibly 

dissolved hydrogen is released and in turn generates annealing bubbles, grain boundary 

porosity, etc. These greatly impair the mechanical properties of the aluminum alloys, but can 

be prevented in advance via appropriate melt treatment processes [111]. 

 

In castings, any gas porosity that occurs can be used as a measure of hydrogen solubility. 

However, the tendency towards pore formation depends not only on the hydrogen content, but 

also, crucially, on the solidification rate, the solidification morphology and the microstructure 

state. 

 

An equilibrium is established between the aluminum melt and the hydrogen content in the 

surrounding atmosphere. This defines the proportion of dissolved hydrogen, where 

environmental water vapour is the main cause of the increased hydrogen content. Water 

vapour is decomposed by liquid aluminum. The atomic hydrogen formed is quickly dissolved 

in the molten aluminum, and the oxygen reacts exothermically to form aluminum oxide, 

which creates a dense oxide layer on the molten aluminum. This reaction increases not only 

the hydrogen content in the melt, but also reduces the metal yield [110]. 

 

Oxide layers on aluminum melts in humid atmospheres provide a certain protection against 

further reaction with water vapour. However, if this oxide layer is destroyed by turbulent 

flows (casting and pouring off, gas purging treatment, bath movement, etc.), a reaction with 

the water vapour of the environment again takes place which is exothermic. This leads to 

overheating, which favors hydrogen absorption. In the same way, organic substances adhering 

to the scrap also react with liquid aluminum to form carbon or aluminum carbide, with the 
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resulting hydrogen then being absorbed by the melt. The same reaction takes place in the 

incomplete combustion of organic compounds. In addition, aluminum carbide can in turn be 

converted into aluminum oxide in the course of the smelting process [110] [111] [134]. 

 

Hydrogen can also be introduced via the input material. The oxide layer adhering to the scrap 

is, for example, a source of hydrogen. The naturally formed oxide skin consists of porous 

aluminum oxide and contains moisture. When using small-sized material (chips, foils, etc.) or 

dross, the risk of water absorption is particularly high due to capillary effects. The same 

applies to moist melting salt. Other sources of hydrogen are new crucibles, newly lined 

furnaces and freshly coated melting tools. In practice, melts with a large hydrogen content 

also often have a greater oxide content, and vice versa [110] [111]. 

 

Alloying and trace elements can also influence hydrogen solubility [110]. Elements that 

increase it are Mg, Ti, Na, Sr and Ca; those that only modestly affect it are Cr and Fe; and 

elements that decrease it in Al-alloys are Cu, Mn, Ni, Si, Zn and Sn. The aim must therefore 

be to reduce hydrogen absorption and the associated oxide inclusion. Measures for achieving 

this include using dry scrap with as little oxidation as possible; rapid melting or submergence 

of fine scrap; avoiding unnecessary holding times; using dried melting salts and dry gases; 

and avoiding melt overheating and drying of new linings of furnaces, transfer troughs, ladles, 

melt treatment and casting equipment. 

 

Nitrogen can also react with solid and liquid aluminum [110] to form aluminum nitride. 

Similar to oxygen, a thin, dense layer of aluminum nitride is formed on the melt and protects 

it from further nitrogen absorption. Aluminum nitrides occur not only in the melt, but also in 

the dross or in salts. The cause of aluminum nitride formation is gas purging treatment with 

nitrogen and a reaction with atmospheric oxygen, e.g. during local overheating. In dross and 

salt slags, aluminum nitride reacts with atmospheric humidity or with water during salt slag 

processing and causes the formation of ammonia (NH3). AlN can also be present in solid 

form, suspended in aluminum melts. If no suitable melt treatment is carried out, it will reduce 

the quality of the resulting products [110]. 

 

The high chemical reactivity of liquid aluminum and the alloying elements present in the 

melts (e.g. Mg) mean that liquid aluminum reacts not only with gases but also with solids. 

Particularly important are reactions with the refractories (SiO2, Fe2O3 etc.) and alloying 

additions (master alloys and their impurities), as well as reactions with oxides in (for 

example) pigments of organic coatings from scrap (TiO2, ZnO, Pb3O4, Fe2O3, Cr2O3 etc.). The 

reaction products not only generate impurities in the aluminum melt, but also reduce the yield 

when aluminum is recycled due to the aluminum oxides that usually form [110] [111]. 

3.3.2 Process and plant technology 

Recycling of secondary raw material is carried out for aluminum depending on the degree of 

impurity. It is necessary to use different furnace systems for efficient recycling of the very 

different materials involved [110] [111] [106]. Direct processing of high-purity input 

materials, which is conducted during production and further downstream processing, can take 

place in the foundries of the primary smelters, in semi-finished product plants, recycling 

plants and foundries. This frequently involves the company’s own scrap, which is usually not 

recorded statistically but treated as a closed-loop contribution [110] [111]. 

 

Today, new and old scrap are processed in recycling plants, and a distinction is made between 

remelting for purer scrap and refining for lower-quality scrap. While remelters mostly 

produce wrought alloys, the products of refiners are cast alloys [110] [111] [130]. The basic 
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process steps are the same in the production of both [135] [110]. They involve preparing the 

input materials (if necessary); melting; melt treatment (alloying, gas purging treatment, 

temperature and microstructure adjustment and, if necessary, filtration); and casting. 

 

The main difference in the recycling of aluminum is whether salt is used (refiner) or not 

(remelter), and this depends on the corresponding input material. The amount of salt depends 

on the process technology and the material used. An overview of the steps in recycling of 

aluminum is shown in Fig. 12 [110]. 

The smelting salts used in the recycling of low-grade scrap comprise mainly sodium chloride 

(NaCl) and potassium chloride (KCl) with added fluorides, such as fluorspar (CaF2) or 

cryolite (Na3AlF6) or other alkali fluorides (NaF, KF). The tasks of the salt are (i) to break up 

the oxide skins; (ii) to absorb the non-metallic impurities (oxides, carbides, nitrides, etc.); (iii) 

to protect the liquid metal from the furnace atmosphere by covering the melt; and (iv) to 

improve the coagulation of the metal droplets [110]. 

 
Fig. 12. Process routes (with and without salt) in the recycling of secondary aluminum. 

Reprinted with permission from [110]. 

 

Important criteria in commercial smelting technology are high metal yield; low dross 

formation and low salt input; low energy requirements; high quality of products with a large 

scrap component (low primary aluminum); low oxidation of aluminum; and low emissions 

[110] [111]. 

 

Important improvements have been made to fuel-heated plants via a reduction in the amount 

of additional materials such as smelting salt; improved burner technology; combustion with 

oxygen; and waste heat recovery. Controllable medium-frequency induction furnaces are 

mostly used in electrically heated plants, with high efficiency and improved energy 

consumption. All melting furnaces are equipped with off gas collection and off gas 

purification systems, which guarantee compliance with legally prescribed emission values. 

Off gas purification processes, especially for organically contaminated off gases, have solved 

former problems associated with the occurrence of PCDD/F (polychlorinated dibenzodioxins 

and polychlorinated dibenzofurans, often referred to as “dioxins”) [110] [111] [54]. 

 

In the context of secondary materials, a distinction can be made between foundries and semi-

finished product plants, remelting plants (remelters) and melting plants (refiners) [115]. The 

individual areas are explained below, with particular reference to furnace technology, melting 
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technology and the materials used. Foundries and semi-finished product plants are often not 

considered part of the recycling process because they mainly use primary metal or products 

from secondary smelters (casting ingots or liquid aluminum). In addition, they use sorted 

scrap which accumulates during production (scrap from foundries, parts of sheet metal, 

profiles or chips). This type of scrap does not appear on any scrap balance sheet, and 

quantitative registration usually only takes place within the plant. Nevertheless, because the 

amount of these high-quality materials has increased in recent years due to the increasing 

depth of processing and rising production, these furnace systems represent an important part 

of the overall recycling cycle. The units they use are mostly from tilting or stationary hearth 

furnaces with a capacity of up to 130 metric tons, although induction furnaces (crucible or 

channel furnaces) are also deployed in both recycling plants and foundries. 

 

Remelter plants mainly use low-contaminated, wrought alloy scrap with a low number of 

alloying elements. Large quantities of sorted scrap with the same composition are usually 

charged. The treatment of the scrap only consists of making these materials chargeable by 

cutting or, if necessary, agglomeration. The process sequence in a remelter is shown in Fig. 13 

[110] [111] [135] [115] [75] [116]. 

 
Fig. 13. Illustration of the process steps in aluminum recycling for the production of wrought 

alloys. Reprinted with permission from [111]. 

 

Scrap melting usually takes place in fuel-heated single- or multi-chamber furnaces, which 

increasingly have integrated preheating chambers to smolder adhering organic compounds. 

These furnaces also have low-temperature carbonization gas and oxygen burners and facilities 

for heat recovery. In hearth furnaces, the melting process can be accelerated by stirring 

devices or pumping. Heating is carried out via oil and gas burners to about 950 °C, with the 

use of oxygen burners on the increase. For more contaminated materials, especially those with 

higher organic content, multi-chamber furnaces are used. These consist of a reheating and 

smoldering area, a melting chamber (forehearth) and a heating chamber (main hearth) [134] 

[115] [136]. In the smoldering section of the furnace, the off gases from the heating chamber 

are used to smolder the organic compounds under a reducing atmosphere. These gases heat 
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the scrap and at the same time largely prevent oxidation of the aluminum. In the subsequent 

charging process, the smoldered scrap is transported by new scrap into the forehearth and 

melts in the aluminum bath. The main hearth provides the heat necessary for the burning of 

the smoldered gases from the forehearth. 

 

Other furnace possibilities include rotary drum furnaces without added salt, crucible induction 

furnaces, and more rarely, channel induction furnaces and hearth shaft furnaces. After the 

input materials are melted, the liquid aluminum is charged via troughs or by ladle transport in 

fuel-heated holding furnaces. These are also used as furnaces for the casting process. The gas 

purging treatment takes place either in the holding furnaces and/or in plants which are 

arranged “in-line” between the casting furnace and the continuous casting, and where 

filtration also takes place. In the holding furnaces, which are designed as tilting hearth 

furnaces, the melt is alloyed, if necessary grain-refined, and cast or delivered in liquid form. 

 

Highly contaminated, oxidized input materials are typically processed by refiners. Mixed 

scrap from all alloy classes, sometimes with a high organic content, as well as dross, dross 

and slag grains or scrap with a high surface/volume ratio, are often charged. Melting usually 

takes place using salt in fuel-fired rotary drum furnaces. Low-salt tilting drum furnaces and 

hearth or multi-chamber furnaces with a low salt addition are also deployed. After the melting 

process the liquid aluminum is transferred to holding furnaces, which are also fuel-heated. 

Here the liquid metal is alloyed, treated for cleaning and microstructure adjustment and 

finally cast or poured into liquid transport containers. Refiner products are cast alloys in the 

form of ingots or liquid aluminum. Similarly producted deoxidized aluminum for the steel 

industry is mainly sold in the form of granules [110] [111] [130]. 

Fig. 14 shows the process scheme for producing cast alloys by processing highly 

contaminated materials in refiners. The criterion which differentiates rotary and tilting drum 

furnaces is the salt factor [110] [111] [75] [135]. 

 

 
Fig. 14. Illustration of the process sequence for Al recycling with salt slag [110] [111]. 

Reprinted with permission from [111]. 

 

The salt factor  (mass of salt / mass of non-metallics) is between 0.5 (tilting drum furnace) and 

1.5 (rotary drum furnace), depending on the scrap quality and the furnace system. This 

correlates to about 300 to 500 kg of salt per metric ton of secondary aluminum produced. The 
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metal content in the salt is between 5 and 20%. The quantities of salt depend on the degree of 

impurity and the specific surface area of the primary materials [110] [137]. 

 

A distinction is made between rotary drum and tilt drum furnaces. With a salt factor > 1, a 

liquid salt slag is present (salt bath melting). The rotary drum furnaces used are relatively safe 

and can be operated without complex controls. If the salt factor is significantly below 1 

(approx. 0.5), we speak of low-salt smelting. In this case tilting drum furnaces are used. The 

amount of added salt must be carefully adjusted to the input material, because there is a risk 

of increased aluminum oxidation as the amount of salt decreases. Drum, hearth and multi-

chamber furnaces are also used for salt-free melting in the production of cast alloys [110] 

[111] [138] [137]. 

 

Regardless of which melting concept is used, measures must be taken that enable (i) high 

energy efficiency; (ii) low salt consumption resulting in a low amount of salt slag and filter 

dust; and (iv) low environmental pollution. The standard melting unit for contaminated scrap 

is the rotary drum furnace [75]. It consists of a cylindrical steel vessel, lined with refractory 

material, which is mounted on two rollers via races on the furnace shell so that it can rotate 

around a rigid axis of rotation. It is driven electrically by friction-driven rollers, chains or 

gears, with a stepless speed control typically set to 1-8 revolutions per minute. The furnace 

capacity is 10-60 t and heating is performed with oil or gas burners. Great improvements in 

heating are, however, achieved with the help of oxygen burners and additional oxygen lances,. 

This also makes it possible to completely burn off the smoldering gases of organic fractions 

that are produced during heating, thus gaining additional heat for melting. Compared to 

stationary hearth furnaces, rotary drum furnaces have the following advantages [110] [111] 

[75] [138] [137] [139]: (i) The rotating movement enables a mixing and stirring effect 

between liquid salt, metal and the charged scrap. (ii) The burner heats up the furnace wall, 

which is then submerged in the molten metal by the rotary movement, thus achieving a very 

good heat transfer. The scrap is mechanically charged through the furnace door, and the 

melting process operates at about 800 °C. Tapping openings arranged around the 

circumference of the furnace shell are used first to recover liquid metal and then to pour off 

the salt slag. Particularly noteworthy is the improved coagulation of the aluminum droplets 

due to the rotary motion [110] [111] [139]. 

 

A follow-on of the rotary drum furnace is the tilting drum furnace. Due to the small amount of 

salt in this furnace operation, a crumbly salt slag (salt cake) is produced which must be 

emptied by tilting the furnace. The tilting drum furnace operates with a reversing flame, 

where additional oxygen lances can be used. The principle of the tilting drum furnace is 

similar to that of a top blow rotary converter, which is often used in the copper industry. 

Characteristic of these furnaces are their hydraulic tilting mechanism and the use of natural 

gas-oxygen burners, which are arranged on the front side in the furnace lid. Their capacity is 

6-10 t. Their main advantages are less salt slag accumulation and less gas consumption and 

flue gas volume than those of the rotary drum furnace [140] [12] [141]. 

 

When melting with salt, care must be taken to ensure that the off gases are specially treated. 

The off gases contain not only the combustion products (CO2, CO, H2O, SO2, residues of 

organic materials), but also low-temperature carbonization products, dioxins, evaporated salt 

(NaCl, KCl, NaF, KF), evaporated MgCl2 and HF. The resulting filter dust usually has to be 

disposed of in specialised landfill [137] [142]. 
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3.3.3 Residual materials produced in the secondary metallurgy of aluminum  

In aluminum secondary metallurgy, a distinction must be made between smelting with and 

without salt. In all smelting units without the use of a chloride mixture, a dross is produced 

that can contain up to 80% metallic aluminum. The high degree of metallization shows that 

this residue is a high-quality raw material. If a salt is used in the melting of Al scrap, then a 

salt cake or salt slag is produced depending on the amount of salt added. Additionally, many 

scrap pre-treatment units and the melting processes themselves produce dusts that contain 

valuable components to be recovered, such as salts and metallic aluminum. Another 

recoverable residual material is the refractory lining impregnated with the chloride mixture 

and the Al (furnace spoil) [110] [137] [143]. Table 6 gives an overview of the residues that 

occur in the production process of aluminum from scrap. 

 

Table 6 

Presentation of the residues arising in the production of secondary aluminum [110]. 

 Salt slag Filter dust Furnace lining Dross 

Accumulation (in 

kg/tAl) 
300–500 10–40 2–3 20–30 

Accumulation point 
Smelting in a rotary 

drum furnace 

Exhaust gas treatment 

Rotary drum and 
holding furnace 

Rotary drum 

furnace and holding 
furnace 

Melt refining, foundry 

Reduction/ 

avoidance 
Possible Hardly possible Not possible Hardly possible 

Environmental 

relevance 

Gas formation, 

Elucidability 
Elucidability Elucidability 

Gas formation, 

Elucidability 

Utilization 
Dissolution-

crystallization process 

Dissolution-

crystallization process 
- 

Dross processing, melting 

processes 

Removal Landfill ban 
Underground 

deposition  
Deposition Landfill ban 

 

Drosses are those residues containing aluminum that are produced during smelting, melt 

treatment and casting of aluminum and its alloys in primary smelters, foundries and recycling 

works. They are classified as new scrap. In addition to very different degrees of metallic 

aluminum content, dross contains aluminum oxide, spinels, silicates and the like as well as 

chlorides and fluorides originating from gas purging and smelting salt treatment (see Table 7). 

They are processed directly or after prior mechanical treatment in the smelters [110] [137] 

[143] [144]. 

 

Oxidation in the solid and especially in the liquid state of aluminum is the cause of dross. 

Newly formed oxides in the smelting process or oxides from the input material generate 

considerable amounts of this residue. Statistically, about 20-30 kg of dross is produced per 

metric ton of secondary aluminum produced [143] [145]. 

 

Table 7 

Classification of dross into grain classes with associated metal content and listing of other 

constituents [110]. 
 

Classes Metallic aluminum Other components 

Unprocessed dross < 80 wt.-% oxides: Al2O3, Al2O3∙MgO, 

Al2O3∙SiO2, Al2O3∙FeO etc. 

chlorides: AlCl3, NaCl, KCl etc. 

Boulders < 90 wt.-% 

Dross skimmings 70 – 50 wt.-% 
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Dross residue 50 – 20 wt.-% fluorides: CaF2, NaF, AlF3 etc. 

Dross dust < 20 wt.-% 

 

Due to the high metallic content of dross, processing is essential. The residual material 

produced in primary or secondary production is first subjected to dross treatment, which 

involves either the processing of hot dross or the mechanical treatment of already cooled 

dross. The processing of the extracted hot material is performed by shaking out, stirring out, 

pressing out or centrifuging, whereby a recovery of up to 50% by mass of the metallic 

aluminum contained is possible. Here the pressing processes are the most effective, as higher 

metal losses occur due to the initiated movement during the stirring processes. Another 

possibility in the context of dross preparation is rapid cooling after drossing, such as inert gas 

cooling with argon [144]. The cooled dross can then be processed by repeated crushing and 

screening, where the residual materials produced are critical due to their reactivity (formation 

of H2, ammonia, chlorides, etc.) and the low metallic Al content. 

 

Mechanical treatment is a method for material separation. Oxide residues accumulate in the 

fine material, whereas metal-containing lumps accumulate in the coarse-grained fraction. The 

metal content differs in the products of the individual processing steps (see Table 8). The 

further processing of the coarse material (dross, lumps and flakes), which has a higher Al 

content, is carried out in rotary drum furnaces with the addition of salt. Dross residues can be 

used as casting powder in the steel industry under limited conditions, but the resulting dusts 

currently have no subsequent use. Disposing of them in landfill is problematic because gases 

form if they come into contact with water. Another issue is their high reactivity, as they 

secrete damaging substances (ammonia, hydrogen, etc.) into the environment when exposed 

to moisture. This pollutes not only the surrounding air, but also the groundwater, endangering 

both the environment and humans. The aim is therefore to develop suitable reprocessing 

methods that meet all the ecological requirements, or to achieve a chemical composition 

through targeted treatment which will allow this residual material to be used in alternative 

industries (e.g. the building materials industry) [135] [75] [144] [146] [147]. 

 

Dross is mainly processed via the smelting technique. In combination with subsequent salt 

slag processing, residues destined for landfill can be avoided. The salt slag produced during 

pyrometallurgical dross recycling is then further processed to close the recycling loop. This 

generates products such as metallic aluminum and salt, and an alumina-containing residue that 

is used (e.g.) in the building materials industry. In the context of dross processing, mechanical 

and pyrometallurgical recycling in combination with salt slag processing should aim for 

closed-loop recycling [143] [148] [149] [150] [151]. 

 

More advanced processes only introduced into the recycling of aluminum dross in recent 

years are based on plasma technology. The aims here are to release the metallic aluminum 

trapped in the dross while producing residues with minimal environmental impact. The 

advantage of these technologies lies primarily in the elimination of salt additives and the 

resulting salt slag. In this context, the ALUREC, ECOCENT, DROSRITE and DROSCAR 

processes are of particular mention [148] [149] [152]. 

 

The processing of low quality scrap or high oxide materials in horizontal or tilting rotary 

drum furnaces involves the application of smelting salt. The salt requirement depends on the 

purity of the scrap. The composition of the salt system used in the smelting process is of great 

importance for the aluminum yield and subsequent slag treatment. In addition to the residues 

of the salt used, the salt slag after the smelting process contains both metallic aluminum and 
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various products of the chemical reactions between the salt, the metal and impurities. The 

PCDD/F contents are negligible (see Table 8). Industrial salt slags have an aluminum content 

of between 5 and 20%., and the recoverable fraction during recycling is 3 to 8% [153] [154]. 

 

A large part of the aluminum contained in salt slag is in the form of finely dispersed particles 

and can only be partially recovered. Up to 50% of the metallic Al is contained in particles 

with a grain size range of 0.5 to 1.6 mm [36]. The coarser components can be separated by 

mechanical processing. Table 8 shows average compositions of liquid and crumbly salt slags 

(salt cakes). These essentially contain NaCl and KCl with additions of CaF2, Na3AlF6, NaF, or 

KF [110] [153]. 

 

 

Table 8 

Average compositions and exact analyses of accumulating liquid and crumb salt slags [110] 

[140] [149] [155] [153] [156] [157]. 
 

 Salt slag Salt cake 

Component wt.-%1) wt.-%2) wt.-%2) wt.-%3) wt.-%4) wt.-%5) 

NaCl 40-50 

45-75 
62.9 

49.50 

23.26) 20-80 KCl 18-20 10.40 

Other chlorides < 10 -  

Al2O3, SiO2·Al2O3, 

SiO2, MgO·Al2O3 

and other complex 

oxides and 

hydroxides 

20-25 
20-40 

28.0 61.3 67.8 20-60 

CaF2 1-2 1.6 - 0.76) - 

Almet 4-10 5-20  7.5 n.a. 8.1 3-10 

PCDD/F 20 ng ITE7)/kg - - - - - 

1) Specification from Krone and Essafi. 2) Specification from Gerke and Boin. 3) Specification Gil. 4) Specification from 
Prillhofer. 5) Specification from Peterson. 6) Specification in Cl und F. 7) International toxic equivalent 

 

During the solidification of a salt slag, the formation of spinels and silicates depends on the 

alloy. Metallic silicon and Mg-Al compounds occur in some cases, and magnetite (Fe3O4) is 

also found in some slags [153]. Today the salt slag composition cannot be classified according 

to specific types of alloy because a complex mix of scrap with unknown alloying element 

content is generally used in the smelting process [158]. Essential properties of the salt slag are 

(i) thermochemical and thermal stability at the operating temperatures; (ii) low viscosity; (iii) 

the highest possible density difference from the liquid metal; (iv) optimal interfacial tension to 

aluminum or alumina; and (v) the highest possible compatibility with the furnace lining [153] 

[156] [121]. 

 

The tasks of the smelting salt are to break up the oxide layer; absorb non-metallic impurities 

and broken oxide skins; promote coagulation of metal droplets to form a melt; and cover the 

melt to protect it from further oxidation. 

 

The composition of the salt mixture varies depending on the application, scrap type and 

furnace type. More than 100 different mixtures are used in the aluminum recycling industry 

[143]. In Europe a mixture of 70 mass % NaCl and 30 mass % KCl is usual. In the USA and 

Canada, on the other hand, an equimolar eutectic mixture of 50 mol-% NaCl and 50 mol-% 
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KCl is used, which corresponds to 44 mass-% NaCl and 56 mass-% KCl [153] [156] [157] 

[121]. The binary phase diagram for the NaCl-KCl system is shown in Fig. 15 [159]. Here a 

comparison is made between data determined by the thermodynamic calculation program 

FactSage and previously published data. It can be seen that the eutectic point of the equimolar 

mixture is below the melting temperature of pure aluminum and the salt mixture therefore 

begins to melt before the metal, which is why good coverage is ensured. The European 

mixture, on the other hand, has liquidus and solidus temperatures of 690-712 °C and 644-670 

°C, respectively [153] [158]. 

 
Fig. 15. Binary phase diagram of the NaCl-KCl system. Reprinted with permission from 

[158]. 

 

Fluorides are also added to the NaCl-KCl mixture, whereby fluorspar in the range of 2-5 mass 

% is often used for European applications. This can lead to an increase in the melting point. It 

should also be noted that the NaCl-KCl-CaF2 mixture tends to evaporate. 

 

In 1956 the process of detaching the compact oxide layer from the surface of the aluminum 

was investigated and formulated as a step-by-step process with three stages [146] [154] [160]. 

These stages are the formation of defects in the adherent oxide layer, which can occur due to 

thermal stresses and phase transformations; penetration of the molten salt between the oxide 

layer and the aluminum; and detachment of the oxide layer. The mechanism of oxide layer 

detachment draws on the fact that the interfacial tension between molten salt and oxide is 

lower than that between oxide and aluminum. Adding fluorides results in the local 

accumulation of these surface-active elements, which leads to a reduction of the interfacial 

tension between salt and aluminum. The resulting tension gradient increases the force for 

separation. The chlorine anions in the liquid salt also play an essential role in attacking the 

oxide layer [161]. The stages of oxide layer detachment are shown in Fig. 16. The sub-steps 

which occur are the contact of molten salt and the oxide layer; the attack of the oxide layer by 

chlorides; oxide separation by penetration of the liquid salt and separated phases (liquid 

aluminum and oxide particles) [75] [146] [161]. 
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Fig. 16. Schematic representation of the oxide layer separation during the recycling of 

aluminum using molten salt. Reprinted with permission from [161]. 

 

The separation of the oxide particles now suspended in the melt takes place by wetting with 

salt slag. These then rise to the surface and pass into the salt slag phase [162]. After the oxide 

layer has been stripped off, the aluminum droplets can coagulate and collect at the bottom of 

the furnace due to the difference in density. Bath agitation, as occurs in rotary and tilting 

drum furnaces, improves the coalescence of the metal droplets [146] [162] [163]. The 

coalescence efficiency depends on the one hand on the density and viscosity of the liquid salt 

and on the other on interfacial tensions, which play an essential role [164]. 

 

The ecological problem associated with salt slag lies in the water-solubility of the chlorides it 

contains, which can lead to high salt content in groundwater. Here slag also produces harmful 

gases such as hydrogen, methane, ammonia, hydrogen sulphide and hydrogen phosphide 

when it comes into contact with water or moisture. However, the valuable materials slag 

contains, which include metallic aluminum and salt, still make recycling interesting from an 

economic standpoint [110] [111] [106]. Salt slag recycling processes that pursue a zero-waste 

strategy are thus becoming increasingly important due to their economic and sustainability 

advantages.  

 

The leaching and crystallization process (e.g. the BUS process) is the most widespread 

technology for the recycling of salt slag. It essentially comprises five process steps. The 

coarse-grained metallic aluminum is removed in appropriate crushing and classification 

processes, and the remaining slag is ground in mills. Due to the ductility of the aluminum, it 

accumulates in the form of finely rolled flakes. The metal obtained is called “coarse” and is 

returned directly to the smelting process. By leaching the remaining fines (< 0.4 mm) with 

water at elevated temperature (65-80 °C) for a duration of two hours in a multi-stage process, 

the salts contained dissolve. The metals bound to the halides also go into solution [110] [111]. 

After dedusting of the resulting off gases, treatment with diluted sulphuric acid takes place. In 

the process the ammonia present reacts to form ammonium sulphate, which is used in 

fertiliser production. This process is carried out in washing columns. The residual pollutants 

(e.g. hydrogen sulphide and phosphine) are then adsorbed in a two-stage treatment in an 

activated carbon adsorption plant. A solid-liquid separation is carried out in lamella 

thickeners, where the accumulating underflow comprises the oxide residue, and the overflow 

is fed into evaporation-crystallization plants to recover the salt. The resulting mixed salt has 

an average residual moisture content of 2-4%. The saturated mother liquor must then be fed to 

the last two evaporation stages, followed by filtration of the condensate. The BUS process 
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produces metal (80% Al), recycling salt, oxide residue (partly used in the cement industry) 

and ammonium sulphate (used in the fertiliser industry) [110] [111]. 

 

Dust which contains aluminum is mainly produced during smelting. However, although the 

analysis of these varies greatly, corresponding quantities are also produced during treatment 

of scrap and residual materials. Due to the fineness of the dusts from the secondary aluminum 

industry and their composition (organics, heavy metals, etc.), developing a suitable processing 

method is of particular interest. The main types of dust are briefly addressed below [137] 

[145] [165]. 

 

Filter dust forms during the melting of scrap in recycling furnaces. Here processes involving 

salt are of particular relevance. In the salt bath process in the rotary drum furnace, dusts occur 

when volatile components evaporate in the form of (e.g.) chlorides and fluorides; when fine 

particles are transported with the off gas stream; from CaO added to the off gas; or from 

organic material. Due to the pyrohydrolysis that takes place, aluminum oxide, hydrogen 

fluoride and hydrochloric acid are formed from aluminum chloride or fluoride and water. Free 

chlorine enters the filter dust through the merging of the off gas systems of refining and 

smelting furnaces. The off gas is treated with calcium hydroxide. Hydrogen fluoride, 

hydrochloric acid, chlorine and sulphur dioxide (from the fuel) adsorb at 300-500 °C on the 

sorbent. Calcium chloride, fluoride and sulphate are produced as reaction products. After 

cooling to below 120 °C, the dust is separated in bag filters [110]. In rotary and tilt drum 

furnaces operated with salt, the filter dusts consist largely of this chloride-fluoride mixture 

and unreacted hydrated lime, while those from the salt-free smelting process have lower CaO 

and salt content. The metallic aluminum nitrate content can be as high as 17.7%. Due to the 

carbon and the fluctuating oxygen content with the presence of copper as a catalyst, ideal 

conditions exist for the formation of polychlorinated dibenzodioxins (PCDD) and 

dibenzofurans (PCDF), plus polycyclic aromatic hydrocarbons (PAH) and polychlorinated 

biphenyls (PCB) [110] [166]. As with salt slag, problems arise with landfill due to water-

soluble chlorides, the possible formation of gases (hydrogen, methane, ammonia) when water 

is added, the fineness of the dust, and PCDD/F contamination [110]. 

 

Filter dust comprises waste that is subject to monitoring, which is why such materials may 

only be deposited in dedicated, specialised landfill. This generates considerable extra costs. 

Potential recycling processes are therefore being sought, but at present nothing is 

economically viable and disposal in landfill predominates [110]. 

 

In addition to the processes already mentioned, such as BUS technology, there are alternative 

areas of application where dusts can be utilised. For example, the filter dust produced in 

rotary drum furnaces can be used as an additive in the pre-filter of exhaust air purification. 

The fine-particle material from this is in turn used in rotary drum furnaces as cover salt [167]. 

Another possibility is to add dust to the desulphurization agent (CaO-CaF2-Al2O3) in the steel 

industry. Here, however, the heavy metals dusts contain are problematic, as they lead to a 

deterioration in steel quality and generate halide emissions [110] [167]. During the treatment 

(e.g. shredding) of scrap before it is used in the smelting process, dust from scrap processing 

accumulates to 25 kg/t Al which is composed of organic substances, metallic aluminum, 

aluminum oxide and free carbon. Currently this fine-scale material also goes to landfill [110]. 

Finally, residues from refractories need to be considered. These include products made from 

CaO, MgO, Al2O3, ZrO2, Cr2O3, SiO2 and C [166]. Due to increasingly strict legal 

requirements and the lack of landfill options, recycling of refractory materials is becoming 

more and more important. For every metric ton of secondary aluminum, approximately 2 kg 

of furnace waste is produced, generating a considerable amount of residue on a global scale 
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[110] [166]. The refractory industry is trying to minimise the amount of waste destined for 

landfill, firstly by increasing the service life of the linings, and secondly by recycling the 

material. The motivation for recycling high-temperature-resistant residual materials lies in the 

added value through savings in landfill costs, and the reduction of CO2 emissions in the 

energy-intensive processes of primary extraction. A further advantage is the familiarity and 

consistency of the lining composition. It is extremely difficult to collect only one type of 

material, because diverse refractory products are deployed within one aggregate alone. 

Further impurities are generated by infiltrations and the attack of slag and metal baths. 

Approximately 50% of the refractory bricks used in the metallurgical sector are consumed by 

material conversion, enrichment with foreign substances and mixing with other lining zones, 

which means that reuse in the form of secondary products is not possible [166]. It is therefore 

advisable to consider using materials destined for landfill in alternative industrial sectors (e.g. 

the building materials industry). Appropriate treatment processes can be deployed to separate 

valuable metals, and the remaining raw material can be used, for example, as an additive in 

road construction. Application in cement production and addition to abrasives and slag 

formers are also conceivable [166]. 

3.4 Mixing scrap-based melts with primary aluminum in secondary synthesis 

If we follow the material flow in the Sankey diagram shown in Fig. 17, we see that only a 

relatively small proportion of the total end-of-life aluminum scrap from products is returned 

to secondary processing and used for the subsequent production of wrought aluminum alloys 

[8]. This reflects the complexity involved in collecting and separating different scrap streams 

in order to achieve the tight chemical tolerances required for wrought aluminum alloys. There 

are three ways to use end-of-life scrap: (1) downcycle to fewer alloy-chemistry-sensitive 

applications; (2) use closed-loop recycling, as in used beverage containers; and (3) dilute 

“lower grade” scrap by adding primary aluminum. 

 

Fig. 17. Sankey diagram (used with permission from [8]) showing materials flow (in millions 

of metric tons per year; 2007 numbers) showing the flow of aluminum from liquid metal (left) 

into products (right), including the flow of end-of-life scrap (left, center) into secondary 

processing. 

 

Aluminum from automotive scrap, for example, has traditionally been downcycled to casting 

alloys because of the difficulty of separating the alloys it contains, particularly wrought and 
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casting alloys. Based on data collected in 2012 [8] it has been estimated that 6.1 Mt of 

wrought scrap globally are downcycled every year to cast alloys. Increasingly, however, scrap 

dealers are forced to deal with the fact that more automotive scrap is available than higher-

quality scrap from closed-loop sources. This lower-quality mixed automotive scrap would 

traditionally have been downcycled to casting alloys, but supply is currently exceeding 

demand [35]. This trend is exacerbated by the future decrease in demand for automotive 

aluminum castings, forecast due to the growth in electric vehicle sales [168]. It has been 

estimated that the way things are going, by 2030 there may be an excess supply of > 6 Mt of 

scrap which is not recyclable due to the prevalence of alloy scrap collected from open-loop 

recycling. For this scrap the only option at present is dilution by the addition of primary 

aluminum. Dilution, or “sweetening”, of scrap in secondary processing by adding primary 

aluminum, is traditionally performed on a limited basis due to the added expense incurred. 

This is amplified if we consider the amount of primary aluminum needed to dilute scrap from 

different sources to render it usable in wrought alloy production. Fig. 18 illustrates the results 

of a case study [169] which examined the amount (%) of scrap (the scrap source is shown on 

the periphery) that can be used to generate four specific alloys, two wrought and two cast. If 

we focus on the two wrought alloys, it is apparent that the 3104 alloy – the alloy used for 

beverage can bodies – can be produced from 100% scrap. However, apart from this specific 

combination of alloy and source, it is also apparent that, using the technology available today, 

generating the wrought alloys will typically require at least 50% primary aluminum in order 

to achieve the desired wrought alloy chemistries. It is notable that even producing 6061 from 

6XXX scrap requires significant dilution due to the significantly different levels of impurity 

tolerance for minor elements among various alloys within this class [29]. 

 

Fig. 18. Case study illustrating an idealized view of maximum scrap utilization (%) for two 

wrought (3104, 6061) and two cast (355.0, 380.0) aluminum alloys starting from the typical 

scrap mixes from the sources listed on the periphery of the diagram [169]. Image taken with 

permission from [169]. 

 

Fig. 18 highlights the significant advantages that might be achieved if aluminum scrap 

separation could be improved according to scrap source [17]. Taking end-of-life vehicles as 

an example, the advantages that would arise simply from separating cast components (engine 

and transmission components) from wrought components are apparent. Owing to the high 

alloy content of the castings, mixing these two sources otherwise significantly increases the 

amount of primary aluminum required to achieve wrought alloy chemistries. This would be a 

motivation for scrap standards that focus on sorting based on product applications [169]. 

 

Even in the best-case scenario of closed-loop recycling, as used for beverage cans, a 

significant proportion of primary aluminum is still partially required because production 

outstrips the supply of scrap. The most recent report on aluminum beverage can recycling by 

the Aluminum Association [170] shows that in the US, 66% of an average aluminum can’s 

weight comprises recycled content (43% from recycled beverage cans and 23% from post-

industrial scrap arising from manufacturing); 7% comprises non-beverage can, end-of life, 

scrap; and 27% comprises primary aluminum. The repeated recycling of used beverage cans 
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in a closed loop can then lead to the accumulation of minor impurity elements that will 

eventually exceed alloy tolerances. Løvik and Müller [96] provided a simplified description of 

such impurity accumulation in the closed-loop recycling of beverage cans. They specifically 

considered the accumulation of Ti coming from lacquer on the can body, the amount of Ti 

introduced in each cycle being conservatively estimated to be 𝑥𝑖~ 0.1% of the weight of the 

can body. After 𝑛 cycles, the concentration of impurity, 𝐶𝑖 will have risen from its initial 

value, 𝐶𝑖
0(𝑛 = 0), to 

 𝐶𝑖(𝑛) = (�̇�)
𝑛

 𝐶𝑖
0 + [

𝑥𝑖

(1 − 𝑓𝑙𝑖𝑑)
] [

�̇�(1 − �̇�𝑛)

1 − �̇�
] (3) 

where 𝑓𝑙𝑖𝑑 is the fraction of the can mass contained in the lid (~ 20% [96]) and �̇� is the end-

of-life recycling rate for beverage cans. In the case of Ti, for which 𝐶𝑖
0 ≈ 0, the results 

obtained as a function of the number of cycles is shown in Fig. 19a using different recycling 

rates to illustrate its effect on Ti accumulation. As 𝑛 → ∞ the impurity concentration 

approaches a saturation value, this saturation level being shown as a function of recycling rate 

and initial impurity fraction in Fig. 19b. This highly simplified model illustrates the important 

compromise that must be considered; increasing the scrap intake, even in the case of closed-

loop recycling, can lead to undesirable accumulation of impurities that are hard, if not 

impossible, to remove in secondary processing. This can set an upper limit on the level of 

recycled content that can be deployed in the manufacture of new products according to 

current alloy design strategies. 

 

In summary, primary aluminum is still an important mainstay in wrought alloy production 

today. Compared to wrought alloys, the demand for cast aluminum alloys is decreasing 

[72,171,172] and this may lead to increased demand for primary aluminum for sweetening. 

To most effectively use wrought alloy scrap, significant efforts will thus be required in the 

areas of alloy separation and tramp element removal if we are to recycle automotive wrought 

alloys in particular [36]. 

 

 
Fig. 19. Prediction of the accumulation of impurity Ti due to recycling of closed-loop 

beverage cans, reproduced with permission from [96]. (a) The concentration of impurity as a 

function of the number of recycling loops for different assumptions of the recycling rate of 

end-of-life beverage cans. (b) In (a) one can see that impurity levels saturate as the number of 

recycling loops increases. Here this saturation concentration is plotted as a function of the 

recovery rate for different assumed levels of contamination (% of can weight). The x-axis is 

truncated at a recovery rate of 80% because the remaining 20% of the recycled can mass 

comes from the can lids, which do not contribute to Ti contamination via lacquer. 
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3.4.1 Refining of aluminum melts containing scrap, and casting 

3.4.2 Brief introduction to the metallurgical fundamentals of the refining process 

The reactivity of aluminum with other elements presents refining challenges. These will 

intensify significantly in the coming years due to the increasing share of low-quality scrap and 

partially insufficient scrap-sorting quality. Recycling companies will also be confronted with 

more customer demands with regard to alloy recycling rates, meaning that standard dilution 

with primary aluminum will no longer be as easy. In the future, besides the usual refining 

processes such as purging gas technology, filtration and, in some cases, melt settling time, 

further technologies will have to be deployed to guarantee the quality of materials required. 

The essential scientific conditions for treating liquid aluminum are explained briefly in the 

following. 

The solubility of almost all metals in aluminum melts and the reduction capacity of base 

aluminum in oxides each cause an increase in the foreign metal content. Liquid aluminum 

also has a high affinity to gases, which means that its selective use for melt purification must 

be restricted to only a few elements, such as Sr, Na, Ca, Li and Mg. Besides the soluble 

components, solid compounds in the form of oxides, nitrides, chlorides and carbides also 

cause contamination of the melt and a significant decrease in the quality of the material 

properties. Many elements form intermetallic compounds (IMCs) with aluminum, especially 

during the solidification process, which in turn also significantly impair the material 

properties. Higher quality standards despite the scenario of increasing scrap content coupled 

with decreasing scrap quality can only be achieved in the future via (i) improved scrap 

collection and treatment; (ii) optimization of melting technology; (iii) optimization of refining 

methods; (iv) development of new smelting and refining technologies; and (v) exploitation of 

casting methods which enable high solidification rates [173–176]. 

Table 9 and Table 10 give examples of dissolved and solid impurities and explain their 

origins, the consequences for quality and possible removal technologies. It should be 

mentioned, however, that the elements listed only represent a small selection of the potential 

impurities; main alloying elements such as Cu, Si, and Mn and secondary elements such as 

Cr, V, Zr, Ti and Cd are not mentioned, but nevertheless enter the melt with the scrap in 

varying quality. Further elements also enter the melt through low-quality scrap; their effects 

are not yet known and they are frequently not recorded analytically. Notable examples of such 

metals are rare earth elements, In, Se, Te, and Bi [110][111][177][178]. 

 

Table 9 

Examples of dissolved elements/impurities, their origins and qualitative effects, plus their 

refining possibilities in aluminum melts [110]. 

Element Origin Consequences/influence on Possible removal 

means 

H Reaction with the atmosphere and 

combustion gases; moist feed 

materials and refractory lining; 

alloying additives 

Gas bubbles, gas porosity, 

annealing bubbles (W); 

mechanical properties 

Steady-state treatment, 

purge gas treatment 

(vacuum treatment) 

Li Input materials (Al-Li-alloys) Dross formation tendency; 

“blue corrosion” (W) 

Treatment with reactive 

gases and salts 

Na Reaction with refractory materials Dross formation tendency; 

edge cracking (W); “pick-up”-

formation (W); casting 

properties 

Reaction with reactive 

gases and salts 
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Ca Input materials; reaction with 

refractory materials 

Dross formation tendency; 

casting properties (C) 

Reaction with reactive 

gases and salts 

Sb Input materials (modified casting 

alloys) 

Analytical tolerance None 

Pb Input materials (adherent, free-

cutting alloy, bearing metal) 

Analytical tolerance; casting 

properties (C) 

None (vacuum 

distillation) 

Fe Input materials (foreign 

component) 

Analytical tolerance None (crystallization) 

Mg Input materials (alloying element) Analytical tolerance Treatment with reactive 

gases (vacuum 

distillation) 

Bi Input materials (free-cutting 

alloy)  

Analytical tolerance; casting 

properties (C) 

None 

Zn Input materials (alloying element) Analytical tolerance (Vacuum distillation) 

Sn Input materials (adherent, bearing 

metal) 

Analytical tolerance; casting 

properties (C) 

None 

C = Casting alloys, W = Wrought alloys 

 

Table 10 

Examples of solid impurities, their origins and the qualitative effects, plus their refining 

possibilities in aluminum melts [110]. 

Contamination Origin Consequences/influence on Possible 

removal means 

Oxides Al2O3, MgO 

Spinels Al2O3·MgO 

Silicates CaSiO3 

Aluminates CaAl2O4  

Reaction with the atmosphere; 

input materials; erosion of 

refractory lining 

Tool damage during 

processing (W); tool wear 

during processing (C); 

mechanical properties; 

staining, polishing and 

shining behavior (W); “gray 

lines” (C) 

Steady-state 

treatment; 

treatment with 

reactive gases; 

filtration Nitrides AlN  Reaction with the atmosphere; 

purge gas treatment with N2 

Silicates CaSiO3 

Aluminates CaAl2O4 

Refractory lining 

Carbides SiC, TiC Reaction of the melt with 

carbon; abrasion of the 

refractory lining with SiC, 

master alloys 

Chlorides NaCl, KCl Melting process with salt; purge 

gas treatment with Cl2 

Intermetallic 

compounds Al3Zr, 

Al3Ti, AlTiZr, etc. 

Master alloys; reaction in the 

melt with unfavorable alloy 

compositions 

(Crystallization, 

filtration) 

C = Casting alloys, W = Wrought alloys 

 

The effects of solid impurities can vary greatly according to composition and origin, which is 

why targeted removal is necessary prior to the solidification process. Otherwise not only the 

material properties (elongation, toughness, yield strength, corrosion property, surface quality, 

etc.), but also the subsequent process steps, such as those during forming, can be negatively 

affected [110][179][180]. 

 

Of greater importance are oxides, predominantly aluminum oxide (Al2O3). Aluminum oxide 

can, however, also occur with other oxides: MgO or mixed oxides of aluminum oxide with 

magnesium oxide (spinel, MgOAl2O3), and oxides of other alloying elements, e.g. silicon 

dioxide (SiO2). Oxides from the refractory can enter the melt through abrasion of the furnace 

and channel lining, and are usually silicates or other complex oxides, which may also contain 
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Na, K and Ca. Less frequently, nitrides are present in the metal itself. Similar to oxides, they 

can be formed by a reaction of the melt with the atmosphere or during gas purging with 

nitrogen. They mainly occur in the dross or salt slag region, where they largely remain bound. 

Al carbides play a role in secondary aluminum, for example, when they are introduced via 

primary metallurgy or input material (organics) and may convert into oxides or other 

compounds. Chlorides may originate from the salt slags used in smelting or be formed during 

refining treatment of the melt with chlorine or chlorine-containing gases. They occur as Na, 

Ca and possibly also Mg chloride inclusions. Intermetallic phases are also present, which 

either form in high-alloy aluminum melts or are introduced into the melt by master alloys (e.g. 

Al3Ti, Al3Zr) or during grain refining treatment (e.g. TiB2) [177][181][182]. 

 

The sizes of solid particles range from a few micrometres to a few millimetres. The particles 

often agglomerate, so that oxides are mainly present in the melt as so-called oxide flakes. In 

addition to size, the particle concentration (characterized by the inclusion number, i.e. the 

number of particles per unit area), and above all shape and distribution play a decisive role. 

Solid impurities are usually removed by means of gas purging in combination with filtration. 

However, due to the variety and size of the various compounds, existing refining methods are 

generally not suitable for complete separation. 

 

In aluminum melts, alloying elements which are more noble than aluminum are usually 

reduced by dilution with primary aluminum because no economical refining processes are 

available. Hydrogen is removed by gas purging. Salts (described in detail in section 3.3) are 

also used in the course of smelter purification, sometimes in the form of slags, but also 

selectively as powders, granules or tablets added during melting. They can be added via 

immersion bells, via the gas flow or by charging onto the melt surface; they act in the same 

way as purging gases [110][177][106]. 

 

The scrap treatment described in section 3.1 also has an important impact on the purity of the 

melt. However, the various influencing variables mean that complete grade purity cannot be 

achieved, and extensive research and development are still needed in the area of refining 

liquid aluminum for sustainable production of aluminum alloys with high recycling rates. The 

two common refining methods used to purify molten aluminum are detailed below 

[110][183]. 

3.4.3 Gas purging for aluminum melts 

In the course of gas purging, a flotation effect brings about the removal of dissolved 

hydrogen; elements which have a higher affinity to the gas than aluminum; and solid 

components. In discussing the process a distinction must be made between inert gases (argon 

and nitrogen) and reactive gases (chlorine and SF6). Reactive gases are normally used in 

mixtures (in combination with argon or nitrogen) [177][184]. With inert gases, dissolved 

hydrogen (H) diffuses into gas bubbles and H2 is discharged. Here bubble size is an essential 

factor which depends on the injection system. In gas purging four main process technologies 

are used to inject the gases. The process can take place in the furnace or in-line in the launder. 

As the bubble diameter decreases, the specific bubble surface area and thus the mass transfer 

area increase sharply, greatly increasing the gas purging efficiency. Here not only the removal 

of hydrogen, but also removal of solid components via a flotation effect play an important 

role. In gas refining with reactive mixtures (e.g. chlorine-argon with up to 15% chlorine), 

additional elements such as Sr, Na, Ca, Li and Mg can be removed. 
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3.4.4 Filtration of impurity-contaminated aluminum melts 

Filtration treatments are important for alloys which contain large amounts of scrap. This is 

mainly due to the intrusion of iron, which is a typical and highly problematic tramp element 

because of its tendency to form or enrich in ternary or quaternary IMC particles [119]. 

Advanced filtration strategies are thus gaining momentum for melts with a high fraction of 

post-consumer (old) scrap, as they typically contain higher iron fractions [185]. 

 

Besides binary IMC Al3Fe, typical ternary phases containing iron such as Al3FeSi, β-AlFeSi, 

α-AlFeSi, Al15Mn3Si2, Al4FeSi2 and related compounds have been reported. The literature 

uses several different notations for some of these phases, which can be confusing. The 

notations AlFeSi, β-AlFeSi or α-AlFeSi are actually abbreviations for different types of 

intermetallic with more complex compositions. For instance, the β-AlFeSi phase is actually 

stoichiometrically a β-Al5FeSi phase, and the α-AlFeSi phase is stoichiometrically an α-

Al8Fe2Si phase. Most of these phases are metastable, which means that the specific Fe-rich 

phase observed depends on cooling rate and heat treatment. For instance, the α-Al8Fe2Si 

phase tends to form at higher cooling rates instead of the β-Al5FeSi phase [186–188]. 

 

The variety of possible intermetallics naturally increases if other tramp elements such as Mn, 

Cr, Cu, Ni, Zn Mg, Na and Li also enrich in the scrap and in the melt [37,71]. For instance, as 

discussed below in more detail, doping with Mn can change the acicular α-Al8Fe2Si phase 

into a more granular-shaped α-Al8(Fe2Mn)Si phase or into the α-Al12(Fe,Mn)3Si phase (see 

Fig. 20). 

 

Scrap-related phases containing Fe, Cu, C and Ni can have a particularly detrimental 

influence on the alloys’ corrosion resistance, as they form local galvanic elements which 

nucleate and accelerate corrosion. Some IMC, however, can be beneficial when they act (for 

instance) as grain refiners. Examples of this effect are some IMCs containing Cr and Zr. 

Overviews of the phases, their thermodynamics and measures for removing them by filtration, 

centrifugal separation or electromagnetic (eddy-current) separation were provided by Gnatko 

et al. [189] and Gaustad et al. [37]. 

 

 

 
Fig. 20. Aluminum-rich regions of phase-diagram sections and projections for the most 

important tramp elements Fe, Si and Mn. (a) Aluminum-rich side of the Al-Fe-Si system. (b) 

Projection of the liquidus lines of an Al-Fe-Mn phase diagram. (c) Polythermal projection of 

the solidification surface of the quartenary Al-Fe-Mn-Si system. Figures reproduced with 

permission from [187]. 

 

 



52 
 

Packed bed filters and ceramic foam filters are used for the filtration of aluminum melts. In 

applying filter systems a distinction can be made between (i) cake filtration and (ii) deep-bed 

filtration [190]. In cake filtration a layer of inclusions, the so-called filter cake, is formed on 

the filter surface through which melt must flow. Cake filtration occurs primarily at high 

inclusion numbers, with the separation of large inclusions on the surface of the filter cake 

occurring by mechanical influence [191]. In deep-bed filtration, inclusions are removed from 

the melt after accumulation and deposition by means of adhesion to the inner surface of the 

filter medium. Deep bed filtration is particularly effective for the removal of small, low-

content inclusions (< 20 µm). Surface effects are predominantly responsible for removal 

[177]. 

 

The two filtration mechanisms occur together and/or sequentially. Therefore a filter cake can 

form on the surface of a deep-bed filter. In cake filtration, however, the filter cake itself acts 

as a deep-bed filter. The concentration of inclusions in the melt is important in that filter 

cakes, which improve filtration, only form at high inclusion concentrations. However, very 

high concentrations can quickly lead to large filter cakes, which result in enhanced filter 

impermeability to the molten aluminum and, in turn, the necessity for particle pre-separation 

measures, e.g. gas purging. It is assumed that due to surface effects, particles > 30 µm are 

isolated mainly by mechanical separation, and particles < 30 µm mainly by adhesion 

[110][177]. Surface effects are ultimately responsible for the final deposition of particles on 

the inner filter surface. Particle adhesion is caused by van der Waals and chemical bonding 

forces, enhanced by hydrodynamic pressure forces. The predominant mechanism in each case 

depends on (i) particle shape, size, and type; (ii) melt temperature, composition, and flow rate; 

and (iii) filter material structure, morphology, and composition [192]. 

 

Due to the various influencing factors, various types of filter are deployed in aluminum 

industry gas purging systems: (i) net filters; (ii) packed bed filters; (iii) ceramic foam filters; 

and (iv) ceramic tube filters. They are frequently used in combination to meet quality 

requirements, especially in the context of wrought alloys. Due to the challenges inherent in 

using old scrap, filtration in combination with gas purging technology is likely to receive 

increased attention in the future [110][177][191]. 

3.4.5 Alternative refining processes for aluminum melts 

Aluminum melts can only be refined to a limited extent, and generally only a few elements 

(alkali and alkaline earth metals), dissolved hydrogen and solid particles can be removed. To 

remove higher-content alloying elements and impurity metals, other physical and 

electrochemical processes can in principle also be considered., these are (i) intermetallic 

precipitation; (ii) segregation (in combination with centrifuges); (iii) distillation; (iv) 

ultrasonic treatment for hydrogen removal; and (v) molten salt refining electrolysis (only for 

very high Al purities). These processes are currently not economically feasible. However, lack 

of quality scrap, insufficient scrap treatment processes, the limitations of existing refining 

processes, higher quality standards and increasing recycling rates mean that alternative 

refining processes for aluminum melts will become ever more pivotal in addressing industry 

demands and practicalities [193][194]. 

3.4.6 Continuous casting of aluminum and the roles of solidification rate and scrap-

related impurity elements 

The invention of today’s continuous casting process by Walter Roth in 1936 [195] led to 

significant developments in the solidification technology of metals, including vertical, 

horizontal, thin-strip and composite casting (Fig. 21). For aluminum these process 

technologies are mainly used for the semi-finished product formats of rolling ingots and 
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extruded billets, and for cast ingots. The main differences lie in the mold used and the number 

of molds [196][197][198][199][200]. 

 

Continuous casting is a generic term for a variety of continuous and semi-continuous casting 

(direct chill casting) processes for metallic materials. It produces elongated castings with a 

constant cross-section. Continuous casting has many advantages, in particular (i) high yield; 

(ii) low energy requirements; (iii) low investment costs; and (iv) high surface and 

microstructure quality [196][197][198][201][202]. 

 

 

Fig. 21. Continuous casting technologies for the production of aluminum. Reproduced with 

permission from [196]. 

 

In addition to affecting the quality of the liquid aluminum (hydrogen, inclusion, alkali metal 

and alkaline earth metal content), mold technology also has a significant influence on 

continuous casting quality. This is determined by the mold-length-dependent formation of the 

strand shell by indirect heat dissipation (which causes edge segregations) and the melt supply, 

which effects the solidification time, the microstructure and the cooling condition after the 

mold [196][197][198]. 

In semi-continuous direct-chill (DC) casting, water flows directly from the mold to the ingot 

surface (direct chill). During this process there are three different cooling zones: (i) primary 

mold cooling; (ii) secondary water cooling; and (iii) bottom block cooling [203]. 

Vertical continuous (direct chill) casting is the central technology in the aluminum industry. 

In recent decades, numerous molds have been developed for the purpose. Selected processes 

and mold technologies are discussed below as examples [204][205]. With the exception of 

some hot-top molds, in the procedure the metal is fed via a system comprising a pouring 

nozzle with a plug for metal flow control. The further distribution of the liquid metal in the 

mold is performed by special glass fiber distributor bags, the structure of which is highly 

dependent on format and alloy [196][206]. 

Clad sheets or plates are interesting product alternatives to monolithic material production, 

particularly if alloys contain large amounts of scrap. Cladding can become necessary because 

high-strength aluminum alloys contaminated with tramp elements but intended for special 
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applications sometimes lack satisfactory corrosion and/or surface finish properties. Here a 

thin layer of pure aluminum is applied to ensure a better protective effect [196]. Often the 

cladding process is carried out by rolling the different materials. This production process is 

costly and requires high surface purity at the interfaces of the cladding and the core material 

[207][208][209]. Novelis and Wagstaff have therefore developed a casting process for the 

production of already-clad rolling ingots (FusionTM). The main challenges here are the various 

thermal expansion coefficients and liquidus temperatures of the materials, which require a 

special cooling regime. Two different melts must also be provided for the casting, each with a 

separate melt supply. Double-sided cladding therefore needs three melt distribution systems 

(nozzle, plug, distributor bag, etc.). The control effort and the required degree of automation 

are also major challenges compared to other casting processes [196][207][208][209]. 

The various solidification and casting strategies described above all act on the resulting as-

cast microstructures [173–176]. Important features in the context of this paper are the Scheil-

type macrosegration profiles through the cast material; the resulting spatial and size 

distributions; the particle shapes; the remaining degree of solute supersaturation; and the 

alignment and morphology of intermetallic phase stringers along cell boundaries. Because the 

freezing rate changes en route from the surface to the center layer regions, the gradients of 

features between the center and the near-surface regions also matter. 

More specifically, higher cooling rates generate finer dendrite cell sizes and thinner phase 

morphologies. If cooling rates are too slow, the larger intermetallics in particular become 

problematic. While these are general trends for all aluminum alloys, a specific challenge in 

the context of SoDA is how scrap-related tramp elements act and distribute themselves in as-

cast slabs. A systematic literature overview and study of the related effects was conducted by 

Wagstaff et al. [45,210] for a 3104 alloy. They cast ingots with an Fe content higher than that 

of the commercial standard composition, and investigated the macrosegregation profiles and 

spatial distribution of the resulting intermetallic particles through the slab thickness. 

Interestingly, they reported that increased iron content – representative of impurity intrusion 

from using more recycled material – has a refining effect on the constituent particles. This 

was particularly true of the center regions of the as-cast ingots. They also suggested that 

higher particle numbers and reduced particle size improve recrystallization kinetics through 

particle-stimulated nucleation. 

Lazaro-Nebreda et al. [173] also studied the solidification of Al-alloys made from scrap 

containing high levels of Fe, with a special focus on the formation of Fe-rich intermetallic 

phases and the effects of different melt processing conditions. Their work revealed that the 

formation and dispersion of Fe-rich IMCs depends not only on cooling rate and holding time 

prior to solidification, but also substantially on the preceding melt treatment and its effect on 

IMC nucleation and growth. They also studied the beneficial impact of Mn on IMCdispersion 

and shape change, and reported that high melt-shearing increased nucleation and thus Fe-rich 

IMC dispersion. 

Jerina et al. [174] studied the solidification behavior of a recycled 7075 alloy using cooling 

curve analysis and differential scanning calorimetry. They found that a larger specific surface 

area generates greater melt loss – up to 11 wt.% – and a large number of inclusions. They 

observed the lowest enthalpy of solidification in materials with the largest specific surfaces, 

and concluded that high-melting inclusions formed. 

A detailed review of enhanced solidification rates and their impact on microstructure and 

mechanical properties was presented by Lavernia et al. [211], who focused on 7XXX 

aluminum alloys containing differing amounts of tramp elements, e.g. Fe, Ni, Cr and Zr. 
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3.5 Near-net-shape, thin-strip, belt and chain conveyor casting methods for higher 

impurity tolerance 

In most near-net-shape manufacturing, casting and rolling are closely combined. With the 

help of a casting nozzle, liquid metal is fed into the roll gap. The rolls subsequently have a 

double function, i.e. heat extraction for solidification and forming of the solidified strip. This 

eliminates the need to reheat the semi-finished product for the forming process. Release 

agents based on water, graphite or emulsions are used to prevent adhesion to the rolls. The 

main challenges of this casting technology are (i) the melt distribution system; (ii) metal level 

control; (iii) temperature control; (iv) release agent optimization; (v) roll cooling; and (vi) roll 

gap control [196][198]. Several reviews have been published of the properties and benefits of 

aluminum thin slab and sheet production via twin roll and belt casting methods (see Table 11) 

[212–214]. 

 

Belt and twin roll casters produce much thinner slabs than DC casting, in a combined 

solidification and deformation process with much higher solidification rates and less required 

in-line and/or downstream deformation, although at smaller overall production rates. Table 

11, taken from the overview paper of Sanders [214], gives an overview of the various near-

net-shape casting methods. 

 

Twin roll casting involves pouring the melt into the gap between two rotating water-cooled 

cylindrical rolls, where it solidifies rapidly and produces sheets with a thickness of a few mm. 

In twin roll casters, the aluminum solidifies almost entirely on the roll surfaces prior to 

reaching the roll gap, where the hot material is exposed to an in-line deformation step. 

Compared to conventional DC casting, this method requires less capital, generates lower 

operating costs and lower energy consumption due to the reduced total thickness reduction, 

and has a reduced scrap rate – but also has a lower total production rate. Several methods, 

including varying in-line and downstream deformation and the subsequent heat treatments, 

have been developed to adjust the crystallographic texture and the microstructure of the 

sheets. 

 

Table 11 

Overview of the various near-net-shape casting methods. Reproduced with permission from 

[214]. 

 

The attractiveness of the comparably low cost and low deformation work offered by near-net-

shape aluminum casting is lessened for some alloy variants by lower surface quality and 

lower microstructure homogeneity compared to material produced via DC casting and 

downstream forming. This applies particularly to surface-sensitive can stock and automotive 

alloy grades. Material of good quality can commonly be produced via the twin roll route for 

the low-alloyed aluminum grades 1xxx and 8xxx and for 3xxx alloys. Twin-belt machines, 
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mainly of the Hazelett design, are used to produce 3xxx and 5xxx series alloy sheet products 

with moderate strength, surface requirements and good corrosion resistance. The greater solid 

solution supersaturation during twin-roll casting leads to finer dispersion of primary phases 

and finer grains elongated in the casting direction. Therefore – in contrast to the processing 

routes established for DC cast alloys – processing routes for producing twin-roll cast materials 

require adjustment. 

 

The solidification rate achieved in twin-roll strip casting depends on the strip thickness and 

can vary between 10² and 104 K/s [215], this figure tending to be higher at the surface than at 

the centerline of the strip [216]. Higher casting rates increase productivity but can cause 

macro-segregation in the central part of the strip. The two bounding surfaces of the twin roll 

cast sheets solidify first, inducing the solute enrichment of the liquid. When the two 

solidification fronts reach the strip center, solute-enriched areas with eutectic structures 

aligned along the casting direction are formed. 

 

The microstructure and texture of twin roll cast sheets can differ between near-surface and 

center regions, particularly in particle density and grain size. The number of dispersoids 

precipitated during heat treatment is usually lower in the near-surface region. Grains in the 

central region are to a greater or lesser extent equiaxed, while those at the surface may be 

elongated in the casting direction or are very fine due to the recovery and recrystallization 

caused by the hot in-line deformation step characteristic of the twin-roll casting process [217]. 

 

The various casting methods produce different slab dimensions which require specific 

downstream deformation protocols and heat treatment procedures. The main focus of this 

article, however, is the specific ability of near neat shape casting methods to provide the rapid 

cooling rates attractive for casting aluminum alloys which contain large amounts of scrap, i.e. 

those with greater tramp element content. We have therefore reviewed some of the recent 

work in the field, with attention to the suitability of twin rollers for producing alloys with 

greater scrap content than commonly feasible in DC casting routes. 

 

Suzuki et al. [218] used a vertical-type high speed twin-roll strip casting device equipped with 

a symmetrically arranged pair of water-cooled pure copper rolls to produce 6063 alloy base 

aluminum strips with systematically elevated Fe content, ranging from 0.7-6 wt.%. The 

cooling rates were estimated to vary between 4500 K/s at the surface and 100 K/s in the mid-

thickness region of the strips. The authors observed a refinement of the primary intermetallic 

Al-Fe-Si particles in the outer regions of the sheets, but also some coarser precipitates, 

stemming from a centerline segregation in the sheet center regions. After downstream cold 

rolling and annealing to T4 condition, or artificial aging to T6 condition, mechanical testing 

was conducted. The authors reported that no deterioration of bendability was found in 

materials with up to 3 wt.% Fe and no cracking occurred upon hemming. However, age-

hardenability was altered for sheets with 1 wt.% Fe and above. Good results regarding 

bendability, increased proof stress and high ultimate tensile strength relative to the reference 

6063 alloy with 0.35 wt.% Fe were found in both T4 and T6 conditions for a material with 0.7 

wt.% Fe. This means that with a near-net-shape manufacturing method of this type, it is 

possible to produce sheets with the same or even better mechanical properties but with twice 

the Fe content tolerated in DC casting. The authors concluded that due to the high cooling rate 

provided by their roll caster setup, this production pathway is suitable for reducing the 

detrimental effects of enhanced impurity Fe content in melts containing large amounts of 

scrap. 
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In a similar study, Haga et al. [219] investigated the dependence of the microstructures and 

properties of 6111 base alloys produced by a high-speed twin roll caster featuring elevated Fe 

impurity content, in mimicry of using melts prepared from recycled aluminum alloys. They 

varied the Fe content between 0.14 and 1.02 wt.%. They referred to their setup as a high-

speed twin roller, as the device was claimed to provide higher cooling rates than conventional 

twin toll casters with casting speeds of up to 60 m/min. They reported equiaxed or globular 

microstructure in the as-cast strips. For up to 0.4 wt.% Fe no changes to the tensile test results 

after T6 heat treatment and no cracking after hemming were observed. 

 

In another study, Haga et al. [220] cast strips of recycled 6016 aluminum alloys for auto body 

sheets at 60 m/min on a vertically arranged high-speed twin roll caster equipped with 1500 

mm diameter rolls. The thickness of the as-cast strips was 3.4 mm in both cases. The authors 

studied two material variants: one standard 6016 alloy with 0.16 wt.% Fe as reference 

material, and another variant with 0.45 wt.% Fe, representing the recycled material variant. 

The authors reported that both types of cast strip could be cold rolled, without any 

homogenization treatment, to 1 mm sheet thickness, and that T4 heat-treated strips of the 

6016 alloy with high Fe content could be deformed by hemming and tensile testing like the 

reference materials, with no property loss. 

 

Several strip casting studies were also conducted on 5xxx series alloys. Kumar et al. [221] 

studied twin roll casting and downstream processing of a 5754 alloy with a high added 

impurity content. The as-cast high-impurity strips generated coarse grains and complex 

secondary phases. When an Al-Ti-B grain refiner was added, the grain size and centerline 

segregation decreased significantly. The authors found secondary phases, such as Fe-bearing 

intermetallics and Mg2Si, which formed a well interconnected network in the interdendritic 

regions. Homogenization reduced these networks and modified the secondary phases into a 

more equiaxed morphology. The equiaxed secondary phases aligned along the direction of 

rolling. X-ray diffraction showed that the predominating secondary phases produced during 

casting were α-Al(FeMn)Si and Mg2Si, and that these phases prevailed during downstream 

processing. The strip cast and processed high-impurity alloy variant had higher strength and 

formability relative to the same material processed from standard mold ingot casting. The 

authors suggested that twin roll casting tolerates higher impurity levels than conventional 

mold casting. 

 

Komeda et al. [222] and Haga et al. [223] conducted similar investigations on 5xxx series 

alloys. Both studies cast a recycled 5182 alloy strip using a vertical type high speed twin roll 

caster at 60 m/min using twin-positioned steel rolls. The authors mimicked a recycled alloy by 

enhancing its Fe content up to 0.6 wt.%, and found properties in the processed strips that were 

comparable to those of the un-doped reference alloy. 

 

Al-Helal et al. [202,224] conducted several studies of DC cast and strip cast aluminum 

products, using a 5754 reference alloy. The caster variant they deployed was a continuously 

operating high-shear melt conditioning twin-roll casting process, which was custom-designed 

for the production of recycled aluminum alloy strip. They observed that the method provided 

as-cast sheets with fine and equiaxed grains and a homogenized matrix structure, while the 

centerline segregation reported in other studies was eliminated. They also found that due to 

the imposed shear, the cast strip material showed clear recrystallization after 

thermomechanical treatment at 430°C for 30 min and had more than 50% higher elongation 

and about 4% higher ultimate tensile strength compared to conventionally produced twin-roll 

cast strips. 
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Several other studies reporting similar trends for microstructure homogeneity, centerline 

segregation, mechanical properties and generally improved impurity tolerance of sheets 

produced via the strip casting route were also published about alloys based on 7050 [225], Al-

Mn-Zr (with variations of Si and Fe) [226], Al-Mg-Cu [227], and Al-Mn-Fe (with variations 

in Mn, Si and Fe content) [228]. 

 

 

3.6 Advanced processing of alloys containing large amounts of scrap 

3.6.1 Introduction and overview 

The previous sections focused on conventional and thin-strip processing methods and how 

increased use of mixed scrap aluminum may impact them. However, there are also a few less 

common processing routes which can have advantages when dealing with material 

contaminated with scrap. 

Two main approaches, namely conventional remelting and solid-state (meltless) recycling 

[229–231], have been adopted for the recycling of aluminum alloy scrap. Their respective 

recycling efficiencies, energy consumption, cost and environmental impact during practical 

application need to be considered. Solid-state recycling has recently been applied to waste 

material from machining, chipping and turning [229–234]. This process incorporates 

annealing and heavy working after initial cold compaction. Large plastic strain was deployed 

to create metal-to-metal bonding by breaking down the oxide layers, a mechanism referred to 

as solid welding of scrap [229,232,234]. Such solid-state processes are estimated to reduce 

environmental impact in terms of energy consumption and carbon emission by 50-70% 

relative to conventional primary production [230]. The severe deformation and deformation-

enhanced diffusion are critical for microstructure control, specifically for grain refinement. 

The influence of several parameters such as extrusion ratio/rate and temperature on the 

mechanical properties of solid-state aluminum alloys recycled by hot extrusion has been 

studied [229,233]. In hot extrusion most of the energy is required to heat the material. Thus, 

cold solid-state recycling of scrap, specifically cold profile extrusion and cold rolling of swarf 

material [232], was developed to reduce costs [232,234]. However, if extrusion alone is used, 

large residual voids remain in the recycled aluminum. A fine dispersion of particles 

containing Si and a reduction in the number of voids were achieved by combining extrusion 

and rolling, resulting in a significant increase in the density and strength of recycled Al-Si 

alloys. 

 

Along similar lines, severe plastic deformation (SPD) can also be utilized for solid-state 

recycling of aluminum alloys [231]. Several solid-state recovery technologies have been 

proposed based on SPD, including equal channel angular extrusion (ECAP), cyclic extrusion 

compression (CEC), friction stir extrusion (FSE) and screw extrusion [231–233]. SPD 

processes have been successfully applied with the aim of consolidating aluminum scrap by 

imposing large shear deformation. In addition, SPD processes are capable of producing 

materials with ultra-fine grains and even nanostructured alloys which in some cases exhibit 

better mechanical properties than the original ingot. 
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Fig. 22. Microstructure modification of alloys containing large amounts of scrap through 

processing. 

 

Subsequent to SPD processing, homogenization and annealing towards precipitation, recovery 

and recrystallization can be used to control the grain size/morphology and crystallographic 

texture of the final products [235–237]. 

When applying such workflows to scrap-based alloys, tramp-element-related brittle 

intermetallic phases in particular can be harmful. For example the transformation of the 

needle-like β-Al5FeSi phase into a more skeleton-like α-Al12(FexMn1−x)3Si is of importance 

for neutralizing harmful effects resulting from accumulated Fe in recycled aluminum alloys 

[236,238–240]. The fraction and shape of these and other scrap-related particles is influenced 

by the heat treatment, and can be understood by using computational thermodynamics, also 

taking into account integrated solidification and homogenization [238]. Deploying a high 

solutionizing temperature without initializing the pre-melting of Cu-rich phases results in the 

fragmentation and dissolution of the Fe-rich phases, an aspect beneficial to the mechanical 

properties in the recycled AlSi9Cu3 cast alloy [240]. Another example is seen in the 7xxx 

alloys, which were successfully fabricated using recycled beverage cans [241]. Several 

advanced processing approaches for aluminum alloys containing large amounts of scrap are 

discussed in more detail in the next sections. 

3.6.2 Liquid-based processing 

The traditional practice for aluminum scrap recycling is to either return sorted scrap to 

secondary processing for smelting and casting or to directly downcycle mixed alloy scrap to 

cast alloys, where the process and alloys are more tolerant of composition variations. A 
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certain number of impurity elements are thus inevitably introduced into the recycled 

aluminum alloys, leading to the formation of coarse intermetallic compounds. These 

compounds can cause excessive shrinkage porosity defects, which may have an adverse effect 

on mechanical properties (especially ductility) [239,240,242]. Such defects tend to be the 

source of cracks due to stress concentration, thus damaging fatigue strength and toughness. To 

mitigate these negative effects, the intermetallic compounds are traditionally modified by 

adding transition elements (Co, Cr, Mn, V, etc.) [243,244]. Advanced casting methods are 

also commonly implemented to improve the tolerance limit of the impurity elements in 

aluminum alloys containing large amounts of scrap [243,245–249]. 

 

High-pressure die-casting (HPDC) is widely used in the production of mixed recycled 

aluminum alloys due to enhanced castability and relatively low cost [245]. Fe normally has a 

negative effect on the mechanical properties of the cast aluminum alloys, but using HPDC as 

a casting and forming method can reduce their tendency to form fragile and coarse second 

phases [245]. 

 

Squeeze casting can refine the grain size and the Fe-rich compounds with the formation of a 

nano-sized Fe-rich α phase [248,249]. For this reason aluminum alloys produced by squeeze 

casting exhibit excellent tensile properties, especially in terms of elongation. The squeeze-cast 

2A16 alloy with 0.5 wt.% Fe still meets the requirements of the safety-critical suspension 

components used in the automotive industry (UTS>380 MPa, elongation>7%) [248], aiding 

the efficient utilization of a secondary aluminum alloy. 

 

The application of external fields, e.g. ultrasonic, electromagnetic and force fields, during the 

casting process is also effective in controlling the microstructure of the recycled aluminum 

alloys [250–253]. Ultrasonic melt processing (USP) can not only effectively refine and 

enhance the peritectic transformation of the Fe-rich phases, but can also reduce the volume 

fraction of pores in the condensation process [250], thus prospectively modifying the 

microstructure and improving the mechanical properties of the recycled aluminum alloys. 

Zhao et. al. [251] used combined fields, i.e. ultrasonic vibration (USP) and applied pressure 

(squeeze casting), during the solidification of recycled aluminum alloys. They found that 

using combined fields can significantly refine the α-Al phase and the Chinese-script Fe-rich 

phases. This method also promotes dendritic fragmentation and reduces solute segregation on 

grain boundaries. 

 

An intermediate approach under active development is rheoforming [254,255]. Rheoforming 

is a semi-solid processing technique that involves the controlled cooling of an alloy melt into 

a semi-solid state [256][257]. This semi-solid alloy is then actively stirred while being 

injected into a die. Owing to the low temperature and continuous shearing of the semi-solid 

mix as it is injected into the die, it is possible to achieve a fine microstructure with little 

macroscopic solute segregation. Unlike thixoforming, rheoforming is less sensitive to minor 

changes in the liquid fraction. This is beneficial for alloys considered here where small 

changes in composition and temperature may lead to large changes in liquid fraction [257]. 

This makes rheoforming feasible for a wide range of alloy types, ranging from traditional cast 

alloys to wrought alloys such as heat-treatable 2xxx [258], 6xxx [259] and 7xxx [259–261] 

alloys and non-heat-treatable 5xxx alloys [262]. Solution treatment followed by aging can 

bring the strength of these alloys close to their expected T6 condition, albeit with lower 

ductility [257,259,261]. This lower ductility has been attributed to both porosity and to partial 

remelting due to microsegregation [259]. While rheoforming appears a promising technique 

worth further exploration, much remains to be done to optimize the process for a wider range 

of alloys and to achieve properties comparable to those from more conventional processes. 
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Despite this, efforts are underway to produce rheoformed parts to replace parts made by 

conventional die casting or forging [263]. 

 

A second near-net-shape solidification-based process of recent interest for its potential to 

handle a wide range of recycled alloy scrap is spray forming, alternatively known as liquid 

dynamic compaction or the Osprey process [264]. In this process, liquid metal is inert-gas 

atomized (particle sizes of 5 – 250 m) and the atomized droplets are deposited onto a 

substrate in a mix of liquid, semi-solid and solid particles. Cooling rates for particles in flight 

can be very high (>> 102 K/s) depending on particle size, while cooling of the densifying 

deposit occurs much more slowly (0.1 – 10 K/s) [265,266]. Much of the interest in the 

potential of spray forming as a technique for handling recycled aluminum comes from its 

ability to refine, modify or even possibly eliminate intermetallic particles deleterious to 

subsequent formability and produce a fine microstructure [267,268][269–271]. A recent study 

on the spray forming of a 6061 alloy intentionally “contaminated” with 1.4 wt.% Fe showed 

the preferential formation of α-Al15(Fe,Mn)3Si2 over the undesirable plate-like β-Al5FeSi 

[269]. The as-produced alloy was subsequently hot-extruded and then subjected to 

homogenization and aging treatments. It was shown that the mechanical properties of the 

heat-treated material, despite a high Fe content, were very similar to those of conventionally 

processed 6061. An additional advantage of the spray-forming approach noted by the authors 

was relatively short homogenization time due to the fine as spray-cast microstructure [269]. 

Studies on 7xxx series alloys show a similar ability to achieve strengths comparable to those 

obtained through conventional processing, although with evidence of lower ductility and 

corrosion resistance [270,271]. 

3.6.3 Solid-state processing 

Rheoforming and spray forming require scrap to be re-melted during processing. The 

conversion of solid scrap back into liquid comes at a significant cost, both in terms of the 

energy required for melting (and potentially for sweetening the melt) but also in the pre-

treatments required to clean the scrap. In the case of fine scrap (e.g. turnings from machining) 

there are additional challenges that can result in recycling yields of only approximately 50% 

[272]. It has been estimated that the energy savings that would arise from a fully solid-state 

process for aluminum scrap recycling could be as high as 90% [273,274]. This is not a new 

discovery; the first patent for a fully solid-state-based process for recycling aluminum scrap 

can be traced to the middle of the last century [273]. 

 

A wide variety of solid-state processes for recycling the fine aluminum scrap arising from 

(e.g.) turnings or extrusions have been studied; a recent review is found in [231]. These 

processes can be separated into two groups: those based on powder metallurgy, and those 

based on deformation. Powder-metallurgy-based processing (milling of turnings followed by 

sintering, e.g. [275] or direct sintering of recycled turnings [276,277]) remains much less 

explored than deformation-based processing. In this context a variety of techniques have been 

explored, such as hot and cold extrusion [231,233,274,278], severe plastic deformation (equal 

channel angular pressing, high pressure torsion, accumulative roll bonding [279–281]) and 

friction stir processing [282]. The common feature of these processes is that they take 

advantage of large plastic strains to cause the fracture of oxide layers and “cold” welding of 

the individual particles, assisted by the heat generated during the process and, potentially, by 

heat supplied externally [273]. Among these processes, the most well developed are those 

based on extrusion. Güley et al. [274] showed the successful hot extrusion of 6061 scrap and 

mixed 1050 and 6061 scrap starting directly from compacted recycled extrusion pins and 

turnings from machining. More recent work has produced complex-shaped extrusions made 

directly from recycled scrap. For example, Chiba and Yoshimura [233] compared two sources 
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of scrap aluminum (milling chips and turnings from machining) in the hot extrusion of parts 

from an Al-Si alloy. While both source materials could be successfully extruded following 

cold compaction, two key observations were made. First, fully dense materials required such 

large strains that it was a challenge to achieve them uniformly given the complex flow pattern 

through the die. Second, there was a difference in consolidation of the two source materials. 

While the extrusions made from the milling chips appeared fully dense at the largest extrusion 

ratio, significant porosity remained in the extrusion manufactured from the turnings. This 

points to the importance of the handling of the source material prior to consolidation [283]. 

 

3.6.4 Processing to achieve hybrid/architectured recycling-friendly alloys 

Regardless of the process used to convert mixed scrap into new products, concerns about 

performance in downstream processing or in service remain. For example, one of the 

problems that rheoforming, spray forming and strip casting aim to circumvent is the formation 

of coarse, brittle, intermetallics detrimental to ductility. Rather than tackling the issue solely 

through microstructure manipulation of the alloy, one approach takes into account the 

material’s architecture [284–286]. Aluminum production has long used this approach for clad 

products. To improve the corrosion resistance of aerospace alloys (e.g. 2024) it is common to 

roll clad the surface with a thin sheet of a more corrosion-resistant alloy (e.g. 1200), while in 

for brazing sheets a low melting point alloy (e.g. 4004) is roll bonded onto a high melting 

point alloy (e.g. 3003) [287]. To address concerns regarding either the corrosion resistance or 

mechanical performance of recycling-friendly alloys, one solution might therefore be to take a 

hybrid design approach which combines two or more alloys with a particular spatial 

arrangement to achieve improved overall performance. 

 

In the case of corrosion resistance, the advantages afforded by roll cladding are obvious. The 

benefits of a chemically distinct surface layer in controlling mechanical properties can also be 

quite significant, particularly in the areas of strain localization [288] or fracture [289][290]. In 

particular, aluminum sheet product performance is often limited by bendability issues. This is 

the case in automotive applications where hemming operations require a severe 180o bend. 

Here the most demanding mechanical need exists at the outer surface of the material, where 

the strains are greatest. Roll cladding made of high-strength, low-ductility aluminum alloys 

(e.g. 6xxx) combined with a lower strength, ductile alloy (e.g. 8xxx) has been shown to 

significantly improve hemming performance [290]. In this case, fracture was suppressed for a 

full 180o bend with a clad layer of 10% of the sheet thickness. Compare this with a monolithic 

6016 sheet that exhibited significant surface cracks at bending angles of less than 120o. 

 

Roll cladding is only one of the possible processes that can be used to manipulate the 

properties of a material’s surface. Another, commercially successful, process involves the 

direct chill co-casting of two alloys to generate a continuously cast ingot consisting of a core 

made of one alloy and a surface made of another [287,291]. 

 

Roll bonding and co-casting are only two of the potential processes for generating hybrid 

recycling-friendly alloys. Chemical and/or mechanical treatments of the surface that change 

the composition or microstructure of the near-surface layer may provide an ideal opportunity 

to optimize the combination of environmental, mechanical and chemical performance. Taking 

inspiration from work on the design of architectured materials from other fields might also 

prove highly productive in broadening the commercial appeal of recycling-friendly aluminum 

alloys. 
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3.7 Sheet-forming challenges for scrap-based alloys 

Flat rolled product (foil, sheet and plate) accounts for ~ 30%– 55% of the Al used today, 

varying by company, market and region. Of this, ~95% consists of the non-age-hardenable 

1xxx, 3xxx and 5xxx grades [292]. In the types of application where these alloys are used, the 

formability of the sheet is a critical factor during processing. The formability of sheet from 

age-hardenable alloys (2xxx, 6xxx and 7xxx) is also important, especially for transportation 

applications, but the forming is usually performed in the naturally aged (T4) state (i.e. before 

the age-hardening step) so most of the solute is in solid solution. This solute in solution has 

important effects on the stability of plastic flow and the surface finishes obtained. The 

microstructural considerations for forming are similar to those for the non-age-hardenable 

classes, except that one must also consider the effect of the (de)formed microstructure on the 

subsequent age-hardening reaction, for example during a paint-bake treatment for automotive 

applications. 

Some forming operations for Al-alloys – warm forming or creep forming [293–295] – are 

performed at elevated temperatures. Apart from the expected effects of temperature on 

thermally-activated dislocation processes, in the age-hardenable grades one may also observe 

significant changes in the precipitate state during forming, e.g. [81]. The coupling of plasticity 

and dynamic precipitation adds an additional layer of complexity to questions surrounding the 

formability of scrap-based alloys [81,85,296]. The impurity elements accumulated by 

including scrap can affect both processes together during the forming operation. Such 

contaminant couplings have not yet been studied in any detail. 

There is no one quantitative measure of formability; nor can formability be simply related to 

any single material property. Different sheet forming operations are used industrially and each 

combines different elements of stretching, bending, drawing and ironing. Stampings, such as 

those used for automotive body panels, are usually stretching-dominated operations, whereas 

beverage cans are deep drawn. 

In general, formability depends on 

 the strain hardening capacity and strain-rate sensitivity of the material (which can be a 

strong function of the solutes in solution, and hence also of the impurity elements 

present); 

 the crystallographic texture (which depends on the sheet rolling and subsequent 

recrystallization annealing steps); 

 the R-value (which is the ratio of the width to thickness strain and hence is a measure 

of the resistance to thinning during deformation); 

 the resistance to local fracture (which can be sensitive to the constitutive particles 

present and hence also to the presence of scrap-related impurity elements). 

 

The relative importance of each of the above factors depends on the specific sheet-forming 

operation, particularly the balance between stretching and drawing. Failure during sheet 

forming can be of two types: local fracture may occur as a result of reaching a critical local 

stress or strain (e.g. at a large intermetallic particle), or excessive local thinning (necking) of 

the sheet may occur due to a mechanical instability in the flow. Both modes of failure can be 

affected by compositional modifications generated by using scrap. 
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Forming operations that are dominated by stretching operations (e.g. sheet stampings) often 

represent formability in terms of a Forming Limit Curve (FLC). FLCs are experimentally 

generated by stretching a clamped sheet over a hemispherical punch and monitoring the 

strains at which failure occurs. Fig. 23a shows a schematic FLC which highlights the strain 

states. Successful forming requires one to remain below the curve for the major and minor 

strains. 

 

Fig. 23. (a) Schematic Forming Limit Curve (FLC). (b) FLC for two 6022 alloys containing 

different low and elevated Fe content. Data extracted from [297]. 

 

Texture, strain hardening capacity, strain-rate sensitivity, R- and R-values, and resistance to 

fracture are all properties that can be significantly affected by compositional modifications 

due to the use of scrap (see Fig. 23b). Examples of these effects are presented in the ensuing 

sections. 

3.7.1 Fracture and the role of constituent particles 

The contaminant from scrap that has received the most attention is Fe, and with good reason. 

Discussed in section 3.7 in the context of twin-roll casting, it is currently an issue for 

recycling. Al recycling usually leads to Fe accumulation, manifesting as (micron-sized) Fe-

containing intermetallic particles in alloys. These large constituent particles can have 

important effects on fracture, and sheet-forming operations that are fracture-strain-limited can 

be significantly affected. Bending is particularly sensitive to fracture strain. Fig. 24 shows an 

example in 6xxx alloys from Lloyd [298]. Here the bendability of the sheet is characterized 

by the minimum radius to which a sheet of thickness t can be bent without failure. The outside 

of the sheet surface is in tension and the inside surface is in compression. Failure usually 

occurs through cracking on the outer surface. Fig. 24 shows data for 6111 with three differing 

Fe content figures. On average, as the Fe content increases, the minimum bend radius also 

increases, correlating with decreased bendability. Even though these Fe additions were shown 

to have little impact on the yield strength, tensile strength, strain hardening or elongation, they 

do affect the reduction in cross-section during tensile tests. Failure occurs through void 
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formation at the large intermetallic particles, which then coalesce, leading to failure. The 

correlation between bendability and reduction in thickness (due to the increase in intermetallic 

particles with increased Fe) is shown in Fig. 24. 

 

Fig. 24. Bendability of 6111 with differing Fe content as a function of the reduction in 

thickness measured by tensile tests. Data extracted from [298]. 

 

The failure strain is also particularly important in stretching operations. An example from Das 

et al. [297] of the effects of Fe-containing intermetallics on the FLC is shown in Fig. 23b. 

Here the FLC was determined for 6022 sheets with both a low Fe content and an elevated Fe 

content. The FLC for the material with elevated Fe lies below that of the low Fe material. The 

origin of this reduction in formability is also the Fe-containing intermetallics and their effect 

on fracture. 

However, when considering contaminant effects and intermetallic particle formation it is 

important to realise that not all intermetallic particles are the same, and that they are not 

always detrimental. Sillekens et al. observed no significant changes in the FLC for 5017 when 

they increased the Fe content to 1.4% [299]. Different effects are observed in different alloy 

systems and for different impurities, depending on the ability of a base alloy to spread plastic 

deformation during straining. In addition, the critical stress and strain for the initiation of local 

failure at a particle also depends on its shape. This can be manipulated by adding specific 

alloying elements. An example is the addition of Mn in the case that the alloy has Fe/Si-

containing intermetallics. Mn can change the particles’ shape from plate-like to less damaging 
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equiaxed morphologies. Therefore, alloy- and impurity-specific doping strategies can be 

developed which mitigate potentially damaging effects of the increasing fraction and shapes 

of intermetallics as a result of recycling. However, as seen below, the effects of intermetallics 

are not always detrimental. 

While the emphasis so far has been the role of intermetallic particles in fracture and the 

resulting implications for formability, as scrap use increases attention should also be paid to 

the accumulation of elements that may segregate to grain boundaries and potentially cause 

embrittlement and intergranular failure. Some elements (such as Ga) are known to generate 

such effects in Al, but as alloy compositions become more influenced by contaminants we 

will need knowledge about other embrittling species, and must be able to either control their 

accumulation or develop mitigation strategies (such as co-segregants). 

 

3.7.2 Grain size, crystallographic texture and R-values 

During stretching or drawing operations, the sheet experiences both in-plane and through-

thickness strains. The resistance to thinning during forming is the limiting factor in some 

operations, and this is often characterized by the R-value (the ratio of the in-plane to through-

thickness strains). An R-value of 1.0 corresponds to isotropic deformation. Larger values for 

R correspond to greater resistance to thinning and thus usually translate to better formability 

of the material. For Al-alloys, the R-value is typically 0.6-0.8. Large values for R are obtained 

when the texture contains a large fraction of {111} planes parallel to the plane of the sheet, 

but such textures are difficult to obtain in Al-alloys and this is the reason for the low R-values 

(compared to steels). Strain within the plane of the sheet is also anisotropic, and the 

anisotropy is characterized by R, calculated from measurements taken at 0, 45 and 90 to 

the rolling direction. It is the R that gives rise to the well-known earing phenomena during 

the deep drawing of beverage cans. A small R is usually preferable [300–306]. 

The grain size and shape, and the crystallographic texture, all depend on the thermo-

mechanical processing of the sheet; this also involves, in particular, the elevated temperature 

processes that include recovery and recrystallization. These processes therefore affect the R- 

and R-values [307–312]. 

The accumulation of contaminant elements as a result of scrap usage can affect all stages of 

thermo-mechanical processing. Solute in solution will affect the accumulation of stored 

energy that drives recovery and recrystallization; intermetallic particles will affect the 

distribution of stored energy and therefore have an influence on the initiation of 

recrystallization, for instance through particle stimulated nucleation; tramp elements in 

solution can strongly affect recovery, hence modifying the competition between recovery and 

recrystallization; intermetallic particles will affect the migration of grain boundaries through 

the Zener force and therefore directly influence the final grain size; and solute in solution can 

also affect the grain boundary migration through effects on boundary mobility. The final grain 

size and texture of the sheet will be a result of all these coupled effects – all of which can be 

affected by contaminant elements [313–321]. 

Intermetallic particles, such as the Fe-containing particles that can accumulate as a result of 

recycling, have already been shown to have important effects on limiting grain growth. Sarkar 

et al. [322] reported that the grain size of their 6111 alloy decreased from 110m in an alloy 

containing 0.06Fe to 40m in an alloy containing 0.68Fe. Reductions in grain size can have 
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beneficial effects, such as improving the surface appearance of the sheet after forming by 

limiting the “orange peel” effect, and they can also affect the Lüders banding. A refined grain 

size can also give some additional strengthening (although this is not generally a major 

strengthening mechanism in Al-alloys) and help spread plasticity by limiting slip band length. 

Intermetallic particles can, in principle, also affect texture development through potential 

roles in recrystallization initiation, although this has not yet been studied in detail in alloys 

contaminated by scrap. In the 6022 studied by Das et al. [297] with two different Fe content 

figures (Fig. 23b), the alloy containing more Fe actually had a lower R than the lower-

content Fe alloy. 

Solute in solution can also affect the grain size and texture of the material through effects on 

both grain boundary motion (solute drag effects) and modifications to the competition 

between recovery and recrystallization. These have not been studied in scrap-contaminated 

aluminum alloys, but potential effects probably depend on the elements that accumulate 

during recycling. 

 

3.7.3 Strain-hardening capacity and strain-rate sensitivity 

A high strain-hardening rate and positive strain-rate sensitivity are desired in all forming 

operations to spread the plasticity at large strains and to prevent, as long as possible, strain 

localization. Whereas the formation of intermetallic particles was especially important in 

discussions of local fracture during forming, solute in solution is particularly significant for 

strain-hardening capacity and strain-rate sensitivity. 

Although most solutes improve the strain-hardening rate of Al, some solutes, such as Mg, 

have an especially strong beneficial effect. This is one of the strategies behind the Mg-rich 

5xxx sheet alloys used in applications requiring high formability. Modifications to the solute 

in solution due to scrap-related contaminants must be monitored carefully, both in terms of 

adding solute to solution, but also in terms of the formation of intermetallics that may remove 

valuable solute from solution. A recent study examined the effect of Cu contaminants on 5xxx 

alloys [323] for exactly this reason – to understand the effects on strengthening and strain 

hardening from the view of tolerance to recycling. We should expect much more work of this 

type in the coming years. 

While solutes in the matrix are generally beneficial for strain hardening, in alloys containing 

large solute additions (such as 5xxx series and the age hardenable alloys in T4 state) the 

dislocation-solute interactions can lead to negative strain-rate sensitivities and the associated 

instabilities in plastic flow. These can manifest as serrated yielding (PLC effect), stretcher 

markings or even Lüders bands. All these features are detrimental to formability and can also 

cause poor surface finish. Some elements are worse than others, and hence an understanding 

of how the accumulation of scrap-related impurities affect these instabilities is required. 

The formability of aluminum sheet material is complex. It depends on the ability of the 

material to spread plasticity during forming and resist plastic localization. This in turn 

depends on many features of the microstructure and its plastic response, almost all of which 

are affected by changes in composition due to contaminants accumulated by recycling. Since 

flat-rolled product represents such a significant fraction of all the Al used, it is inevitable that 

scrap use in sheet alloys will continue to increase in the future. It will be necessary to manage 

the effect of compositional variations in the phenomena discussed above, and also to develop 
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a more in-depth understanding of the roles of all contaminant elements and how they 

interreact with each other and with deliberate additions. Such an understanding will hopefully 

result in new, more contamination-tolerant sheet alloys in the future. 

 

3.8 Joining of alloys containing scrap-related impurities 

The ability to join aluminum alloys which have high integrity is a key technology in 

manufacturing finished products across all industrial sectors. Joints often limit crash 

worthiness and service durability and are favored sites for fatigue and corrosion initiation. 

Aluminum is readily weldable by most gas-shielded fusion technologies, including a range of 

laser and arc welding processes [324–327]. Of the arc welding processes, Gas-shielded Metal 

Arc Welding (GMAW) and its more recent lower heat input variant, Cold Metal Transfer 

(CMT), are generally preferred by the automotive sector to reduce distortion [325]. Al can 

also be resistance-spot-welded (RSW); however, point joining of Al-alloys in automotive 

manufacturing currently favors self-piercing rivets (SPR) because RSW has a high energy 

requirement and low tolerance to variation in the electrode contact conditions, and produces 

joints with poorer mechanical performance [326,327]. Aluminum is also readily weldable by 

solid-state friction stir welding (FSW), which works well with all alloy classes; and new 

variants of FSW, such as stationary shoulder and bobbin welding, offer opportunities for 

higher surface quality and wider applicability [328–331]. In addition, mechanical joining by 

SPR and hemming are widely applied to body-in-white assembly in the automotive sector, 

often together with adhesive bonding [326]. To date, the impact of more recycled Al scrap 

entering the supply chain on these joining technologies has been the subject of limited 

systematic research. Specific issues can, however, be anticipated in each joining process class. 

3.8.1 Fusion welding 

The main issues associated with fusion welding of recycled Al-alloys are the impact on their 

high propensity to form gas pores [332,333] and, for certain compositions, these alloys’ high 

susceptibility to solidification and liquation cracking [334–336]. Due to the significant change 

in solubility of hydrogen between its liquid and solid states, Al fusion welds are very prone to 

the formation of H-gas pores [332,333], which can be very detrimental to joint performance. 

Reuse of scrap with a high surface area could potentially lead to an increase in hydrogen 

concentration due to surface contamination from hydrocarbons, moisture, and hydrated 

surface oxides, as well as the introduction of oxide films into parent materials. Both of these 

factors are highly detrimental to porosity because H-pore formation is very sensitive to 

nucleation on oxide biofilms [337]. Fortunately, melt processing technologies are available 

which can adequately de-gas and filter recycled feedstock if applied correctly. 

 

A further concern associated with fusion welding is that higher Fe and Si levels, and other 

contaminants present in the scrap supply chain, can affect solidification cracking. 

Solidification cracking is common in Al-alloys with a wide freezing range (e.g. 7xxx alloys 

containing Cu) and is caused by a pressure drop developing across the inter-dendritic channels 

in the mushy zone during the final stages of freezing [336,338]. As such, it is highly sensitive 

to the freezing range of the last 5-10% fraction of (typically eutectic) liquid, and the ability for 

liquid to feed through the inter-dendritic channels. Fe and Si on their own do not generally 

have a great effect on the critical final freezing range of most Al-alloys, but they do promote 

the formation of complex intermetallic compound (IMC) phases (e.g. α-Al8Fe2Si, β-Al5FeSi, 

and α-Al15(Fe,Mn)3Si2) that can form large, high aspect-ratio IMC particles. These can block 

feeding channels and can also promote nucleation of H-pores [336,339]. For example, it is 

known that increased Fe levels can generate higher levels of shrinkage porosity in castings 
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and are expected to aid the nucleation of inter-dendritic gas with negative effects on 

mechanical performance [336,339]. High solidification rates achievable by laser welding may 

be beneficial in this regard, as Fe has a low diffusivity in liquid Al and solute trapping can 

occur at high welding speeds [340] (see Fig. 25). 

 

 

Fig. 25. Cracking following bands of Fe-rich intermetallic particles during bending. 

Reproduced with permission from [322]. 

Liquation cracking can also occur near the fusion boundary in Al-alloys with low incipient 

melting points [334,335], but this is not expected to be greatly affected by slightly higher 

levels of Fe or Si. Other contaminants in Al scrap streams are also of concern to fusion 

welding. For example, low-melting-point metals like Bi, Pb, Sn and Cd are added to free-

machining Al-alloys (e.g. 2011). These elements form soft, low-melting phases to promote 

chip breaking and cutting tool lubrication [341]. In fusion welding, contaminants can also 

become concentrated at the weld centerline, exaggerating their effect, particularly when 

welding with a teardrop-shaped melt pool. Care should therefore be taken to exclude materials 

from the scrap system that contain such elements. Hot cracking issues can be alleviated by 

selecting welding conditions and grain refining additions that generate a fine equiaxed weld 

zone grain structure, and by avoiding excessive constraint and out-of-plane stresses in 

recrystallized sheet/plate products [335,336,342]. 

3.8.2 Friction stir welding technologies 

Friction stir welding (FSW) methods have increasingly been adopted to join Al-alloy plate, 

sheets and extrusions in ship and train building, as well as in specialized automotive and some 

aerospace products, particularly space launch vehicles [328]. FSW is ideally placed to weld 

more highly contaminated low-grade recycled alloys, as it suffer from none of the liquid-

phase-related problems that beset fusion welding. FSW is also very tolerant of the presence of 

high volume fractions of coarse second-phase particles, and actually refines the weld zone 
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microstructure by imparting severe deformation to the weld members [328,330]. Indeed, 

friction stir processing (FSP) has been developed from FSW to specifically refine cast 

microstructures such as, for example, the primary and eutectic Si particles present in Al-Si 

castings, bringing significant improvements in mechanical properties [343]. 

3.8.3 Mechanical joining and adhesive bonding 

Self-piercing rivets (SPR) and hemming are common joining technologies used in lightweight 

Al-alloy car body structures [326,344]. Both processes can be adversely affected by a 

reduction in the formability of the join members (see Fig. 26). In hemming, Al-alloy closure 

panels are stretch-bent through a tight radius by rolling or die pressing, giving rise to high 

surface strains in plane strain, where there is a minimum in the sheet forming limit [305,327]. 

It is already challenging for Al suppliers to meet the cold hemming requirements of vehicle 

manufactures [322,327], and any further reduction in ductility could have a significant impact 

on the ability to form hemmed joints. SPR is also sensitive to poor bottom sheet formability, 

which can cause cracking in the joint buttons [326]. Forming limits in such scenarios are 

strongly influenced by the presence of clusters of coarse intermetallic particles that 

prematurely nucleate voids, particularly under triaxle stress states [305,322,345,346]. 

Premature shear cracking has been noted in Al automotive sheets (e.g. 6111) with high Fe 

content, when bending transverse to the bands of Fe-rich stringers promotes this [322,345]; 

the requirement to form mechanical joints is probably one of the key factors limiting Fe 

content in recycled Al for automotive closure sheets. 

 

Fig. 26. Joining of aluminum alloy sheets by using self-piercing rivets: (a) conventional; (b) 

optimized. Reproduced with permission from [347]. 

 

The high-strength steel rivets currently used in SPR are a known issue, in that they are 

difficult to remove from Al scrap and are an increasing source of Fe contamination. Efforts 

have been made to use high-strength Al rivets to increase recyclability, but to date this has 

had limited success due to lower joint strengths and restrictions on the hardness of the 

materials that can be successfully joined [326,344]. Clinching, while circumventing the rivet 

requirement, leads to inferior joint performance [327]. 
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Adhesive bonding is frequently used in conjunction with SPR to assemble Al car bodies 

[326,327]. The chemical conversion treatments used to engineer surface films on Al-sheets 

prior to applying adhesives are sensitive to the presence of second-phase surface particles, 

which may not always be removed by the etching step that precedes conversion coating 

formation. The presence of such residual particles can locally alter film properties and, due to 

the cathodic nature of the particles compared to the alloy matrix, may influence the long-term 

durability of the surface when exposed to wet or humid environments. However, due to the 

relatively small particle surface area, it is unlikely that their presence significantly affects 

adhesion properties. 

 

4 Methods and tools for the investigation and design of aluminum alloys 

which contain scrap 

4.1 Thermodynamics simulation tools for the study of scrap-related impurities and 

intermetallic phases 

The underlying phase diagrams provide tools for understanding and designing scrap-based, 

impurity-tolerant alloys. These diagrams can be calculated using computational 

thermodynamics methods which capture and interpolate/extrapolate experimental data. The 

CALPHAD (CALculation of Phase Diagrams) approach (e.g. [348][349]) has systematized 

the procedure. Here the excess Gibb’s free energy is described using a polynomial expansion 

which extrapolates the response of pure elements and binary and ternary interactions [350]. 

Ordered phases are described in the compound energy formalism using multiple sublattices, 

each with a distinct composition [350][351]. Commercial software packages such as Thermo-

Calc [352], Pandat [353] and FactSage [354] provide access to databases which contain free 

energy-composition descriptions for phases. These can be used to construct estimates for 

phase fractions as a function of temperature, pressure and composition under stable or 

metastable equilibrium conditions, also considering tramp-related alloy variations. 

 

Recent CALPHAD solutions and databases suitable for the thermodynamic investigation of 

Al-alloys are as follows. Thermo-Calc offers the Al-based alloy database TCAL7, which 

includes 39 elements and contains 267 assessed binary systems, 99 assessed ternary systems, 

12 assessed quaternary systems and more than 600 solution and intermetallic phases [355]. 

The PanAluminum database from Pandat (PanAl2020) includes 34 elements and 851 phases 

[356]. The FTlite database from FactSage includes more than 54 elements for Al-alloy 

calculations. The FTlite 7.3 database includes 1703 pure compounds with 2104 stoichiometric 

phases and 265 solution phases [357]. 

 

In principle these databases consider the essential, and typical scrap-related contaminants, but 

they can still neglect some of the associated phases. For instance, in the context of possible 

incorporation of impurities in recycling, the impact of special minor alloying elements such as 

rare earth elements in aluminum alloys may be an issue, but small-extent impurities are not 

always detected by scrap sorting techniques or are overlooked by some databases. The 

element neodymium is the basis in NdFeB magnets, which provide a significantly higher 

magnetic field per unit volume compared to ferrite based magnets and are therefore attractive 

for clean energy applications such as the electric motors found in electric/hybrid vehicles 

[358]. The FTlite database in FactSage includes neodymium [357]; the databases TCAL7 in 

Thermo-Calc and PanAl2020 in Pandat do not. The larger number of elements included in the 

FTlite database are thus an advantage in thermodynamic calculations which include rare earth 

elements. 
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Besides the commercial databases, the open database mc_al_v2.029.tdb issued by MatCalc is 

also available. It is designed for thermo-kinetic simulations in Al-alloys with additions of Cu, 

Fe, Mg, Mn, Si, Zn and Zr [359]. In a comparative study, DSC experiments were performed 

to measure the solidus temperature of Al-Zn-Mg-Cu alloys and the experimental results were 

compared with thermodynamic calculation results obtained by the software packages 

FactSage, Pandat and MatCalc. The results of the experimental tests matched the results of the 

thermodynamic calculations, which predicted the trend accurately within a scatter of 49°C. 

On the one hand it is noted that such scatter can occur in the experimental setup due to 

thermal lag and due to the standard deviation of the DSC measurement results. On the other, 

the extrapolation of optimized systems in limited thermodynamic datasets and the 

thermodynamic data itself, which can include measurement errors, may contribute to the 

observed scatter. Overall it was concluded that CALPHAD can be a useful tool for optimizing 

specific alloys by predicting the solidus temperature of specific alloy compositions [360]. 

 

Pertinent studies depicting the use of the CALPHAD approach to recyclable aluminum alloys 

have been published in the context of Al-Si cast alloy design [352][361]. These alloys have a 

higher tolerance for compositional variations compared to wrought alloys, and have long 

served as sink systems for recycling aluminum scrap [36]. One of the key impurities 

stemming from such recycled feedstock and needing control is Fe. While Fe is desirable to a 

small extent because it helps to reduce die soldering and hot tearing, at higher concentrations 

it reduces ductility. Recycling-friendly wrought aluminum alloys made (e.g.) from automotive 

scrap are subject to similar challenges, due to increased Fe content and the formation of brittle 

intermetallic phases. Also requiring consideration is the potential of other tramp elements 

which generate unwanted brittle phases and alter castability (for strip or direct chill casting) or 

modify the sequence of precipitation. Here, for example, a quasi-ternary Al-Mg-Si 6xxx series 

alloy produced from recycled scrap aluminum would need to be viewed as a multicomponent 

alloy containing non-negligible amounts of Fe, Mn, Cr, Ti, Zn and Cu [3]. The empirical 

challenge presented by experimentally evaluated alloys which contain up to eight alloying 

elements, each with compositions in the range 0-10 wt.%, is overwhelming. Here up to 108 

independent alloys would have to be prepared and evaluated in order to assess properties 

[362]. 

 

The CALPHAD approach allows predictions to be made by drawing on a database formulated 

from a much smaller number of assessments, based on interpolation. The excess free energies 

are interpolated from the assessment of the pure materials, binary and (sometimes) ternary 

interactions. Even this strategy, however, leads to combinatorial complexity as the number of 

elements increases. To fully describe a system with more than three components, we would 

want to assess all of the binary and ternary systems within it. An alloy containing 10 elements 

needs the complete assessment, based on the binomial coefficient, of (
10
2

) = 45 binary and 

(
10
3

) =  120 ternary systems, while a system containing 15 elements would require 105 

binary alloys and 455 ternary system descriptions [363]. While it is often considered 

sufficient to consider interactions up to ternary, ignoring any higher order terms, in cases 

where quaternary phases are present they need to be accounted for. The CALPHAD 

thermodynamic databases are quite extensive as regards classic aluminum alloy compositions, 

but even there they do not include descriptions for all binary and (particularly) ternary 

interactions. The lack of experimental studies of ternary systems is often an impediment. For 

example, the TCAL5 database available from Thermo-Calc was developed in the framework 

of 35 elements, with the assessment of 258 binaries but only 87 ternary systems [352]. For 
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reference, a complete description of a system containing 35 elements would require the 

assessment of 595 binaries and 6545 ternaries. 

 

In many cases such a complete description is unnecessary because the assessment can be 

optimized to focus on specific alloys of interest. Interpolation within the range of alloys close 

to these are then found to be sufficiently accurate. However, complications arise when using 

such databases to explore alloying effects where extrapolation is required. Issues of 

incomplete coverage of binary and ternary systems then become more problematic, as does 

the possibility of missing phases in the assessment. Recent efforts motivated by multi-

principal component alloy design have sought to assess the predictive capability of 

CALPHAD calculations of phase equilibria based on the fraction of assessed binary (FAB) 

and ternary (FAT) systems in a given database [363][364]. In a recent study, several 4-

component alloys were assessed based on different FAT and FAB values, and compared with 

the predictions made when the fully assessed database was used [364]. While it was shown 

that under limited conditions extrapolating from the binary assessments can provide good 

predictions, this was generally not true across the entire phase diagram. In cases where binary 

or ternary compounds exist, their omission strongly affects the phase equilibria predictions 

nearby [364]. 

 

In the context of non-traditional alloy chemistries, such as those encountered in aluminum 

alloys containing a high fraction of scrap-related contaminants, the items outlined above need 

to be assessed in further detail, particularly for the ternary and higher-order alloy systems and 

novel binary, ternary and higher-order compounds. The time and effort of conducting 

experiments have been a traditional bottleneck in this process, but computational techniques 

help fill such gaps [365][366][367]. Ab initio electronic structure simulation packages and 

advanced statistical mechanics tools allow proper sampling of properties at finite temperatures 

and in disordered phases. Ab initio data in the form of predicted heats of formation for 

ordered phases have long been used to supplement data in CALPHAD thermodynamic 

assessments [367]. With the advent of high-throughput tools, the ability to screen a wide 

range of compositions and crystal structures to identify stable phases and their heat of 

formation has become essential. For example, in the area of Al-Li-Cu alloys there has been 

much controversy regarding the composition and structure of the T1 precipitate phase. Using 

ab initio calculations, Kim et al. [368] were able to compute the heat of formation for five 

candidate structures proposed in the literature based on experimental observation. From the 

0K heat of formation for the candidate phases and other known stable phases in the alloy 

system, it was possible to test which phase would be expected to be most stable and to share a 

tie line with Al. In this case none of the proposed structures was found to be stable, and 

therefore cluster expansion calculations were used to expand the structures studied. Two were 

discovered to be stable, and one of them was close to sharing a tie line with Al. 

Here one limitation of 0K heat of formation calculations appears: the possibility of phase 

stabilization due to the effects of entropy. An example where lack of vibrational entropy 

effects can cause incorrect predictions is the stability of the equilibrium  phase relative to 

that of the metastable ’ phase in Al-Cu binary alloys [369]. The development of effective 

Hamiltonians to extrapolate 0K ab initio calculations to include entropic stabilization is 

progressing, mostly using harmonic or quasi-harmonic approximations [370]. For high 

temperature predictions, the inclusion of anharmonicity (temperature-dependent phonon 

softening and broadening beyond the thermal expansion softening captured in the quasi-

harmonic approximation) is becoming more important. While predicting fully anharmonic 

free energies from density functional theory (DFT) calculations has been computationally 

taxing up to now, the advent of new techniques is reducing this computational bottleneck 

significantly. Using machine-learned surrogate interatomic potentials, for example, can make 
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fully anharmonic calculations of free energy by thermodynamic integration from DFT data 

feasible in multicomponent alloys [371]. Anharmonicity can also be important in ab initio 

predictions of phase stability in another way. In order for ab initio calculations to predict a 

heat of formation, the phase must be mechanically stable at 0K [366][370]. There are many 

examples of phases for which this is not true, but which are stable for T > 0K. Any high 

throughput approach at 0K will fail to predict these as a possible phase, leading to incorrect 

assessments if the results are used as input to CALPHAD databases. Recently a new approach 

was proposed for handling such cases [372], but it is important not to neglect the potential 

impact of such phases at finite temperature. 

The discussion highlighted examples of ordered phases whose properties were predicted by 

ab-initio calculations. Fully ordered phases, such as Al2Cu, where each site is unambiguously 

occupied by Al or Cu, are well suited to ab initio calculations given the limited number of 

atoms that can be modelled with current computational limitations. Disordered (or partially 

disordered) phases with site defects present the challenge of adequately representing the 

disorder when only a small number of atoms (a few unit cells at most) can be simulated. In 

this context, there have been significant advances in the development and deployment of 

special quasi-random structures (SQSs) for the simulation of compositional disorder 

[373][374]. While such SQSs cannot account for short-range order, and are thus limited to 

regular solution-like models, their coupling with analytical cluster expansions can be used to 

correct for this in systems where it is important [365]. This may be the case for many 

multicomponent aluminum alloys where clustering or ordering are observed to precede 

precipitation [55]. 

 

While the specific technical details described above are instrumental in high-fidelity 

thermodynamic predictions from ab initio calculations, one must also reflect on the 

combinatorial challenge in trying to construct a CALPHAD (or CALPHAD-like) 

representation of the phase equilibria in a multicomponent system. It is here that high-

throughput workflows specifically designed to work within a CALPHAD framework show 

significant promise [365]. A number of systematic and open-source tools for such high 

throughput calculations have been developed, including the Materials Project, the Open 

Quantum Materials Database (OQMD) [375], Automatic Flow for Materials Discovery 

(AFLOW) [376] and the Novel Materials Discovery Laboratory (NOMAD) [377]. The T1 

phase predictions described above [368] were performed, for example, within the OQMD 

database. Such databases, which also collect prior calculations, also allow data mining or the 

use of search routines to help identify potential alloys of interest [378]. 

 

A final consideration is the fact that the above discussion has implicitly focused on classical 

thermodynamics, where each phase is assumed to be infinite in extent and free of defects. Yet 

defects play an important role in defining the properties of alloys, and the interaction between 

chemistry and defects can lead to substantial deviations from the behavior anticipated from an 

equilibrium phase diagram. The first thermodynamic property that is essential for predictions 

of microstructure evolution in aluminum alloys is interfacial energy, particularly between the 

matrix and precipitate phases. How chemistry effects surface energy can have a significant 

impact on the progression of decomposition of a solid solution. Ab initio calculations in this 

case are possible in some cases, but require many more computational resources because 

relatively large supercells are needed to allow one phase to be embedded into the other. The 

possible equilibrium arrangement of solute around grain boundaries, free surfaces and at 

dislocations is a topic of increasing importance, requiring an assessment of chemical 

equilibrium. Recent work has illustrated how chemical equilibrium between solute, a solid 

solution and a grain boundary can generate solute ordering induced by segregation and the 

structure of the boundary. Computation of “defect phase diagrams” is necessarily complicated 
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by the fact that supercell sizes need to be large to incorporate the defect; for example, in the 

case of a dislocation one must properly account for the long-range elastic strain field if one 

wishes to predict equilibrium. This may preclude “brute force” ab initio calculations, but 

techniques such as quantum mechanics/molecular mechanics (QM/MM) or machine-learned 

interatomic potentials with accuracies for formation energies which approach those from 

direct ab initio calculations show promise for the further exploration of this topic. 
 

4.2 Theory and simulation for the study of scrap-related impurity effects on 

precipitation kinetics and microstructure evolution 

The impact of impurity elements on the thermo-mechanical response during production and 

on the properties of the finished product is many-sided, and the consequences of even minor 

amounts of impurity elements can be substantial. For instance, if a certain element accelerates 

or decelerates the formation of a particular precipitate, or if it modifies the sequence of 

precipitation or changes the crystal structure (e.g., Cu- additions [379]), this will affect many 

other (subsequent) processes, such as (i) the further formation of (strengthening) precipitates 

due to the availability of precipitate-forming elements (Cu, Mg, Si, Zn etc.); (ii) the 

annihilation or generation of structural vacancies at the precipitate/matrix interfaces during 

heat treatment and thus the diffusion-controlled kinetics of subsequent precipitation reactions 

(quench-sensitivity); (iii) the amount of solute present in the matrix, which will affect 

electrical and thermal conductivity; and (iv) the mobility of grain boundaries and dislocations, 

which are influenced by the (precipitation-related) Zener drag or the solute drag / dynamic 

strain aging effect caused by segregation of dissolved atoms into interfaces/dislocations, 

which will impact the degree and continuity of the stress-strain response of the material 

(Portevin-Le Chatelier effect), grain growth and recrystallization kinetics during heat 

treatment [55]. Impurity atoms in solid solution can also (v) modify recrystallization textures 

(as has been shown for (e.g.) Fe additions [236]); or (vi) change the strain hardening behavior 

of alloys (e.g. Cu [380] or Mg [381]), stimulate precipitate/dispersoid nucleation, (e.g. Cd 

[382], Sn [383], Au [384] or Ag and Si [385]), or generally influence heat treatments, such as 

homogenization (as shown for Fe and Sc additions [386,387]). 

4.2.1 General considerations about microstructure and precipitation modeling 

When designing a computational framework for the modeling and simulation of scrap effects 

in Al-alloys, one is confronted with the fundamental question of which models and 

mechanisms should be considered. Simulations can only deliver useful predictions if the 

relevant mechanisms are properly reflected in the constitutive formulations. For instance, 

quench sensitivity and natural aging kinetics can only be properly described if the evolution 

of excess vacancies is taken into account in the simulation together with the precipitation 

kinetics of dispersoids and the trapping of vacancies at solute atoms or within atomic clusters 

[388]. Otherwise the impact of alloy composition and/or thermo-mechanical treatment on the 

processing and properties of the alloy will not be reflected in the necessary depth, meaning 

that their effects cannot be correctly predicted; and the model will remain incomplete and of 

limited value. 

A major aspect of such simulations of precipitation and microstructure evolution is that the 

individual metallurgical mechanisms never operate independently, but are coupled; i.e., they 

interact and are often competitive [55]. The more complex the simulation, the more the 

individual models need to be incorporated into the framework and properly connected to each 
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other. Fig. 27 shows a rough sketch of fundamental models for precipitation kinetics and 

microstructure evolution, with their interactions and relevance for Al-alloy processing. For 

instance, precipitation kinetics will determine the amount and type of solutes that are 

dissolved in the matrix. This will directly influence the mobility of dislocations and grain 

boundaries and, thus, impact recrystallization kinetics and stress-strain response during plastic 

deformation. The latter processes will, in turn, influence the precipitation process by 

providing the heterogeneous nucleation sites (dislocations, subgrain boundaries and cells, 

grain boundaries) and deformation-induced vacancies. In addition, the number of dissolved 

impurities impacts the availability of vacancies through the mechanism of solute trapping, 

which is a major factor in all kinds of diffusion-controlled processes, such as precipitation, 

recovery, recrystallization or creep. Table 12 displays an overview of the metallurgical 

mechanisms that are triggered by scrap-related impurities and their possible impact. 

 

 

Fig. 27. Interaction of models for microstructure evolution and precipitation kinetics. 

 

Table 12 

Overview of the possible impact of scrap elements on processing and properties. 

 Mechanism Consequence Effect on 

Trace 

elements 

(impurities) 

Segregation to grain 

boundaries 

Modify grain boundary energy Grain growth 

Modify heterogeneous 

nucleation energy 

Precipitate nucleation 

Modify grain boundary 

mobility (solute drag) 

Grain growth 

Recrystallization 

Segregation to 

dislocations 

Dislocation pinning / cross-

core diffusion effect 

Plastic response / Portevin-

Le Chatelier effect 

Trapping of 

vacancies 

Reduce/increase effective 

diffusion coefficient 

Precipitation / clustering 

kinetics 
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Change lattice concentration 

of vacancies 

Extension of precipitation 

free zones 

Heterogeneous 

nucleation 

Increased nucleation rates Precipitate/dispersoid 

density 

Precipitate-

forming 

elements 

Precipitate/dispersoid 

formation 

Capture other alloying 

elements 

Precipitate formation / 

change of precipitation 

sequence 

 Enter into 

precipitates 

Change its crystal structure Change thermodynamic 

stability 

 

4.2.2 Precipitation kinetics modeling 

The formation of precipitates is a process that is governed by nucleation of particles within a 

supersaturated matrix [389,390], followed by the subsequent growth of the precipitates 

[390,391] and, eventually, overaging/coarsening [392,393]. Although sometimes treated in a 

separate manner, all three processes can overlap [394]. The following sections briefly review 

precipitation modeling and outline the advantages and potential drawbacks of the respective 

approaches. 

Constitutive models 

A mean field model for describing phase transformation kinetics is the Kolmogorov-Johnson-

Mehl-Avrami (KJMA) approach [395–397], which can be written [398] 

𝑉(𝑡) = 1 − 𝑒−𝑉e(𝑡), (4) 

where V(t) is the transformed volume and Ve(t) is called the extended volume. The latter 

quantity is formulated in terms of suitable nucleation and growth expressions, and the well-

known sigmoidal curves are obtained for the particular phase transformation considered 

[396]. The extended volume is often written as 𝑉e(𝑡) = 𝑘𝑡𝑛, where k is a rate constant and n 

is the Avrami exponent. The KJMA approach has been used at various times to describe 

precipitation in Al-alloys. Sekhar et al. [399] used the KJMA model to describe the 

underaging kinetics in 6063 and combined it with the classical LSW [392,393] model for 

coarsening to take into account overaging. The information on volume fraction and radius was 

then used to describe the Vickers hardness and yield strength of the alloy. Sha [400] also used 

the KJMA approach to model the Vickers hardness evolution in several 6xxx alloys. In the 

same way, Pogatscher et al. [388] fit Avrami equations to their experimental hardness data 

from artificial aging of a 6061. Earlier modeling activities date to the 1990s, where Shercliff 

and Ashby [401,402] developed a precipitation kinetics model to predict the yield strength in 

6082. This model was later adopted by Rometsch and Schaffer [403] in an Al-7Si-Mg alloy. 

Eivani and Taheri [404] applied the KJMA model to simulate the age-hardening kinetics in an 

Al-Mg-Si-Cu alloy, and Guo et al. [405] investigated the effect of Zn-additions on 

precipitation kinetics. Yazdanmer et al. [406] applied the KJMA model to precipitation-

hardening for non-isothermal aging of Al-Mg-Si alloys. Esmaeili et al. [407,408] developed 

their KJMA model for the 6111 alloy. Starink [409] introduced a model for diffusion-

controlled precipitation that was later utilized (e.g.) in the analysis of cooling DSC curves in 

Al-Cu [410], Al-Mg-Si [411], Al-Mg-Mn-Cu [412] and Al-Zn-Mg-Cu [413] alloys. Another 

interesting example of DSC curve modeling is the approach by Hersent et al. [414], who used 

the regular solution model to represent the thermodynamics in the Al-Mg-Cu system. Further 

constitutive models for precipitation kinetics are (e.g). [415–419]. 
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Although computationally efficient, applying the original KJMA approach to the entire 

precipitation reaction is not straightforward in more complex heat treatments, because a single 

transformation variable, i.e., the volume fraction of the transformed phase, V(t), cannot 

usually describe processes that occur after reaching the peak hardness [84]. This applies to 

(e.g.) Ostwald ripening/overaging and to the dissolution of metastable phases during 

prolonged heat treatment, or the dissolution of precipitates following a reheating treatment, 

for instance during homogenization. Possible solutions to this are offered by multi-phase 

KJMA models, as shown in [420,421] for precipitation in steel. 

To predict mechanical properties, however, at least a minimum of information on 

(morphological) parameters is necessary, such as the mean radius of the precipitates, their 

number density and also often their shape. Models that incorporate evolution equations for 

radius and number density of precipitates are now commonly used. 

Nucleation, growth and coarsening models 

Models characterized by evolution equations for the radius and number density of the 

precipitates, involving the elementary processes of nucleation, growth and coarsening, are 

generally termed Classical Nucleation and Growth Theories (CNGT). A first category of the 

corresponding models involves the “mean radius approach” [422], where the evolution of a 

size distribution of precipitates is reduced to the evolution of its mean radius and precipitate 

number density. Models of this type exhibit good computational efficiency. The classical 

representative of this type of approach is the Langer-Schwartz (LS) model [423], which has 

been taken as starting point in numerous works. 

In a practical sense, the most essential ingredient of the LS-type models is the nucleation 

model, because the nucleation process determines the number of precipitates that will form 

and, by extension, dictates the maximum size of the precipitates as determined by soft 

impingement (overlap of diffusion fields) and the evolution of the precipitate volume fraction. 

A lower number density of particles means, on the one hand, that each precipitate can grow to 

a larger size because its individual growth volume is larger. On the other, the overall reaction 

will take more time to reach the maximum phase fraction because the diffusion distances 

become wider. The precipitation kinetics can differ by many orders of magnitude depending 

on the nucleation rate, whereas the overall reaction is much less sensitive to variations in the 

growth rate of precipitates at constant particle number density. 

Nucleation is commonly expressed in terms of the nucleation rate, J, which is the number of 

nuclei of the new phase that will form per unit volume and unit time. It is commonly written 

as [389,424] 

 𝐽 = 𝑁0𝛽∗𝑍𝑒
−

𝐺∗

𝑘B𝑇𝑒
−

𝜏

𝑡 , (5) 

where N0 is the number of potential nucleation sites, * is the atomic attachment rate, Z is the 

Zeldovich factor, G* is the critical nucleation energy, kB is the Boltzmann constant, t is the 

incubation time and T and t have their usual meanings. From Classical Nucleation Theory 

(CNT), the nucleation barrier assuming homogeneous nucleation is given by 

 𝐺∗ =
16𝜋

3

𝛾3

𝑑2, (6) 

where  is the interfacial energy (J/m2) and d is the effective driving force (J/m3). The latter 

quantity can be estimated from computational approaches, such as, CALPHAD [425]. Multi-
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component expressions for the quantities appearing in the nucleation rate are summarized, for 

example, in [390]. 

Interfacial energies can also be calculated from thermodynamic databases using, for example, 

the Generalized Broken Bond (GBB) model [426]. However, for estimates of the interfacial 

energies and, thus, reasonable estimates of nucleation rates, it is necessary to go beyond the 

planar sharp interface approximation of the GBB model and to treat the interface energy, , as 

a function of the nucleus size (interface energy size effect) [427] and temperature (diffuse 

interface effect) [428]. In multi-component precipitation systems with solution phases, i.e. 

precipitates with a certain compositional range of stability, the chemical composition of the 

nucleus also plays a decisive role; see e.g. [429,430]. 

Once the precipitate nucleus has reached supercritical size, its further evolution is usually 

described by the diffusion-controlled transport of atoms towards and away from the particle. 

The evolution of (mean) radius, r, as function of time can be written in a general form as 

 
d𝑟

d𝑡
= 𝛼g

𝐷

𝑟
 , (7) 

where D is an effective diffusion coefficient and g is a growth rate coefficient. Various 

expressions for g are reported in literature, e.g. in Zener [391], where the local equilibrium 

(LE) hypothesis is used to obtain an approximate solution of the moving boundary problem at 

the precipitate matrix interface [350,431,432]. Integrating eq. (7) delivers the well-known 

parabolic growth law for diffusion-controlled growth. 

Alternatively, growth rate equations can be derived from the thermodynamic extremum 

principle [433–435], which was first demonstrated by Svoboda et al. [436] and which has 

recently also attracted the attention of other researchers [437,438]. Evolution equations for 

grain boundary precipitation have been developed; see e.g. [439,440] and the works cited 

therein. 

Most coarsening / overaging models used in CNGT with mean precipitation quantities are 

based on the mean-field solution of the classical LSW treatment [392,393]. The general form 

of the coarsening rate equation for the mean radius evolution is 

 
d𝑟

d𝑡
= 𝛼c

𝐷

𝑟2
  (8) 

where c is a coarsening rate coefficient. The literature on this topic is exhaustive and various 

extensions of the original LSW model are discussed, e.g., in [441–443]. With reference to Al-

alloys, coarsening of Al3Sc particles was investigated, for instance, by Novotny and Ardell 

[444]. 

The models introduced above are valid for stationary and/or known size distribution of 

particles. For instance, the LSW model predicts a self-similar left-skewed distribution, also 

known as LSW-distribution, which remains stationary throughout coarsening. The distribution 

that is assumed to be present in the LS-model [423] is a-priori undefined; however, it is 

approximately fixed by the assumption that it coincides with the LSW-distribution in the 

long-term limit. Alternatively, the LS-model can also be derived assuming a log-normal 

distribution [445].  
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In the models discussed below, these assumptions are relaxed because the precipitate size 

distribution is discretized and the evolution of the distribution is governed by the evolution 

equations for the individual size classes or the fluxes prescribed between the size classes. 

 

Class precipitation models and software 

The second group of CNGT precipitation kinetics approaches [422] comprises “class” 

models, where the actual particle size distribution is discretized in several size classes. The 

time evolution of each class is calculated either by evaluating the fluxes between 

neighbouring classes (Euler-type integration scheme) or by the size evolution of each 

individual class (Lagrange-type integration scheme). Both approaches deliver the evolution of 

the size distribution of precipitates over time as well as the evolution of mean precipitate 

quantities, radius, number density and volume fraction. A major advantage of these class 

models is that no separate model for overaging/coarsening is required. This is because the 

possible dissolution of precipitates is an inherent part of class models for spherical 

precipitates, provided that the mathematical formalism incorporates the Gibbs-Thomson 

effect [446]. 

The classical simulation approach for class precipitation kinetics modeling was introduced by 

Kampmann and Wagner [447] and it is known as the Numerical Kampmann Wagner (NKW) 

model. It is an extension of the original LS approach, where the evolution of the mean 

precipitation parameters, i.e. number density and mean radius, are replaced by the evolution 

of discretized precipitate size classes. 

The available NKW models can be roughly categorized into (i) general-purpose precipitation 

kinetics and microstructure evolution software and (ii) special-purpose software/approaches, 

developed for particular application to certain groups of Al-alloys. Reviews on precipitation 

kinetics models and software are available from (e.g.) Hutchinson [84], Sigli et al. [448] and 

Robson et al. [449]. A summary of NKW models and software is shown in Table 13. 

 

Table 13 
Overview of numerical Kampmann Wagner models and corresponding software for the 

simulation precipitation kinetics and microstructure evolution, including information about 

specific alloying / tramp elements. 
 

Name Model Publ. Comment Al-Applications 

Cinkilic et al. [450] 2020 PK,YS; TDC: PanEngine1 [450] 

ClaNG [451,452] 2002 PK,YS; Al-Mn-Mg-Fe-Si, 8xxx 

alloys 

[314,315,453–

458] 

Du et al. [459–461] 2012 PK; TDC: Gibbs energy lookup 

table2 

[462] 

Khan & Starink [463,464] 2008 PK,YS; Al-Cu-Mg [465] 

Larouche et al. [466–468] 2015 PK,YS; Mixed-mode growth; 

Al-Cu 

[469,470] 

MatCalc* [436] 2004 PK,MS,YS; TDC: CALPHAD 

databases + MatCalc engine3 

[471–477]  

multipreci [478] 2005 M(C,N) precipitates in steel - 

NAMO [479–483] 2000 PK,MS,YS; Al-Mg-Si alloys [484–488] 
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Nicolas and 

Deschamps 

[489] 

 

2003 No nucleation, reversion 

treatments; Al-Mg-Zn 

 

PanPrecipitation* [490,491] 2009 PK; TDC: PanEngine/PanDat1 - 

PrecipiCalc [492] 2004 PK,YS; Ni-base alloys - 

Preciso [422,493,494] 1998 PK; various Al-alloys [495,496] 

Robson et al. [497–499] 2001 PK; TDC: pre-calculated 

chemical potentials4 

[500–502] 

Samaras [503] 2006 PK, YS; population balance 

approach 

 

Sarafoglu et al. [188] 2019 Dual-grain model + NKW  

TC-Prisma* [504–506] 2014 PK; alloys with precipitates  - 

 

*General purpose software; PK: Precipitation kinetics; MS: Microstructure evolution; YS: Yield strength; TDC: 

Thermodynamic coupling 

1PanEngine: CompuTherm LLC. (Madison, WI, USA); 2from ThermoCalc AB, Sweden; 3MatCalc: http://matcalc.at; 4From 

MT-DATA, National Physical Laboratory, UK 

 

Precipitate shape effects 

An explicit feature of Al-alloys is that many of their important (strengthening) precipitates 

can be highly non-spherical. The reasons for this may be [448] (i) anisotropy of interfacial 

energy or mobility; (ii) anisotropy of elastic constants; and/or (iii) strain incompatibility of 

precipitate and matrix. Precipitate plates with aspect ratios of 10-100 are common in Al-Cu-

based alloys, e.g. q’ (Al2Cu) or T1 (Al2CuLi). The modeling of precipitation processes 

discussed above is well developed for spherical particles, and coarsening processes can only 

be modelled analytically for spherical particles. In some cases, such as 7xxx alloys, the 

precipitates have an aspect ratio generally only up to ~3. In these cases the spherical particle 

assumption still seems to work well, and there are many examples where state-of-the-art 

CNGT precipitation modeling was applied with success to 7xxx alloys, e.g. [449,489,507]. 

However, in alloys such as 6xxx, where precipitates usually adopt rod shapes, and 2xxx, 

where particles often have plate shapes, the spherical approximation in modeling is no longer 

suitable. In the simplest configuration of dilute solutions, non-spherical precipitate shapes 

mainly modify the diffusion fields around the particles, and thus lead to changes in the growth 

kinetics of these particles. A pragmatic solution which accounts for the growth kinetics of 

elongated or flat cylinders to represent needles and plates has been derived by Kozeschnik et 

al. [508]; the geometrical assumptions for the shape factor ℎ = 𝐻/𝐷 are shown in Fig. 28. 

 

http://matcalc.at/


82 
 

Fig. 28. Definition of a simple shape factor to represent needles and plates based on a 

cylindrical shape. Reproduced with permission from [508]. 

 

The central prediction of this model [508] is an accelerated growth rate for disc-shaped 

precipitates and a deceleration of diffusional growth for needle-shaped particles. In more 

recent work Holmedal et al. [461] arrived at partially contradictory results, which these 

authors attribute to different model assumptions. In their analysis they observe rather similar 

growth kinetics for needle-shaped precipitates compared to spheres of equivalent volume, but 

a deceleration in coarsening rates. The implementation of the Holmedal et al. model in the 

NKW framework is described in [462]. There are several other general treatments of non-

spherical precipitate growth kinetics [466,494,509–513], some of them focusing specifically 

on Al-alloys [461,514,515]. 

A number of new factors must be incorporated into an even minimum ingredients model for 

precipitation if the precipitates are highly non-spherical. The first is that in the case of rod- or 

plate-shaped precipitates, the evolution of particles is no longer well described by a single 

growth rate at each point in time. For a precipitate plate the lengthening rate will have one 

value, and the thickening rate will have a different, much lower value. The time dependence 

of these growth rates also differs from that of spherical particles: diffusion-controlled 

lengthening is usually linear in time (i.e. there is a constant lengthening rate), and thickening 

is interface-controlled. Consequently the whole time dependence of the precipitation growth 

phase is modified, and this in turn affects the time evolution of the solute content in solution. 

The second consequence of highly anisotropic precipitate shapes is that soft-impingement of 

the ends of precipitates can occur far earlier than soft impingement at other interfaces. A 

schematic example is shown in Fig. 29 for plate-shaped ’ particles forming on {100} planes 

in the Al matrix [516]. Both the particle itself and the surrounding solute diffusion field are 

shown. As seen in Fig. 29c, soft impingement occurs at the ends of the particles long before it 

is seen at the broad faces. 

 

Fig. 29. Schematic representation of the diffusional growth and coarsening of a distribution of 

plate-shaped precipitates on {100}a planes of an Al matrix viewed in a <100>a direction. (a) 

Rapid nucleation and early growth of the q’ precipitates; (b) diffusional precipitate growth; (c) 
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soft impingement of adjacent plates at different times (dotted rectangles). The white regions 

represent the untransformed supersaturated matrix. (d) Coarsening during which a decrease in 

the number density is observed. Reproduced with permission from [516]. 

 

The consequence of the geometry effects shown in Fig. 29 are that coarsening processes begin 

at the ends of the plates long before they do so at the broad faces. This means that there is an 

extreme overlap in the growth and coarsening processes, specific to Al-alloys, that must be 

taken into account in CNGT models. 

The third factor that must be addressed is the coarsening behavior of non-spherical particles. 

Analytical expressions of this have not yet been developed. Some authors have described the 

coarsening of such structures using LSW and spheres of equivalent volume, but the results are 

not fully satisfactory [516]. General solutions for precipitate coarsening based on simple 

shape factors are also rare (see for example Kim and Voorhees [517]), and asymptotic 

analysis shows that the temporal exponents for the coarsening law for prolate spheroidal 

particles are identical to those for a system of spherical particles. However, the amplitudes of 

the power laws depend on the particle aspect ratio. The coarsening rate constant for the 

equivalent mean radius of a particle decreases as the aspect ratio increases [518]. 

Two approaches have been suggested to model highly non-spherical particles. The low 

computational cost approaches described above, e.g. those of Holmedal et al. [461] or da 

Costa Teixeira et al. [516], consider the lengthening rate of plates using a Zener-Hillert 

diffusion-controlled approximation and combine it with LSW mean-field coarsening kinetics. 

The medium computational cost approach by Bardel considers rod-shaped precipitates in 

6xxx in a coupled multi-class and phase field model approach [494]. This type of model is 

discussed in more detail below. 

 

Phase-field modeling of precipitation 

Common approaches to modeling of precipitation kinetics utilize either spherical or shape-

conserving approximations in a mean-field environment. If the precipitation analysis should 

extend to the impact of precipitate morphology on growth and coarsening rates, the phase-

field technique [519–521] offers a versatile tool for expanding into the analysis of orientation-

dependent kinetics and nucleation [522]. 

The nucleation process can be incorporated into the phase-field technique [424] either by 

using the phase-field simulation to calculate spatial variations in chemistry and then applying 

the classical nucleation rate equation to place seeds into the simulation domain, as in [523–

525] for nucleation in Ni-base superalloys; or by incorporating a stochastic term in the phase-

field equations and modeling the nucleation process in this manner, as in [526,527] for 

nucleation involving elastic stress. An interesting work on predicting the equilibrium shape of 

’ (Al2Cu) particles based on the combination of ab-initio simulations with Density 

Functional Theory is that by Kim et al. [528], where the theory predicts a plate-like 

morphology for the strengthening precipitate in Al-Cu systems utilizing the first-principles-

calculated interface energy anisotropy and the phase-field method, in agreement with 

experience. 

In the context of scrap-related elemental contamination, impurities can influence the interface 

energy, which can affect nucleation, shape anisotropy and the size of the precipitation-free 
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zones [529,530]. In such cases the phase-field method is a method of choice to account for 

these effects; see e.g. [522]. 

 

Atomistic models 

CNGT models generally utilize Classical Nucleation Theory to model the nucleation process, 

and they are limited to the capabilities of this theory and its extensions. In some cases, 

however, alternative approaches can provide additional insights into the nucleation process 

[449]. Examples are atomistic approaches, such as (kinetic) Monte Carlo with Cluster 

Expansion of Density Functional Theory (DFT) energies [531–535], or cluster dynamics 

[536].  

Although this type of simulation approach delivers results of significant physical depth, 

present limitations in computational resources limit atomistic techniques as a method of 

choice mainly to fundamental studies of metallurgical mechanisms. The calculation of 

segregation energies for solutes at dislocations or grain boundaries is an example. Although 

typical engineering applications commonly involve simulation systems too large and complex 

to be handled by these methods, atomistic models are a highly valuable means of gaining 

insights into fundamental mechanisms and can provide physical quantities that may be used as 

input parameters for larger-scale simulation approaches, as in [537]. 

 

Applications of precipitation kinetics modeling 

Many applications of constitutive and CNGT-type models have been reported in literature. An 

example is the analysis of quench-sensitivity of Al-alloys [538], which documents the 

degradation of mechanical properties as a result of decreasing cooling rates after solution 

annealing. The main reason for this is the precipitation of coarse particles that bind certain 

elements and make them unavailable for later strengthening heat treatments. For a 

computational treatment of quench sensitivity, it is necessary to simulate the heterogeneous 

precipitation of particles during the quench process. In earlier studies based on cooling 

Differential Scanning Calorimetry DSC experiments, the kinetic model, developed originally 

by Zahra and Starink [539] for Al-Si alloys and developed further by Rometsch et al. [419], 

was utilized to investigate, for instance, the quench sensitivity of Al-Si alloys [540]. In more 

recent work, a KJMA-based model from Starink [409] is applied to study quench sensitivity 

in Al-Mg-Si [411] and Al-Zn-Mg-Cu [413]. 

A similar application for precipitation modeling is the identification of precipitation 

sequences and deconvolution of DSC curves [541]. Examples for corresponding studies are, 

for instance, the analysis of precipitation reactions performed by Lang et al. in Al-Mg-Si 

[473] and in Al-Zn-Mg [472] alloys in the framework of an NKW approach. These authors 

utilized the software package MatCalc to simulate the precipitation sequence during DSC 

heating experiments and to derive the corresponding enthalpy change accompanying the 

phase changes from the simulations. The experimental and computed DSC signals are 

compared and the peaks of the DSC signal are correlated to the formation or dissolution of the 

corresponding precipitate types. The measured and calculated heat flow for one of the alloys 

in Lang et al. [473] is shown in Fig. 30, and the corresponding phase fraction evolution in Fig. 

31. Formation peaks of precipitates produce an exothermic reaction in the DSC; dissolution of 

precipitates show an endothermic signal. By comparing calculation and experiment, each peak 
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can be assigned to the formation/dissolution of a specific precipitate type and the integral 

DSC signal can be deconvoluted into individual reactions. 

 

 

Fig. 30. Measured and calculated heat flow during heating DSC experiment in alloy A. 

Reproduced with permission from [473]. 
 

 

Fig. 31. Calculated phase fractions of precipitates during heating DSC experiment in alloy A. 

Reproduced with permission from [473]. 
 

A particularly interesting application of precipitation modeling with relation to scrap-related 

effects is the analysis of dispersoid evolution during 8xxx alloy heat treatments. Simulations 

performed with CLaNG [451] have been presented which were performed in the Al-Mn-Mg-

Fe-Si system, including a number of dispersoid phases such as Mg2Si, Al3(Fe,Mn), 

Al6(Mn,Fe), and others. The interactions between these precipitate phases alongside the 

homogenization and solution annealing treatments is of particular importance for the number 

of atoms remaining in solid solution after the treatments. 
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A recent work by Engler and Miller-Jupp [453] analyzes the evolution of dispersoids in the 

course of various heat treatment schedules; see the example in Fig. 32. The plots show the 

evolution of the volume fractions of dispersoids and the number of elements in solid solution 

for the heat treatment indicated by the temperature profile. The ClaNG simulations 

demonstrate a complex interaction of precipitate types, with formation of new dispersoids and 

dissolution of existing ones as a function of temperature. The experimentally measured solute 

contents and the simulations are in good agreement, thus demonstrating the predictive 

capabilities of the simulations and their potential in alloy development. 

 

 

Fig. 32. ClaNG simulations showing the evolution of (a) volume of second-phase particles 

and (b) solutes css during homogenization practice “HT” (symbols: experimental data). 

Reproduced with permission from [453]. 

 

In the context of scrap elements, it is interesting to note that one key publication on the 

ClaNG model, [452], already bears the expression “… for recycled commercial aluminum 

alloys” in its title. The thermodynamic data in this work are reported to stem from a database 

which contains 15 elements. With most of the impurity elements of recycled Al-alloys in their 

database, the authors claim that the model can be applied to practically all commercial Al-

alloys. 

Another Al-alloy system is treated in NaMo (“nanostructure model”), which is described in 

refs. [479–483]. This model is focused on 6xxx alloys and their typical processing route, 

which is depicted in Fig. 33. The basic thermo-mechanical treatment involves the solution 

heat treatment, followed by a quench and holding at room temperature before cold rolling. 

After a period of room temperature aging, the model accounts for an artificial aging treatment, 

where the supersaturated solid solution decomposes into the precipitation sequence of ss – 

nuclei – ’’ – ’ and the stable phase. The final part of the model involves a prediction of 

the stress-strain response of the material as a function of processing steps and schedule. In 

their study, Myhr et al. [482] compute the evolution of microstructure and precipitates over 
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the entire production route and finally compare the predicted and measured yield strength of 

various 6xxx alloys with good accuracy. The corresponding diagram is shown in Fig. 34. 

 

 

Fig. 33. Schematic outline of the NaMo software. SHT: solution heat treatment; NA: natural 

aging; AA: artificial aging; CD: cold deformation; TH: thermal; WH: work hardening; TD: 

thermodynamic; SR: static recovery; YS: yield strength; ss: solid solution. Reproduced with 

permission from [482]. 
 

 

Fig. 34. Strength prediction with NaMo for various 6xxx alloys. Reproduced with permission 

from [482]. 
 

4.2.3 Vacancy trapping and interaction with scrap-related tramp elements 

Precipitation processes in Al-alloys are diffusion-controlled, and vacancies are the carriers of 

this mechanism. For most metals their concentration approaches ~10−4 close to the melting 

point. This is important in Al processing, because homogenization and solution treatments are 

often carried out in this temperature range. When the alloy is quenched to lower temperature, 
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a considerable portion of the thermal vacancies can be quenched-in and remain in the crystal. 

Diffusion is thus accelerated and the kinetics of diffusion-controlled reactions can occur 

orders of magnitude faster when compared to a crystal which contains only thermally 

equilibrated vacancies. 

Vacancies are created at sources such as free surfaces, grain boundaries, dislocation jogs or 

incoherent precipitate/matrix interfaces (e.g. those of tramp-element-related IMPs). The same 

microstructural features will act as sinks for vacancies. The impact of excess vacancies on 

diffusion in aluminum alloys has been investigated by many groups [542–549]. Robson [550] 

recently showed that the concentration of excess vacancies due to deformation can even 

exceed the maximum thermal vacancy concentration close to the melting point. 

Vacancies can have attractive or repulsive interactions with many solute atoms within an Al 

matrix [551] [547]. This is relevant for trace elemental concentrations, which are introduced 

via recycling. Therefore such effects will prospectively become more relevant in future. 

If a vacancy travels through the crystal lattice and encounters a corresponding trap with 

attractive interaction, it will remain in the vicinity of this trap for a characteristic time 

determined by the value of the interaction energy. As a consequence, the average travel 

distances during diffusion will decrease and the effective diffusion coefficients become 

smaller. This effect is well documented as the retarding effect of Sn- or In- micro alloying on 

natural aging kinetics in 2xxx alloys [552] and 6xxx alloys [545,553–555] or as a major effect 

determining hydrogen diffusion in steel in the presence of microstructural traps [556]. Fischer 

et al. [557] investigated the impact of element trapping on diffusion and derived the effective 

diffusion coefficient in the presence of traps. Using this approach, Lang et al. [558,559] 

investigated the impact of vacancy trapping for various types of element in Al-0.5Mg-1Si 

with and without addition of 0.05Sn (wt%). With interaction energies calculated from Density 

Functional Theory (∆𝐸Mg = 2510; ∆𝐸Si = 3180; ∆𝐸𝑀𝑔 = 27100 J/mol), these authors 

obtain a significant reduction in vacancy diffusion, particularly if the effect of Sn is taken into 

account. This demonstrates quite a strong interaction with vacancies. Some of their results are 

shown in Fig. 35 and Fig. 36. The study indicates that trapping of vacancies is particularly 

efficient for elements with high binding energy, such as Sn, and that trapping increases 

strongly with decreasing temperature. Consequently certain impurities, which may also be 

impurities introduced via recycling, make it possible to trap vacancies at room temperature to 

suppress fast natural aging and release vacancies again at higher temperature to accelerate 

artificial aging kinetics, in line with experimental evidence [555]. 
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Fig. 35. Vacancy trapping in Al-0.5Mg-1Si-0.05Sn and corresponding deceleration of 

diffusion kinetics. Reproduced with permission from [558]. 

 

 

Fig. 36. Vacancy trapping and relative deceleration of diffusion kinetics in pure Al, Al-0.5Mg-

1Si and Al-0.5Mg-1Si-0.05Sn. Numbers refer to the fraction of diffusivity with solute 

trapping in comparison with pure Al. Reproduced with permission from [558]. 

 

The preceding paragraphs discussed the impact of vacancy trapping on an effective diffusion 

coefficient, which ultimately determines the kinetics of diffusion-controlled reactions. The 

main impact of vacancy trapping is thereby exhibited on the remaining concentration of lattice 

vacancies that are available to enable the diffusion processes. The examples shown involve 

situations where the effective traps are provided by individual atoms with attractive vacancy-

solute interactions. In some alloys, for example in the Al-Mg-Si system, the atomic clusters 

that are formed in the precipitation process can act as strong vacancy traps by themselves, 

thus leading to significantly altered precipitation kinetics. Pogatscher et al. [388] have 

denoted this phenomenon as the “vacancy prison” mechanism, proposing that vacancies can 

be efficiently trapped in solute clusters during natural aging, but can escape the clusters again 

during heating to artificial aging temperature and thus improve the age-hardening response of 

the alloy. 



90 
 

Zurob and Seyedrezai [560] provide a theoretical investigation of the concurrent trapping of 

vacancies and growth of solute clusters, obtaining a model that predicts a severe deviation 

from the classical parabolic growth law for diffusion-controlled reactions. Although a direct 

observation of growth kinetics appears to be difficult, these authors provide indirect evidence 

for a log-based growth kinetics utilizing electrical resistivity measurements. Fig. 37 shows a 

sketch of a vacancy trapped in a solute cluster. 

 

 

Fig. 37. Illustration of a solute cluster with gray and black circles representing solvent and 

solute atoms, respectively. The arrow illustrates a vacancy jump, which will free the vacancy 

from some solute atoms but place it next to other solute atoms within the cluster. Reproduced 

with permission from [560]. 

 

 

In the Zurob and Seyedrezai model [560], the cluster growth rate, i.e., the evolution of the 

number of atoms in the cluster, ncl, is assumed to be proportional to the escape rate of 

vacancies from the cluster as 

d𝑛cl

d𝑡
∝ 𝑒

− 
𝛼𝑛cl∆𝐸cl

𝑘B𝑇 , (9) 

where α is a constant and ∆𝐸cl is the binding energy between the vacancy and a solute atom in 

the cluster. Separating variables and integration leads to the result that the number of atoms in 

the clusters evolves in proportion to the logarithm of time as 

𝑛cl(𝑡) =
𝑘B𝑇

𝛼∆𝐸cl
ln (

𝐾𝛼∆𝐸cl

𝑘B𝑇
) +

𝑘B𝑇

𝛼∆𝐸cl
ln(𝑡), (10) 

where K is the proportionality constant from eq. (9). 

The logarithmic growth rate also seems to agree well with experimental evidence regarding 

the growth kinetics of clusters obtained via atom probe tomography. The clusters commonly 

show a statis in their growth behavior when observed over long periods during natural aging 

[561]. Direct experimental confirmation of this growth characteristic is sparse. Some evidence 

for logarithmic growth characteristics in clusters is available from positron annihilation 

experiments, e.g. Lay et al. [543]. In their review on clustering in age-hardenable aluminum 

alloys, Dumitraschkewitz et al. [562] also conclude that Mg-Si-rich clusters stagnate in size 

evolution even at small sizes, again supporting the prediction of logarithmic growth behavior. 
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4.2.4 Microstructure evolution modeling 

In the present context, the term “microstructure modeling” refers to mechanisms that alter the 

grain, subgrain/cell and dislocation structure of the metallic matrix as well as its 

corresponding stress-strain response (strain hardening). The particular mechanisms that are 

important for green Al production are the segregation of impurities into, and their interactions 

with, dislocations and grain/subgrain boundaries. Some areas where scrap elements might 

potentially impact microstructure evolution are briefly outlined below. 

It is well known that impurities have a certain tendency to diffuse to the stress field of 

dislocations. On the one hand, these atoms then influence the mobility of the dislocations by 

forming Cottrell atmospheres, an effect that is familiar in steel with respect to carbon atoms. 

Numerous publications deal with the phenomenon and modeling of this effect [563–568]. In 

Al-alloys it has been shown that the effect of cross-core diffusion can have a significant 

impact, and it is well documented that Mg is a crucial element in this context. Soare and 

Curtin [569,570] developed a rate theory for dynamic strain aging, a mechanism that is made 

responsible for the Portevin – Le Chatelier effect in aluminum alloys containing Mg 

[571,572]. The Soare and Curtin model was recently utilized by Kreyca et al. [573,574] to 

simulate stress-strain curves in Al-Mg alloys and to predict regions of negative strain rate 

sensitivity. Kabirian et al. [575] use a constitutive approach to model the same phenomenon. 

Dissolved impurities also tend to segregate to grain boundaries, and thus impact the mobility 

of planar defects by solute drag. It has been demonstrated that even small amounts of solute 

can have severe effects, for instance on grain growth and recrystallization. A classic study in 

this context is the analysis by Huang and Humphreys [319,320], which investigates the impact 

of Mg, Mn and Si on grain boundary mobility. The information on mobility was recently 

deployed by Buken and Kozeschnik [474] in a simulation of recrystallization in Al-Mg alloys, 

where the significant impact of Mg on the kinetics of recrystallization is observed both 

experimentally and in simulations. Fig. 38 shows grain boundary mobility from this analysis 

as function of temperature and Mg content. A particularly strong effect can emerge when the 

Mg content increases substantially, for instance where there are high levels of contamination 

from scrap. 

 

Fig. 38. Mobility of grain boundaries in Al-Mg alloys as function of temperature and Mg 

content. The HP-Al line was calculated for an Mg content of XMg=10-8. Reproduced with 

permission from [474]. 
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4.2.5 Future challenges for green aluminum modeling and simulation 

The models reviewed above can be used in simulations of scrap-related alloying effects. 

However, several pieces of the green aluminum puzzle are missing, and some represent 

mechanisms which have a severe impact. 

One topic is the question of the exact nature of interaction between solute atoms and 

quenched-in excess vacancies. What is the nature of the vacancy trapping in 6xxx alloys that 

makes the kinetics of natural aging insensitive to cooling rates after solution annealing? Why 

is the kinetics of natural aging similar, independently of how the quenching process is 

performed? Why do water quenching, cooling with ventilated air and still air cooling result in 

natural aging kinetics occuring within one order of magnitude of time [576–578], while 

simulations of excess vacancies (see model of Fischer et al. [579]) deliver excess lattice 

vacancy concentration differences of several orders of magnitude? A detailed analysis and 

overview of the role of excess vacancies in natural and artificial aging which addresses many 

of these questions, particularly for the Al-Mg-Si system, was recently provided by Yang and 

Banhart [544]. 

What is the role of atomic pairs and couples in this context? Madanat et al. [577] speculate 

that vacancies can be very efficiently trapped at Si-Si pairs and that the corresponding 

trapping enthalpies should be significantly higher than those of individual Si atoms. The 

modeling of this effect is possible in principle using the models for couple and pair formation 

recently developed by Svoboda et al. [580,581], combined with the vacancy trapping 

approach reported here. Corresponding analyses are still lacking in literature, and conclusive 

models describing the mechanism of vacancy trapping during quenching of 6xxx alloys are 

needed. In 6xxx alloys with a high level of dispersoids the effect also seems much less 

pronounced, as demonstrated for instance by Strobel et al. [582]. This has immediate 

relevance for green aluminum alloys, where elevated levels of Fe can be expected. Here the 

quenching rate may assume renewed importance. 

What, exactly, happens during natural aging? How can the thermodynamics of cluster 

formation be described properly, keeping in mind that thermodynamics is a theory involving 

systems large enough to allow statistical averaging? Clusters consist of a very limited number 

of atoms. Can atomistic modeling deliver correct answers, and can the associated approaches 

be extended to sufficiently large systems? Reports on successful applications exist, but these 

do not properly describe the observed compositional variations of of 6xxx alloy clusters 

during natural aging. These clusters can be Si-rich, Mg-rich, or anything in between 

[561,583]. 

Can the application of Classical Nucleation Theory be justified in precipitation modeling in 

systems at high supersaturation, which are typical for quenched Al-alloys? The driving forces 

are often so high that the sizes of critical nuclei fall below the dimensions of a single atom, 

and clusters form homogeneously in the undisturbed crystal with no conceivable nucleation 

barrier. Can compositional gradients around near-critical nuclei be neglected [584]? 

What is the exact nature of the transformation of clusters and precursor phases into 

precipitates with distinct crystal structures, e.g. Mg5Si6 (β’’) particles in 6xxx alloys, η’ in 

7xxx alloys [585] or ’ in Al-Cu [542]? What about particle-into-particle transformation 

versus independent classical nucleation of the same phases (without precursor phases) in the 

bulk volume of the Al matrix, for instance during direct aging treatments?  
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What is the role of heterogeneous nucleation sites? In continuous cooling DSC experiments 

with medium to slow cooling rates, the stable Mg2Si seems to form very close to its 

thermodynamic solvus. Classical Nucleation Theory predicts that a necessary undercooling of 

more than 100 K will take place before this phase nucleates, in clear contrast to experimental 

evidence. The energy of heterogeneous nucleation sites, e.g. grain boundary corners and 

edges, must also be taken into account. 

Is precipitate growth controlled by diffusion, while precipitate dissolution is controlled by the 

interface or reaction rate? There is some evidence that these mechanisms may be important in 

the evolution of clusters and other particles [467]. 

There is also a need to further investigate the impact of solutes on the mobility of linear and 

planar defects. Solute drag may potentially play an important role in alloys containing 

(uncontrolled) amounts of impurities that show strong segregation tendencies towards grain 

boundaries and dislocations. Variations in grain boundary mobility can require the adaptation 

of entire alloy processing regimes to achieve stable production of green aluminum products. 

 

4.3 Combinatorial metallurgical methods to study the effects of tramp elements 

The processing parameter scope of classical aluminum alloys has many dimensions. These 

comprise chemical composition in the multi-component alloys (typically 4 to 5 different 

species that have a first-order influence on alloy properties), and processing parameters, 

whose number can be very large if the entire processing route of the alloy is considered and 

typically consist of temperatures (of rolling, heat treatment); heating and quenching rates; heat 

treatment duration; amount of plastic deformation, etc. All of these parameters affect final 

properties via differences in microstructure at different scales: grain size, morphology and 

texture; intermetallics and dispersoid distribution; and nanosized precipitate nature, shape, 

size, density, distribution and dislocation density. When dealing with recycled alloys the 

diversity of the parameters to be investigated is potentially even greater, with new chemical 

species added to the classical ones, guiding us into regions of the alloy design space which are 

essentially unexplored. Innovative processes such as additive manufacturing or severe plastic 

deformation (see section 3.6) are also frequently required to mitigate the negative effects of 

adding impurity elements, and are also mostly uncharted in the alloy design sense. 

 

Finding optimal solutions within such a large design space is an immense task. The traditional 

route would combine an understanding of the physical and mechanical processes that govern 

microstructure development and the resulting properties with predictive integrated modeling 

and a few experimental validations. However, in corners of the design space where little 

knowledge and data are available, such as the area of recycled Al-alloys, the predictive 

capability of existing knowledge and models is likely to be insufficient. There is a strong need 

for extensive experimental data to improve matters and identify optimal solutions. 

 

Obtaining extensive datasets on microstructure and properties requires us to develop specific 

high-throughput methodologies. These can be grouped under the generic name “combinatorial 

methods” [586][587], although in metallurgy such methods are seldom truly combinatorial (in 

the sense of randomly combining many parameters). The objective is to quasi-continuously 

vary a few alloy design parameters (whether compositional or processing-related), and be able 

to measure, also quasi-continuously, the relevant microstructure parameters and properties of 

interest [588]. Possible strategies for these two steps are detailed below. 
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4.3.1 Methods for high-throughput material fabrication 

It is possible to systematically vary alloy design parameters either continuously, by 

establishing materials with gradients of composition or processing materials [589][83], or 

discretely, by quickly fabricating a large number of samples in a controlled manner [590]. 

When dealing with gradient materials, the magnitude of the gradients is important. Too-small 

gradient sizes in variation may impact the transformations to be studied. For instance, a very 

steep composition gradient (e.g., a few µm) may influence diffusion-controlled phase 

transformations and (even more) the transferability of results on microstructure evolution (e.g. 

recrystallization and grain growth) to larger scales. Thus the range of parameter variation 

within a gradient sample should be much greater than the characteristic size scale of the 

microstructure to be studied. The microstructure of the graded material should also be 

representative of the microstructure in bulk alloys, especially if mechanical properties are to 

be measured. This imposes particular requirements on the fabrication process of samples. For 

example, combinatorial studies of functional properties (thermoelectric efficiency, shape-

memory effect, etc.) have often focused on fabricating compositionally graded materials using 

physical vapor deposition [591][592], which enables ternary planar gradients to be achieved 

in a straightforward manner. This method, however, is ill-suited for the study of metallurgical 

processes because the fabricated materials have a very limited thickness. The dimension of 

the gradient should also be of the appropriate scale with respect to the characterization 

methods applied to evaluate the microstructure or the properties as a function of the local 

parameter value. This depends on the phenomenon to be characterized and the technique used, 

but as a rule of thumb the resolving capability of high-throughput characterization is on the 

order of 100 µm, demanding gradients of several millimeters in order to resolve a sufficient 

number of parameter values. This requirement means limitations for fabrication methods that 

imply solid-state diffusion to create the gradient, especially where the influence of slow-

diffusing elements (such as Fe for the study of recycling) is to be investigated. 

 

Compositionally graded aluminum alloys have been fabricated mostly by making diffusion 

couples between two alloys of the end compositions in the gradient [593][594][595]. 

Successfully achieving the required continuous gradient requires an additional criterion: a 

temperature must exist where the alloy is in a single (solid) phase for all compositions within 

the gradient, so that the interdiffusion heat treatment can be realized without composition 

partitioning. When joining aluminum alloys in the solid state, a difficulty is the presence of 

the oxide layer, which prevents good metallurgical bonding. However, interdiffusion can still 

be achieved by simple hot pressing [593]. Due to time limitations, large gradients cannot be 

obtained in this way, and extending the gradient is hard due to the brittleness of the joining 

interface. An alternative is to use a solid-state joining technique which removes the oxide 

layer at the junction. Dissimilar friction stir welding is a widely available technique, but has 

the disadvantage of a very complex 3-D distribution of the two joined materials. This is 

complicated to transform into a smooth gradient by diffusion. Linear friction welding has 

been successfully applied to generate planar oxide-free dissimilar joints, which could then be 

extended by interdiffusion and plastic deformation (rolling) [594][595], as illustrated in Fig. 

39. The advantage of this strategy is that the graded material is made from wrought alloys, 

which are representative of the bulk end alloys. 
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Fig. 39. Diffusion couple made by linear friction welding from two Al-Cu-Li alloys of 

variable Mg content. (Top left) Micrograph after welding. (Bottom left) Micrograph after 

homogenization. (Right) Composition profile after the different processing steps. Figure used 

with permission from [594]. 

 

Powder metallurgy has also been used to fabricate compositionally graded material. By 

mixing different powders, several end alloy compositions can be targeted and then placed in a 

crucible before sintering, e.g. using spark plasma sintering [596]. Compositionally graded 

materials can be fabricated in this way, although the methodology has yet to be validated in 

the context of aluminum alloys. Because sintering breaks the oxide layers, the compacts thus 

obtained can be further processed by interdiffusion heat treatments and plastic deformation in 

order to reach the appropriate scale of the gradient. 

 

Combinatorial thin-film synthesis techniques, for instance magnetron sputtering, may be 

suitable methods for efficiently screening and exploring a large variety of chemical 

compositions with respect to changes in microstructure. Compositionally graded films 

sputtered on one substrate can consist of 5 elements [597], which may include elements 

familiar in aluminum scrap such as Fe and Si. The screening of such compositionally graded 

samples may inspire a focus on interesting specific chemical compositions, which can be 

further investigated with the corresponding bulk material. 

 

However, due to the high solidification rate of energetic particles, the conditions of thin film 

growth may be unbalanced [598]. Magnetron sputtering is considered a far-from-equilibrium 

technique [599], and films produced by it might not be directly comparable with bulk samples 

produced by conventional casting techniques. During the magnetron sputtering process it may 

be possible to reduce the solidification rate by heating the substrate, as shown during plasma-

spraying [600]. To obtain thermodynamically stable phases and to mitigate the effects of 

defects, annealing treatments are often applied to co-sputtered thin films [597]. 

Compositionally graded material might also be developed by casting techniques using one 

chemical composition. It has been shown that the Fe content in 3104 ingots can vary between 

the surface and the center of the ingot produced by DC casting [45]. 

 

An alternative to using samples with gradients of composition or processing parameters is to 

fabricate a large number of samples, each with different parameters (e.g. of composition). 

This may be achieved by direct metal deposition, although the obtained materials may not 

show microstructures representative of bulk wrought alloys. A large set of bulk samples were 

shown to be made with the DC casting method [210]. 950 industrial ingots within the 

compositional limits of 6008 alloy were produced and processed to study the effects of the 

main impurity elements Fe and Si on mechanical properties such as yield strength and tensile 
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strength [210]. While an increase in the Fe content without increasing the Si content can 

reduce mechanical properties, a high Si content combined with low Fe content can increase 

them. It may be necessary to compensate a high Fe content with an increase in the Si content 

to balance the Fe-Si reaction [210]. Bulk samples can also be made using traditional casting 

and processing methods, miniaturized and automatized in order to facilitate duplication in 

large numbers. This Rapid Alloy Prototyping strategy has been used to design steels 

[590][601][602]. Although the number of parameters that can be reached is more limited 

when compared to gradient materials, this strategy has the advantage of making it possible to 

evaluate bulk properties such as fracture stress or even fracture toughness. 

 

4.3.2 Methods for high-throughput microstructure and property characterization 

Resolving microstructure features and properties with a high throughput capability is the next 

challenge. Both direct observation and indirect methods can be used for microstructure 

evaluation. High throughput necessarily means automated data analysis. In addressing large 

particles or grain size, optical or scanning electron microscopy may be used [603], where data 

acquisition and analysis can be automated if the contrast is sufficiently uniform. The situation 

is more complicated with nanometer-scale microstructure features, such as nanoscale 

precipitates. Spatially-resolved observation of graded alloys in a transmission electron 

microscope has been achieved for Ni based alloys [589], but with a compositional gradient 

scale which is necessarily of the same order of magnitude as the characteristic distance of 

precipitation. The alternative is to use indirect measuring techniques such as X-ray 

diffraction, small-angle X-ray scattering (see section 4.6), differential scanning calorimetry 

(DSC), or spatially resolved conductivity measurements. Some methods need development or 

adaptation (such as robotic sample handling for DSC) to approach high throughput. With 

DSC it is difficult to obtain more than a few hundred measurements in a reasonable amount of 

time (weeks!). Using X-ray methods, on the other hand, it is possible to obtain 103-104 results 

easily in a few hours if using synchrotron sources and appropriately prepared graded samples 

[83][604]. X-ray methods are also adapted to in-situ measurement, making it possible to study 

the kinetics of microstructure evolution in graded material by simultaneously performing 

space- and time-resolved experiments. Fig. 40 illustrates this for an Al-Cu-Li alloy with 

variable Mg. 
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Fig. 40. Parameters of the nanoscale cluster and precipitate microstructure obtained by 

simultaneous time- and space-resolved SAXS experiments performed during natural aging of 

an Al-Cu-Li-Mg compositionally graded alloy of varying Mg content. Figure used with 

permission from [595]. 

 

In terms of mechanical properties, the feature that can be spatially most easily resolved with 

high throughput is hardness, with a resolving power of ~100 µm for microhardness and ~1 

µm for nano-indentation. It is reasonably possible to obtain datapoints on the order of 103-104 

in a few hours [605]. However, hardness is only a rough indication of mechanical properties 

and it is usually desirable to characterize them more precisely. When dealing with graded 

samples, it is possible to spatially resolve the yield stress by applying a tensile test parallel to 

the gradient of the composition / processing parameter, while measuring the strain distribution 

by digital image correlation. A requirement for achieving this is that the gradient of yield 

stress should be sufficiently modest for the measurement in the hardest zones of the gradient 

not to be affected by the plasticity in the softest zones (change in cross-section and possibly 

fracture). Measurement of fracture properties is much more challenging, as these properties 

have a strong size dependence and measurement is difficult to achieve on graded samples. But 

inspiration can be taken from other alloy families, where, for instance, the forming ability of 

metallic glasses has been mapped in compositional space using innovative arrays of holes 

made in a two-dimensional composition gradient [592]. Other properties related to alloy 

durability can be also mapped; this is the case for electrochemical properties using Kelvin 
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Force microscopy [606]. Local electrochemical properties can also be obtained by using a 

scanning droplet cell (SDC). It has been shown that SDC microscopy can be successfully 

combined with an automatic robotic system, which can provide an efficient automated 

characterization of co-sputtered thin film surfaces [607]. Multi-SDC microscopy can be 

applied to conduct electrochemical measurements on several (e.g. 8) local surface spots at the 

same time [608]. 

 

4.4 Chemically highly-resolved characterization of tramp elements 

Understanding the metallurgical influence of impurity elements on the solid solution and 

precipitation state of recycled Al-alloys requires that these elements be observed with high 

chemical and spatial detection sensitivity. Standard techniques used for this purpose are the 

various chemical sensing methods used in Scanning and Auger Electron Microscopy; Glow 

Discharge Optical and Mass Emission Spectroscopy; Secondary Ion Mass Spectrometry; X-

ray Photoelectron Spectroscopy; and Rutherford Backscattering. When aiming at the 

characterization of tramp elements at near-atomic scale, spatial and chemical resolution 

typically involve a combination of more advanced techniques, often culminating in the 

various imaging, diffraction and spectroscopic methods available in the (scanning) 

transmission-electron microscope ((S)TEM) and atom-probe tomography (APT). Each of 

these two techniques has its strengths, limitations, and idiosyncrasies, but they offer a 

combination of the highest possible spatial resolution and compositional accuracy, 

specifically when performed in combination on a single specimen [609,610]. The operation 

and challenges associated with each technique are explored in the following sections. APT is 

addressed first, including opportunities to link it with atomistic simulations. Second comes 

(S)TEM. Finally, we discuss examples and challenges associated with both techniques as 

regards the chemically highly-resolved characterization of impurity elements in Al-alloys. 

 

4.4.1 Atom probe tomography 

APT relies on the time-controlled removal (evaporation) and projection of individual atoms, 

in the form of low-charge state ions, from a needle-shaped specimen (a nanotip) onto a 

position-sensitive detector, as depicted in Fig. 41a. The ions are created by the process of field 

evaporation; that is, under the influence of an intense electric field generated by subjecting a 

sharp needle-shaped nanotip to high voltage of a few kilovolts (for tungsten, for example, the 

evaporation field is 40 V/nm). The ion trajectories are defined mostly by the distribution of 

the electrostatic field surrounding a sharply pointed nanotip [611], but also by the shape of the 

nanotip and the geometry of the APT itself [612]. The measurement of the time-of-flight 

(ToF) of each ion proceeds via nanosecond high-voltage pulses or ultraviolet picosecond laser 

pulses (sometimes femtosecond laser pulses) superimposed on the static electrostatic field. 

The pulses provide time-control of the departure of each ion. Thus it is possible to field 

evaporated atoms essentially one atom at a time and atomic layer by atomic layer. During 

post-processing of this metadata, the times-of-flight are converted into a mass-to-charge-state 

ratio for each ion, and the impact position on the detector is reverse-projected by assuming a 

certain projection law onto a virtual model of the emitting nanotip specimen [613,614]. 

 

A number of challenges are generally encountered during APT analyses, and these can be 

more critical in the case of Al-alloys. First, as indicated in Fig. 41b, the surface of the emitter 

can develop local radii of curvatures. In addition, the critical electric field necessary to trigger 

field evaporation depends on the composition, and probably also the structure, of each of the 

phases [615–617]. Subtle roll-up-type, short-range displacements of atoms on a specimen’s 
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surface prior to their departure cause the spatial precision of the measurement to degrade 

[618–620]. Because a second phase precipitate intersects a specimen’s emitting surface, a 

different radius of curvature also develops locally according to the magnitude of the electric 

field (and local work function) required to initiate field evaporation, i.e. the so-called 

evaporation field. The magnification of the ion’s projection depends directly on the local 

radius of curvature of an emitter; therefore a change in the local radius of curvature leads to 

either compression or dilation of an ion’s trajectory if the evaporation field is respectively 

greater or smaller than that of the matrix [621]. This effect is referred to as the local 

magnification, which causes an artificial expansion or compression of the imaged dimensions 

of a precipitate [622,623]. This can also be observed as a variation in the impact density on 

the detector maps, as suggested by a series of detector hit maps obtained during an analysis 

near a grain boundary in a 7XXX-series alloy, Fig. 41c. Changes in the local point density are 

also typically observed at grain boundaries and more generally at crystalline imperfections 

[624,625]. They are associated with the shaping of a specimen’s surface or end form, which 

permits retrieval of information pertaining to the local crystalline structure and orientation 

[626]. This latter aspect has been utilized efficiently in the case of Al-alloys [627–629]. Fig. 

41d displays a cartoon of a portion of a mass spectrum, showing a series of peaks, often 

observed in the analysis of Al-alloys, which highlight some of the possible isobaric and 

charge-state-related overlaps. These effects are discussed in greater detail below. 

 

 

Fig. 41. Schematic overview of atom probe and transmission-electron microscopy in 

combination. (a) Needle-shaped atom probe specimen containing a grain boundary and a 

range of second-phase precipitates both intragranular (in yellow and pink) and intergranular 

(dark blue and magenta). The specimen is located in front of the counter-electrode enhancing 

the intensity of the electrostatic field. Ions emitted by the specimen fly towards the position-

sensitive detector and their time-of-flight is recorded, along with the impact position. (b) 

Because phases require different electric field to be field evaporated, different curvatures 
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develop, generating either compression or dilation of the ion trajectory that affects the imaged 

size of the particles and causes changes in the impact density on the detector maps. (c) A 

cumulative histogram of the impact positions shows a pattern that can reveal symmetries of 

the crystal and differences in the density which typically indicate different phases. (d) Cartoon 

view of a section of a mass spectrum highlighting some of the possible isobaric and charge-

state-related overlaps, or issues associated with background levels or mass resolution. (e) 

Projected image of the corresponding microstructure within the atom probe specimen 

obtained by the transmitted electrons. (f) The through-thickness and corresponding top view 

of the atomic arrangement inside the specimen and examples of a Z-contrast image and 

possible X-ray energy dispersive spectroscopy map obtained from the corresponding top 

view. 

 

 

APT has been used extensively for the analysis of precipitation in Al-alloys [531,630–638]. 

However, in these materials local magnification effects are critical. Examples for high-field 

precipitates, which are imaged larger than their real size, are Cu-rich GP zones, θ’ [639] or T1 

precipitates in the 2XXX-series [640], β’-precipitates in the 6XXX-series [641]; Al3Zr and 

Al3Sc precipitates. Low-field precipitates, which are imaged smaller, are for example the η’-

precipitates in the 7XXX-series or Al-Ag or Al-Li 𝛿’ precipitates [642].  

Trajectory aberrations lead to a crossing of the ions’ trajectories, resulting in an intermixing of 

atoms from within precipitates and the matrix which affects the accuracy of the composition 

measurements [643]. The precision of the spatial and compositional measurements in APT is 

hence extremely complex because it is determined by the details of the field-evaporation 

process and the local environment of each atom at a specimen’s surface. Recent reports state 

that even segregated, first-nearest-neighbour (NN) atoms at a specimen’s surface before 

departure are not reconstructed as NN atoms after analysis [644], raising questions about a 

number of literature analyses of the early stages of clustering in Al-alloys [562,645–647]. 

These aspects are discussed extensively by De Geuser et al. [641]. 

4.4.2 Analysing tramp-related solute atoms and precipitates in atom probe 

tomography data from aluminum alloys 

Analyses of solute atoms in aluminum-based alloys start with atomic scale fluctuations in 

solid solution, which lead to the formation of short-range order (SRO) or clustering of atoms 

to form ultimately stable precipitates or nuclei (in the language of classical nucleation theory 

(CNT)) [648]. An unstable nucleus is referred to as an embryo in CNT. One approach to this 

problem is to apply partial radial distribution functions (p-RDFs), [649–651]; a sub-routine 

for this analysis is readily found in most data analysis programs [652]. This permits one to 

distinguish between clusters of solute atoms (embryos) and stable precipitates (nuclei); a 

specimen may contain both embryos and nuclei simultaneously. Stable precipitates may also 

exhibit a certain degree of SRO, which increases as the mean radius, <R(t)>, of precipitates 

grows with increasing aging time. Partial RDFs also permit us to distinguish between 

repulsive versus attractive interactions between different species [653]. The identification of 

precipitates (nuclei) can sometimes be accomplished using cluster-finding algorithms [654] 

and, when larger, via iso-concentration surfaces and proximity histograms [655,656]. No 

specific approaches need to be developed for SoDA, i.e. to detect effects associated with 

scrap-related tramp elements, but for elements with low concentrations care must generally be 

taken with parameter selection [657,658]. 
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4.4.3 Combination of atom probe tomography with atomistic simulations 

In the context of scrap-related contaminants, the scale of volumes imaged by APT and the 

fine scale resolution make the technique particularly useful in combination with atomistic 

simulations: the simulations help to interpret experimental atom-probe tomographic data, 

while APT helps inform the simulations. Here multiple techniques have been deployed, 

including Monte Carlo [647,659,660], molecular dynamics [661,662] and density-functional 

theory [663,664], particularly in the area of Al-alloys [665–669]. Many efforts have involved 

vacancy-mediated lattice kinetic Monte Carlo (LKMC) simulations. LKMC allows the 

modeling of diffusive processes in alloys mediated by a vacancy mechanism. Here a mono-

vacancy changes places with the nearest NN atoms [392], and the necessary energy 

interaction parameters can be obtained from density-functional theory. Specifically, LKMC is 

capable of studying nucleation, growth, and coarsening of precipitates in great detail 

[660,670–672], while allowing comparison with coarsening models [673–675]. In the area of 

Al-alloys, precipitation in binary and ternary alloys, Al-Sc, Al-Zr, Al-Sc-Zr and Al-Sc-Mg 

have been studied extensively [676–680], especially the core / double‐shell nanoprecipitates 

produced by solid‐state precipitation [681,682]. Correlations from LKMC and cluster 

dynamics were drawn by for such systems by Clouet et al. [531,536,683–685], revealing 

many details of the phase separation mechanisms. Up to now such studies utilizing APT in 

conjunction with atomistic simulations have been performed for intentional, controlled 

alloying additions and for mixtures of small numbers of species. They have not yet been 

directly applied to the SoDA concept. 

 

4.4.4 Scanning transmission electron microscopy 

The following (scanning) transmission-electron microscopy (STEM) processes are well 

documented in the literature [686]: (i) an electron-beam is generated and accelerated, typically 

to 80–300 keV; and (ii) a thin specimen, usually of between 10 and 150 nm for metallic 

samples, is placed in the beam. This beam can be a large parallel beam flooding the sample as 

in TEM (see Fig. 41f), or a finely focused probe that can be scanned over the specimen 

(STEM) or kept stationary (see Fig. 42). The interaction between the incident beam of 

electrons and the specimen generates many different signals, the most useful containing the 

transmitted electrons. These can be collected to form images and diffraction patterns and yield 

spectroscopic data. X-rays are also generated, and can provide chemical information. To 

characterize metallic alloys at high spatial resolution, HAADF (high angle annular dark field) 

STEM and energy dispersive X-ray spectroscopy (EDXS) in STEM mode (STEM-EDXS) 

have been the techniques most commonly used in the last decade, because they can provide 

atomic resolution of the projected two-dimensional structure and chemistry. Many further 

(S)TEM techniques are available, and are becoming increasingly relevant to the 

characterization of alloying elements; these are also discussed briefly below. A schematic 

illustration of these techniques is displayed in Fig. 42 and Fig. 41f. 

 

HAADF-STEM collects electrons scattered at high angles and thus provides contrast 

approximately proportional to the atomic number Zn, where n1.7, depending on many 

factors such as specimen thickness, local atomic environment, probe size, etc. [687]. Although 

HAADF-STEM was first developed in the 1970s [687], it is only since the mid to late 2000s 

that it has become the technique of choice for characterizing the structure of materials at the 

atomic scale. This revolution has been enabled by major improvements in electronics which 

permit the accurate scanning of atomically-sized electron probes. It has been accelerated by 

the advent of aberration correctors [688], which have further improved spatial resolution to 

sub-angstrom levels. HAADF-STEM is particularly advantageous for embedded particles or 
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interfaces. This contrasts with high-resolution TEM, where the image contrast is generally 

much more difficult to interpret (compare for instance, the images of Ag-rich interfaces in 

[689] and [690]). 

 

The Z contrast in HAADF-STEM images is a form of chemical characterization and is 

especially useful when imaging chemical elements with very disparate atomic numbers. 

Examples relevant to aluminum alloys and other light alloys include the characterization of 

atomic clusters [85,691], the chemical segregation of elements at precipitate interfaces 

[383,690,692–694] and lattice defects [695]. In some cases, atomic clusters or interfaces 

containing only a handful of atoms [85,383,691] can be detected. Even for materials 

containing elements with widely spaced Z numbers, HAADF-STEM does not always provide 

unambiguous characterization of the chemistry and atomic structure. For example, features 

buried in the sample rather than near its top surface will not be imaged clearly due to 

broadening of the electron  probe as it travels through the specimen [696]. Although this may 

lead to significant errors in interpreting the images, simple strategies are available for 

avoiding these pitfalls. They involve recording electron diffraction patterns and simulating 

images, and are similar to the strategies required (e.g.) to ascertain the validity of the 

interpretation of most (S)TEM images. 

 

It is important to mention that STEM imaging modes other than HAADF are easily accessible 

in modern instruments and can provide extremely useful and complementary information. For 

instance, bright-field (BF) and annular bright field (ABF) STEM can image light elements 

(e.g. Li) [697,698], while low or medium angle annular dark field (LAADF, MAADF) STEM 

can image strain fields and lattice defects [85]. The following fact should also be stressed, as 

it is often poorly appreciated: in ADF-STEM modes the electron diffraction pattern at each 

pixel can be recorded simultaneously (four-dimensional (4D)-STEM) [699] or as an average 

(position averaged convergent beam electron diffraction, PACBED) [700]. These reasonably 

new techniques will become powerful tools for multiscale characterization of structure and 

chemistry [699], including that of light alloys. 

 

Obtaining direct chemical information in the TEM requires spectroscopic data. This can be 

acquired using EDXS or electron energy loss spectroscopy (EELS). EDXS is preferred for 

most applications involving metal alloys because it can be used on the typically thicker 

specimens (>20 nm) of alloy samples; it also discriminates well between different chemical 

elements with Z>5. EDXS detects characteristic X-rays emitted from the sample when 

electrons from the atomic inner shells of the material excited by the electron beam return to 

their original states. When used in the STEM, atomically-resolved EDXS maps can be 

obtained which provide information which is complementary to HAADF-STEM results. 

Examples relevant to aluminum and other light alloys are currently limited to precipitate 

structure [701] or segregants in significant quantities along the electron beam direction (i.e. 

several nanometres), such as at planar defects [702]. This is because only a small fraction of 

the X-rays emitted is collected, even in current state-of-the art X-ray detectors, where it is 

8% at best [703]. It should also be emphasized that as in HAADF-STEM images, the EDX 

signals may not come from an atomic column which was hit by the electron probe on the 

sample’s top surface. Therefore, without detailed simulations great caution must be exercised 

when interpreting atomically resolved EDXS maps [704]. Another important limitation of 

EDXS is its inability to detect light elements such as Li or H, which are important alloying or 

trace elements in Al-alloys. If a TEM is employed, however, EELS can be used to detect Li, 

and this has been applied to Mg-alloys [705]. In fact, EELS can be extremely useful 

depending on the elements of interest, because in contrast to EDXS most of the EELS signal 

is detected and can be attributed to single atomic columns. To date the application of atomic-
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resolution EELS to light alloys has been limited to probing internal and interfacial precipitate 

chemistry [706,707]. However, the success of EELS in probing atomic clusters or even single 

dopant atoms in non-metallic materials [708,709] offers the prospect that this technique might 

be employed to characterize the chemistry of trace elements near the atomic scale in metallic 

alloys. 

 

As seen above, one of the main limitations of (S)TEM is the difficulty of accessing the third 

dimension of a sample. Three-dimensional structural and chemical information can be 

obtained by deploying the sophisticated techniques of electron tomography [710,711], atom 

counting in its different forms [693,712,713] and quantitative convergent beam electron 

diffraction (QCBED) [714]. Although they currently require significant experimental and 

computational effort to achieve trustworthy results, these techniques are extremely powerful. 

For example, the size and location along the incident electron beam direction of nanovoids in 

aluminum can be determined with sub-nanoscale accuracy [715]. 

 

Another substantial limitation of (S)TEM at the nanoscale and sub-nanoscale is the poor 

statistics it provides due to the relatively small volumes it can examine. However, this 

limitation may cease to apply in the near future thanks to the application of different electron 

diffraction methods together with new-generation electron detectors and powerful 

computational tools [699]. For instance, scanning precession electron diffraction (SPED) has 

recently been used in a statistical analysis of nanoscale precipitates in 6xxx alloys [716]. 

 

Other potential problems associated with (S)TEM are sample preparation artefacts and 

electron beam damage. Luckily, aluminum alloy specimens for (S)TEM can generally be 

prepared relatively easily by electropolishing or ion beam thinning. Beam damage can be 

mitigated by applying lower accelerating voltages (as low as 30 kV in the latest off-the-shelf 

(S)TEM instruments) and specimen stage cooling, or lower electron doses thanks to the more 

sensitive detectors currently available. In fact, many technological and technique 

developments from the last decade have not yet been exploited for the characterization of 

trace elements in light alloys at high spatial and chemical resolution. 

 

 

Fig. 42. Schematic overview of scanning transmission electron microscopy (STEM). (a) A 

focused electron beam incident on a thin specimen is scanned laterally. Transmitted electrons 

which have interacted with the specimen are detected at different angles and locations, where 

they form images, diffraction patterns and provide spectroscopic information. Electrons 
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scattered at high angles are detected by a high angle annular dark field (HAADF) STEM 

detector, which will result in images dominated by atomic number (Z) contrast. Electrons 

scattered at lower angles pass through the hole of the HAADF-STEM detector and may be 

used to form other signals which can provide additional structural or chemical information: 

STEM images in bright field (BF), annular bright field (ABF) or low-angle annular dark field 

(LAADF) modes; convergent beam electron diffraction (CBED) patterns; and electron energy 

loss spectra (EELS). X-rays are also generated and can be analysed through energy dispersive 

X-ray spectroscopy (EDXS). (b) A schematic EDX spectrum shows the characteristic X-ray 

peaks associated with specific chemical elements. If some of the peaks are selected, elemental 

maps can be generated in conjunction with images in HAADF-STEM (or other STEM image 

modes). At high resolution, the projected atomic structure of the specimen may be visible, 

with brighter regions indicative of greater Z density in projection. The case shown here 

comprises an Al-Cu-Ag alloy with Cu-rich and Ag-rich precipitates. Ag atoms segregate to 

the Cu-rich precipitate-matrix interfaces, as revealed by HAADF-STEM imaging and EDXS 

maps for Cu and Ag [690]. 

 

4.4.5 Examples and challenges associated with the chemically highly resolved 

characterization of impurity elements 

Both APT and (S)TEM have been extensively applied to characterize Al-alloys. APT, in 

particular, has been used to study the distribution of minor alloying additions [717,718]. 

However, only a few studies have focused on the role of actual scrap-related impurities [719–

722], e.g. Mn, Fe or Si integrated within precipitates or in intermetallics, as commonly seen in 

alloys in the SoDA field. This is in part due to challenges inherent in analysing impurity 

elements by APT and TEM. Let us consider two key aspects. 

 

First, impurity elements typically exhibit low solubility in the FCC-Al matrix, and hence tend 

to be more highly concentrated within secondary phases or segregated at crystalline defects. 

These include grain boundaries, where significant segregation and consequently precipitation 

often occurs. Segregation is often the precursor to precipitation. It is driven by a decrease in 

the Gibbs free energy of a grain boundary (GB) as calculated using the Gibbs adsorption 

isotherm. Yet from a characterization standpoint, GBs pose significant challenges. They are 

typically considered as two-dimensional structures, although they can assume complex shapes 

in three-dimensions. High-resolution characterization of these GBs typically requires 

dedicated approaches to prepare specimens suitable for both TEM or APT. Site-specific GB 

preparation is hindered in Al and its alloys due to the use of Gallium in the liquid-metal-ion 

source of the focused-ion beam used to perform targeted specimen preparation for APT [723]. 

Ga is known to be a strong segregant in Al [721], in particular at GBs, and can cause severe 

embrittlement [724]. This can be overcome by using other types of ions, e.g. xenon from a 

plasma (PFIB) source [725]. Recently Lilensten et al. demonstrated that these issues can be 

overcome by using a cryogenic stage to form an APT specimen [726], and similar results can 

probably be obtained for TEM-lamellae based on observations in other alloy systems [727]. 

These advances in the preparation of specimens from bulk model alloys [728], including those 

intended for high-resolution imaging [729], and of industrial alloys [730], are important. 

 

Second, there is an issue with the sensitivity limit of each technique. Sensitivity in STEM-

EDS is at best 0.05% [703], depending on the elements being considered and the 

microstructural feature being investigated [704]. For dilute elements within the matrix the 

effect of the through projection further reduces the signal from the element of interest, 

because most of the X-rays are generated by the matrix atoms. This is also true for the 
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imaging, as discussed above: light elements tend to go undetected. When considering 

impurity elements, if segregated at second-phase precipitates or at crystalline defects their 

concentration may not be sufficient enough to be detected. In APT, the issues are different. 

Fig. 41 showcases some of them. There are isobaric overlaps, and molecular ions may form at 

the surface of the specimen with the residual hydrogen in an APT vacuum chamber which 

overlap with (for example) Si. This makes identifying the presence of some of the key 

impurity elements, such as Cr, Mn or Fe, extremely challenging. The volume analysed by 

APT is also relatively small; and numerous property-controlling microstructural features are 

on a larger scale or scarce, making them difficult to analyse by APT in particular, despite the 

possibility of target specimen preparation. 

 

Despite these limitations, and the possible problems associated with APT, and to a lesser 

extent TEM, one must bear in mind that the combination of sub-nanometre resolution and 

high elemental sensitivity still makes APT an amazing and truly unique materials 

characterization technique, especially for analysing Al-alloys. Similarly, for the TEM APT 

remains unrivalled in the local, structural analysis of materials, even though substantial 

challenges require great care in the analysis and interpretation of the data. Efforts are ongoing 

to overcome many of these limitations, including the search for better ways to process the 

data originating from these techniques. An interesting perspective on the TEM side at least 

was recently provided by some of the experts in this in this field [731]. 

 

4.5 Advanced in-situ diffraction methods to study the effects of tramp elements on 

precipitation kinetics and thermodynamics 

4.5.1 Introduction to small-angle X-ray scattering for the investigation of aluminum 

alloys 

Monitoring the precipitation kinetics in age-hardenable aluminum alloys is of great 

importance in developing advanced alloy design strategies which optimize the heat treatments 

and thermo-mechanical processes of alloy variants with high scrap-related impurity content. 

This is because these alloys are strengthened by a fine intragranular distribution of 

precipitates which are usually metastable [721,732,733]. 

 

Because impurity elements do not normally change the nature of the main alloying elements, 

their effect on the age-hardenability of aluminum alloys should not drastically alter the 

precipitation “sequence” and the nature of the main stable and metastable phases that are 

expected to form within the grains. However, their effect on the kinetics of precipitation of 

those phases, and on their distribution (size and density), can be very significant. The kinetics 

of precipitation can be monitored by indirect means, e.g. via hardness, resistivity, dilatometry, 

calorimetry, etc. [413,544,554,636,734–736]. The relationship between the measurements and 

the actual precipitation reaction is, however, far from trivial and can lead to ambiguous 

interpretations. In addition, no information can be gained on the size and density of 

precipitates. 

 

Transmission electron microscopy and atom probe tomography enable direct measurement of 

precipitation (see the preceding section), but not in-situ measurement in general (see the 

additional discussion and references in section 4.4) [385,636,645,737–740]. Scattering 

experiments are a good alternative, as they allow direct and in-situ monitoring of 

precipitation. X-ray diffraction (XRD) has often been deployed to study precipitates, but this 

is usually limited to coarse particles (grain-boundary precipitates, dispersoids, etc.) because 
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strengthening precipitates are frequently coherent with the host matrix and generally too small 

to give an exploitable signal. 

 

The technique of choice is thus small-angle X-ray scattering (SAXS). A more detailed 

description of SAXS principles can be found in [741,742]. SAXS is a diffraction experiment 

for which only the signal very close to the transmitted beam is collected. Because it focuses 

on small scattering angles SAXS is sensitive to composition fluctuations at scales larger than 

the interatomic distances, so that the samples can be characterized by a continuous function 

𝜌(𝑟) representing the local electron density. Small-angle scattering can thus be seen as a 

measure of the homogeneity of the sample, i.e. a homogeneous sample does not give rise to a 

SAXS signal. Interpreting SAXS data requires the construction of a model for electron 

density fluctuations. A widely used interpretation model for precipitation in alloys is the “2-

phase” model which assumes precipitates of homogeneous composition in a matrix of 

likewise homogeneous composition, separated by a sharp interface [743,744]. Errors of the 

method are usually associated with the model used for signal interpretation, where the 

decisive parameters are the shape of the particles, the size distribution function, etc. It is thus 

important to associate SAXS analysis with complementary techniques such as TEM or APT 

to confirm the model’s assumptions. 

4.5.2 SAXS monitoring of the precipitation kinetics in aluminum alloys 

Because of the high contrast in atomic numbers between Al-Cu, Al-Zn, Al-Li, Al-Zr, Al-Ag, 

Al-Fe and Al-Mn, SAXS is well adapted for studying precipitation in most of the widely used 

aluminum alloy series, such as the 2xxx series or the 7xxx series. This is particularly true for 

typical impurity elements (such as Cu, Fe or Mn). The 6xxx series alloys, on the other hand, 

which are common in the automotive industry, require the use of small-angle neutron 

scattering (SANS) rather than SAXS, due to the lack of sufficient electron contrast between 

Al, Mg and Si [494,745,746]. SANS requires longer counting times, which is less favorable 

for in-situ studies, although some successful in-situ SANS experiments have been performed 

[747]. 

 

Guinier-Preston zones (GP zones) are at the origin of the small-angle X-ray scattering 

technique, as we know from the seminal work of André Guinier [748]. However, only a 

comparatively low number of studies have addressed this because of the difficulties of coping 

with the anisotropic signal due to the large aspect ratio of the particles. Some recent works 

[749] used both small and wide angle scattering to monitor the archetypal precipitation 

sequence of metastable phase GP zones, 𝜃′′, 𝜃′ and 𝜃, which can be found in most textbooks. 

The body of literature concerning spherical precipitation in aluminum alloys studied in situ by 

SAXS is much more substantial, mostly because the isotropies of the precipitates and of the 

signal allow easier interpretation. The Al-Li system, with the formation of ordered coherent 

L12 δ' precipitates, has been the subject of many studies assessing the classical theories of 

nucleation, growth and coarsening [13–15]. This alloy system has also triggered studies of 

complex non-isothermal or multi-step aging processes and has provided evidence for the clear 

complementarity of in-situ SAXS studies of precipitation kinetics with thermo-kinetics 

precipitation modeling [16]. This is shown in Fig. 43, where the regression of a pre-existing 

population of precipitates during an isothermal high temperature treatment is excellently 

reproduced by a Kampmann-Wagner-type class model for precipitation [17,18]. Other 

spherical L12 precipitates in aluminum such as Al3(Sc,Zr) have also been characterized by 

SAXS. 
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Fig. 43. Comparison between SAXS experiments and precipitation modeling in two 

isothermal reversion experiments at 180°C on Al-2wt%Li-5wt%Mg. The starting 

microstructures were created by isothermal treatments of 8h at 150°C (left) and 24h at 120°C 

(right). Reproduced with permission from [507]. 

 

Among the aluminum alloys of industrial interest, the 7xxx Al-Zn-Mg-(Cu) series has 

received much attention in terms of SAXS analysis. This series features high contrast; the 

early GP zones can be considered as spheres; and the metastable 𝜂′ MgZn2 phases, while they 

are faceted and their aspect ratio increases with time, can usually be approximated as 

spheroidal. These convenient interpretation conditions have motivated several SAXS studies, 

addressing effects of composition [750–752], pre-deformation [753], cooling rate [754,755], 

multi-step aging treatment [756] and severe plastic deformation [757]. 

 

The 7xxx alloy series is also suited for anomalous small-angle scattering (ASAXS), or 

resonant SAXS experiments, where energies close to the X-ray absorption edge of a specific 

element are used to modify the apparent electron density contrast Δ𝜌 and gain information on 

the chemistry of the precipitates formed. In-situ ASAXS experiments can probe the evolution 

of the chemistry of the precipitates as a function of aging time [756]. 

 

Some researchers have also used SAXS to map the precipitation state in heterogeneous 

samples of 7xxx alloys, such as in welds involving either MIG welding [758], electron beam 

welding [759,760], or friction-stir welding [761], but also after surface treatments [762]. This 

microstructure mapping of heterogeneous samples, together with combinatorial strategies, can 

generate high-throughput characterization methods, as discussed in section 4.3. 
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Fig. 44. T1 precipitate morphology measurements during aging at 155°C and 190°C of a 2198 

Al-Li-Cu alloy: (a) diameter; (b) thickness. The morphology can be used to better model the 

strengthening of non-spherical precipitates, as shown in (c). Reproduced with permission 

from [763]. 

 

 

Other important Al-alloy families have been studied, but present interpretation challenges. 

These are mostly due to the anisotropic shape of precipitates and simultaneous addition of 

multiple contributions, in combination. This is true of the wide 2xxx series, which includes 

both Al-Cu-Mg-based alloys and Al-Cu-Li alloys. These alloys are strengthened by 

precipitates of high-aspect-ratio, with orientation relationships with the aluminum matrix. 

While these might be easily dealt with theoretically via either a perfectly aligned single 

crystal, or a perfect “powder” in the powder diffraction sense (i.e. grains which are small 

compared with the beam size, and random orientation), in real samples the 2D scattering 

patterns are much more complex and difficult to interpret. 

 

In samples prepared from rolled sheets with a strong brass texture, this texture can be used 

and full modeling of the scattering signal of the platelet precipitates can proceed, depending 
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on their habit planes [764]. The result can be a complete description of the precipitation 

kinetics, in particular including a separate assessment of the length and thickness of the 

strengthening objects to provide a better understanding of strengthening by non-spherical 

precipitates. Fig. 44 illustrates this, showing the precipitation kinetics of T1 Al2CuLi, which 

forms platelets in the {111} planes of the Al matrix, and in a 2198 Al-Li-Cu alloy during 

aging at 155°C and 190°C [763]. Precipitate length and thickness are measured 

simultaneously and can be used to model the strengthening mechanism, as shown by the 

evolution of yield strength plotted together with the strengthening model. 

 

This is, however, not always practical, and is impossible in heterogeneously textured samples. 

There it is necessary to make assumptions and approximations, which generate quantification 

that is potentially less complete, but is still unique in the kinetics information it can give 

[605,765–767]. 

 

4.6 Machine-learning approaches for the development of sustainable aluminum 

alloys 

4.6.1 Brief introduction to machine learning and the architecture of an artificial neural 

network 

Machine learning refers to the ability of computer programs to learn something about the 

features and effects of an input system and its projection to an output or response. Computer 

programs in machine learning are usually staggered workflow arrays of mathematically rather 

plain algorithms that apply certain rules, often in the form of matrix-shaped filters, to 

individual nodes referred to as artificial neurons, which in turn are assembled in layers to 

mathematically mimic mutual connectivity. 

 

The interesting feature of machine learning is that it learns about input-output relations 

without having explicitly been programmed with the underlying balance and conservation 

laws from physics and chemistry that would otherwise describe such systems in forward 

simulations (for instance in the form of differential equations, which can be solved with 

adequate initial values and boundary conditions). The training of machine-learning programs 

using reference data – i.e. (usually large) data sets that carry experience of the problem at 

hand, and specifically some output features that can be empirically related to the input data – 

generates improvements in predictive or recognition performance. 

 

Machine learning is a sub-discipline of artificial intelligence, which describes any set of 

techniques that enable computers to imitate human cognitive behavior. When we refer to 

machine learning nowadays, by implication we mostly mean so-called deep learning 

techniques. These involve artificial neural networks which are capable of extracting 

information (meaningful output/predictions) from complex, large and often high-dimensional 

input data sets containing apparent or hidden patterns. 

 

Artificial neural networks are algorithms made up of at least two mathematical layers: an 

input and an output layer. Usually they have multiple other layers sandwiched between them, 

which are referred to as hidden layers. The more complex the problem to be solved with the 

help of the artificial neural network, the more the layers required. A large number of 

specialized artificial (mathematically mimicked) neurons lie on each layer of the network. 

Information processing in the neural network always follows the same sequence: information 

in the form of patterns or signals hits the neurons in the input layer, where it is processed and 
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disseminated further to other neurons in the next layer. Usually, neurons are fed the output of 

multiple other neurons in the previous layer. Each neuron is assigned a weight so that neurons 

can have different levels of importance. The weight value of a neuron is calculated by adding 

up all the respective input or output values from all the neurons in the preceding layer that are 

connected to it. This additive value is than modified by a neuron transfer function. This 

function usually has a sigmoidal shape so that low input values remain below a certain 

threshold value. This means that the artificial neuron would not produce a notable output 

value for the next layer when it has not been sufficiently exited while moderate input values 

get amplified. This means that the additive effects of the input values, the neuron weights and 

the activation or transfer function, together with their respective excitation threshold values, 

calculate and weight the output value that is passed on to the neuron in the next step. 

Depending on the evaluation and weighting of the information, further neurons are linked and 

activated to a greater or lesser extent. This combination and weighting are used to create an 

algorithm (which is actually a layered set of fitting procedures) that generates a result for each 

input. Using penalty functions that quantify mismatch between known sets of inputs and 

outputs, used for training, the variables of the neurons such as the weights and threshold 

values are adjusted so that the network delivers ever more accurate and better results with 

more detailed training, provided that the training data are of sufficient quality and richness. 

 

Besides the field of classical forward simulation (e.g. Calphad based thermodynamic 

predictions, phase-field simulations or crystal plasticity homogenization), machine learning 

has emerged as a data-driven scientific discovery method and useful statistical analysis tool in 

materials science that is capable of making predictions essentially on the basis of trained 

pattern recognition, i.e. without referring to established thermodynamic or mechanical 

structure–chemistry–property relations. This is particularly interesting in the highly complex 

field of metallurgy (many chemical elements, lattice defects, processing conditions, 

environmental conditions, etc.) which is often challenging to comprehend using simple laws. 

 

A typical workflow in a machine learning application involves (i) collecting clean and reliable 

data with both input and output features that are detailed and rich enough to be a suitable 

training basis for a software code which usually contains no underlying physics model linking 

output to input; (ii) performing feature identification to extract relevant attributes that 

represent the data numerically; (iii) applying a set of staggered analyses and feature detection 

and prediction algorithms, usually formulated as artificial convolutional neural networks, that 

map the features with the property of interest; and (iv) fine-tuning the model parameters by 

adjusting the neuron weight factors through adequate penalty or loss functions to achieve 

better performance using previously unseen data. 

 

4.6.2 Use of machine learning in aluminum scrap sorting 

One of the biggest challenges in scrap sorting is not the availability of scrap, or collection 

logistics, but rather scrap quality, i.e. the degree of mutual alloy mixing. This applies 

particularly to the recycling of post-industrial and post-consumer scrap. Mixing renders this 

scrap less valuable and less useful for turning into alloy-specific high-value products, where 

compositional cleanliness is important. 

 

Collection and recycling pathways for aluminum have existed for a long time. Scrap is 

substituted for primary raw material at levels of 30%–>90% in some aluminum products (see 

details in the preceding sections), but repeated recycling, and mixing with less pure scrap, can 

lead to the gradual accumulation or sudden poisoning of alloys by tramp elements such as Cu, 

Fe, Mg, Mn, Si, Zn und Cr and produce lower-quality scrap grades. 
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As described in section 3.1, separation technologies already exist that can, in principle, 

differentiate between different scrap types. One common method for identifying specific 

metals and even related alloys of the same material family is laser-induced plasma 

spectroscopy (LIBS) [59]. Here a high-intensity laser beam is focused on the surface of a 

small portion of the surface of the scrap alloy of interest. Through the energy input from the 

laser, part of the sample material is ablated and converted into a plasma. As the plasma cools, 

element-specific radiation is emitted which provides information on the composition of the 

sample. The radiation is fed into a spectrometer via an optical fiber and recorded as an atomic 

emission spectrum. Each peak in the spectrum can be assigned to an element based on its 

associated wavelength. Qualitative information on the analysed sample is obtained from the 

position of the peaks. Quantitative information can be determined from the peak height or 

peak area. To do this, a matrix-adapted calibration procedure must first be conducted using 

suitable reference materials. Using LIBS probing, the characteristic spectroscopic fingerprint 

of the scrap material, representative of its chemical composition, can in principle be 

determined. 

 

By evaluating this spectrum it is possible to identify the exact alloy of a metal and thus not 

only differentiate between different metals such as aluminum, steel or copper, but between 

aluminum of the 5xxx alloy group and aluminum of the 6xxx alloy group. It is even possible 

to differentiate within alloy classes: the technique will discern between a 6010 aluminum 

alloy and a 6016 alloy. Improved results are obtained when the surfaces of the scrap chips are 

cleaned prior to actual LIBS probing, by removing surface impurities such as oil residues and 

oxides using a pre-ablation laser treatment [768]. 

 

The smaller the chemical differences among related alloys, the more challenging it is to 

differentiate them in terms of the underlying multi-peak spectra. These spectra have a certain 

scatter, as do the sometimes contaminated surfaces of the scrap pieces being probed. This is a 

particularly important challenge for the huge quantities of scrap from the more than 50 

million vehicles that reach the ends of their lives every year. This mixed automotive scrap 

represents an essential market asset, but it also contains a number of aluminum alloys which 

are closely related chemically. If these alloys are not separated, they lose substantial value. 

 

This is a task where machine learning has proven especially valuable [769]. For example, 

Campanella et al. [770] successfully developed a classification scheme for the identification 

of different types of wrought aluminum alloy scrap chips by training an artificial neural 

network, which also contained elements from classical fuzzy logic, with LIBS spectra taken 

from known, well-defined aluminum alloys. The approach enabled robust and reproducible 

findings, with an alloy-specific recognition rate above ff%: a good result considering the 

unavoidable signal variations stemming from the modest reproducibility of the LIBS signals. 

Interestingly, this study showed that although the principle component analysis (see Fig. 45) 

would suggest that separating 3xxx alloys containing Mn from 5xxx alloys containing Mg and 

Mg-Si blended 6xxx alloys should not be critical, the highest identification rate was obtained 

for 7xxx alloys, probably due to the multiple peaks produced from LIBS (see Fig. 46). Good 

results were also achieved in the classification of industrial and post-consumer aluminum 

scrap, when applied to well averaged and calibrated spectral data sets by combining classical 

partial least squares regression methods with artificial neural networks trained by multi-billion 

iterations [768]. 
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Fig. 45. Principal component analysis and classification of 35 Al-alloy specimens according 

to their nominal chemical compositions, obtained from the machine-learning-based analysis 

and classification of the LIBS spectra. The numbers #1–#4 refer to the four samples predicted 

by the artificial neural network. Figure used with permission from [770]. 

 

 

Fig. 46. Machine-learning-based classification findings for mixed aluminum scrap chips, 

probed by considering the chips’ LIBS spectra. Classification of these measurements into 

aluminum alloy groups proceeded by using a modified artificial neural network. Green: 

correct; red: incorrect. Figure used with permission from [770]. 

 

4.6.3 Use of machine learning for the design of scrap-tolerant aluminum alloys 

Another field relevant to the theme of this paper is the use of artificial neural networks for 

(scrap-tolerant) alloy design. Similar to scrap sorting, designing aluminum alloys with tramp 

element content inherited from secondary synthesis is a multi-parameter challenge that cannot 

be readily understood in simple chemistry-structure-property terms. However, the challenge 

might be addressable with machine learning methods. In every respect materials containing 

large amounts of scrap compete with (potentially cleaner) alloys made from primary 

synthesis. As primary production based on renewable energy sources gains momentum 

globally, even the “green branding” advantage associated with alloys made from scrap may in 
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some cases not be a sufficiently strong argument for alloys which feature slightly worse 

performance. Hence, aluminum alloys with high tramp element content must meet a wide set 

of quality requirements if they are to improve their mechanical, electro-chemical, surface, 

optical, electrical, haptic, machining and manufacturing behavior. 

 

Using conventional thermodynamics and kinetics simulations alone to develop crossover or 

less pure aluminum alloys under these constraints may be too slow and/or insufficient. This 

section therefore presents recent progress in the use of machine learning for alloy design that 

might become useful for sustainability and a circular metallurgical economy. Chaudry et al. 

[771] discussed various machine-learning methods and their respective suitability for the 

compositional design and age-hardening heat treatment of better-performing aluminum alloys 

based on the age-hardening concept. They targeted the Al-Cu-Mg alloy class, with variations 

in Zn and Zr content. The composition and heating variants were correlated with literature 

data on hardness for training. The result was that the so-called gradient-boosting decision tree 

algorithm was in particular capable of identifying unexplored alloys with increased hardness. 

Gradient-boosted decision trees use an amplification method, also referred to as boosting, to 

combine individual decision trees. The term boosting refers here to combining learning 

algorithms in the form of a series to achieve a strong learning method out of many 

sequentially connected weak learning methods. For the gradient-boosted decision tree method 

the weak learning methods are, for instance, classical Boolean decision trees. 

 

Vahid et al. [772] applied a Bayesian optimization method directly to an important pending 

aluminum recycling problem, namely the development of 7xxx aluminum alloys using high-

strength recycled aerospace-grade material. Their motivation was the expected availability of 

high-strength 7075 aluminum alloy scrap from airplanes reaching the ends of their lives. The 

authors re-melted the material and mixed it with different amounts of new primary aluminum. 

They successfully used Bayesian optimization as a method for most efficiently identifying 

suitable alloy compositions and processing workflows. Bayesian optimization methods are 

efficient when solving global optimization problems. They work by building a probabilistic 

model of the objective function, called a surrogate function, which is first searched efficiently 

with an acquisition function prior to subjecting candidate samples for evaluation by the real 

objective function. With their approach, the authors were able to identify new variants of the 

7075 alloy with modified composition and heat treatment, yielding a material with maximum 

yield strength and ultimate tensile strength values of 729 MPa and 761 MPa, respectively. 

 

In their machine-learning study of Al-Zn-Mg alloys, Cao et al. [773] included the search for 

both improved mechanical properties and enhanced corrosion resistance, with special 

attention to the role of heat treatment. They used a generalized regression neural network and 

a support vector machine to model both the mechanical and the corrosion properties, and the 

more conventional multiple linear regression method to predict mechanical properties. The 

support vector machine algorithm is an efficient multi-dimensional regression method that 

enables fast classification of high-dimensional data point arrays. The authors also evaluated 

the effect of the quality of the training data. One result of the study was that both, a single-

stage aging heat treatment and retrogression re-aging can produce a material with higher 

strength than conventional double-stage aging, but at reduced corrosion resistance. The 

support vector machine method was also successfully used by Ampazis et al. [774] to predict 

the change in tensile strength brought about by surface corrosion of aerospace aluminum 

grade 2024. Training data were generated by tensile testing, targeted corrosion and imaging of 

the corroded surfaces, mapping several types of surface pitting features. 
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Several related studies have explored similar ways to use machine learning for the efficient 

prediction of (mainly) the mechanical, functional and corrosion properties of several types of 

aluminum alloy [775–779]. 

 

4.6.4 Further application areas of machine learning and artificial intelligence in the 

field of aluminum recycling 

In the context of sustainable aluminum design, processing and manufacture, further areas 

where artificial intelligence and big-data-driven analysis methods may be of substantial future 

benefit are: tramp-element-sensitive through-process modeling; surface-quality control and 

improvement; corrosion analysis; and microstructural-damage phenomena [774,775,777–

784]. 

 

The first area, through-process modeling based on analysing and using big data, is a general 

trend in metallurgical processing due to modern, fully automated and highly synchronised 

processing lines [285,785–787] which already feature large numbers of sensors. A very 

promising future approach would be to correlate all of the sensor data available with the 

corresponding variations in the chemical composition of the material that enters via scrap. 

From these correlations it should be possible to uncover trends in the impurity elements and 

properties of the material, particularly in the context of high-end sheet products. 

 

Similar arguments apply to the second area, surface-quality control [788]. Customer 

requirements mean that most advanced aluminum products are very surface-sensitive. 

Examples here are outer automotive sheet materials, the alloys used for notebook computers 

and mobile phones, and sheets used for decorative purposes in architecture. In all of these 

cases the surface appearance of the material is of the highest priority. Scrap-related impurities 

and variations among batches can therefore be a substantial problem for manufacturers. For 

this reason it is a sensible option to take the sensor data from the corresponding processing 

lines (particularly from those processing steps that play an important role in final surface 

appearance, such as finish rolling, heat treatment, surface cleaning and etching) and correlate 

these data with fully automated surface-pattern recognition techniques that provide 

information about the state of the surface at the end of a manufacturing line. The connection 

of these two types of data through suitable machine learning techniques can help to identify 

impurity-sensitive correlations. 

 

A very similar rationale applies to corrosion properties, which can react very sensitively to the 

chemical state of the material; and also to pattern-based precipitation-related damage analysis, 

including cracking during rolling and forming or the more microscopic cracking phenomena 

when (for instance) the final sheet material is bent [773,774,777,784,789]. In all of these cases 

a classical forward simulation technique is often a cumbersome or even hopeless undertaking, 

as the many influencing factors in real manufacturing lines are simply too influential for all to 

be properly considered on solid scientific grounds. Instead, the vast availability of sensor data 

should be exploited. Although as a rule these data may have little immediate relevance for 

classical structure-property relations, they can be suitable for classical convolutional neural 

network analysis: provided that sufficiently large data sets are available, the associated 

techniques can identify trends without being fed with classical forward models. 
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5 Physical metallurgy of scrap-related tramp elements in 

aluminum alloys and effects on mechanical properties 

Recycling aluminum alloys from end-of-life components often generates undesired 

composition features due to the accumulation of impurities beyond the tolerance limit and the 

mixing of different alloys [790,791]. In certain cases this harms product properties. To 

circumvent impurity-related issues it is usually helpful to reduce the impurity level in the 

alloys. However, it is challenging and/or energy-consuming to remove specific impurity 

elements (e.g. Fe or Si) during the remelting of aluminum scrap [43,792,793]. For this reason 

the conventional way to suppress impurity concentration in recycled aluminum is dilution by 

adding a large fraction of the associated alloys, and/or metals of high purity. This obviously 

undermines the added value of recycled aluminum alloys, and a more efficient strategy of 

using scrap is urgently needed. 

 

To guide the design of recycled aluminum alloys and the optimum use of scrap, it is crucially 

important to fully understand the metallurgical effects of tramp elements. In this section we 

do not address the problems associated with primary casting and processing (please refer to 

[791,794,795] for these issues), but review studies of the effects of different impurities on 

microstructure evolution and key properties. We also summarise the consequences if the 

elemental concentration exceeds that of normal aluminum alloys. 

 

The properties of aluminum alloys are determined by the matrix defect structure and a 

plethora of elemental segregation/precipitation components of different sizes, e.g. 

intermetallic compounds, grain boundary precipitates (GBPs), stable precipitates, intermediate 

meta-stable precipitates and solute clusters (see Fig. 47). Impurities’ effects on the recovery, 

recrystallization, grain growth and texture evolution during annealing can also be determined 

through precipitation processes. Therefore we present impurity-induced modification of the 

microstructure at different scales to build a full physical metallurgical picture of recycling 

aluminum alloy scrap. The fact that compositional deviation does not necessarily have a 

detrimental effect is highlighted. 

 

The aim of this section is also to inspire the development of novel aluminum alloys and 

processing technologies that counteract the harmful effects of impurity elements in recycled 

aluminum alloys. 
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Fig. 47. Schematic of the multiscale elemental segregation in aluminum alloys. 

 

5.1 Influence of scrap-related tramp elements on precipitates and forming 

properties 

As shown in Fig. 48, the compositional deviation in recycled age-hardenable aluminum alloys 

compared to standard aluminum alloys has two main causes: (i) mixing of two or more types 

of alloy series; and (ii) impurities from scrap-related tramp elements. In this section we first 

summarize the common precipitates in conventional aluminum alloys, and then discuss the 

effects of the above factors on the precipitates formed in recycled aluminum alloys. (For some 

of the basics and main microstructure variables which affect aluminum sheet forming in 

conjunction with scrap-related impurities, see section 3.7.) 
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Fig. 48. Element radar chart for age-hardenable recycled wrought aluminum alloys, where 

deviation from the standard compositions of the current aluminum alloy occurs due to the 

mixing of different grades of aluminum alloy and the impurities introduced from the 

contaminated scrap [43,791,792]. 

5.1.1 Possible precipitate types in age-hardenable aluminum alloys 

The age-hardenable wrought alloy systems are based on the Al-Mg-Si-Cu 6xxx, Al-Cu-Mg 

2xxx and Al-Zn-Mg-Cu 7xxx series. Minor alloying elements, e.g. Sc, Zr, Cr, Ag, are 

intentionally added to modify the associated microstructures [795–798], furthering the 

development of commercial aluminum alloys. High-performance aluminum alloy products 

can then be manufactured through well-controlled thermomechanical processing and heat 

treatment. Here precipitates play a key role in strength due to a precipitation-hardening effect. 

The solutes dissolved in the matrix undergo a complex precipitation process involving 

transformation from metastable phases to thermodynamically stable variants. To acquire the 

desired precipitate size and morphology and thus the maximum hardening effect, alloys’ 

composition and thermal-mechanical history need to be strictly controlled. The rational design 

of alloy compositions requires an understanding of how alloying elements aggregate and grow 

into strengthening phases . However, it is usually very difficult to accurately determine the 

structure and composition of reinforcing particles because they are very small and are 

embedded in the aluminum matrix [796,799,800]. Over the past decade, advanced techniques 

such as aberration-corrected transmission electron microscopy (TEM) and three-directional 

atom probe tomography (APT) have made it possible to identify the structural and 

compositional determinations of numerous precipitates responsible for the critical 

performance of precipitation-hardened aluminum alloys at different stages in the processing 

chain [542,796,799–802]. In the following sections we summarise the current understanding 

of precipitation sequences in current alloy systems, which can help us to understand the 

effects of impurity elements on precipitates in recycled aluminum alloys. While various 

aluminum alloy series can be used to manufacture cast products, the common cast alloys are 

based on Al-Si-(Cu) and can be sorted relatively easily at the recycling stage. The non-age-

hardenable wrought Al-alloys are 1xxx (Al-Fe-Si), 3xxx (Al-Mn) and 5xxx (Al-Mg). Table 14 
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summarizes the primary strengthening precipitates of main age-hardenable Al-alloys 

identified in the literature. 

 

Table 14 

Common precipitate types in current age-hardenable aluminum alloy series: 6xxx\Al-Mg (0.5-

1 wt.%)-Si(0.5-1 wt.%) -Cu(0-1 wt.%), 2xxx\Al-Cu(4-6 wt.%)-Mg (0.0-2 wt.%), 7xxx\Al-

Zn(4-8 wt.%)-Mg (1-3 wt.%). 

Alloy Phase Shape Space group Lattice parameters (nm) Composition Ref. 

6
x

x
x

  

Pre-β″ 

 

β″ 

 

β′ 

 

U1 (typeA) 

 

U2(typeB) 

 

B′(type C) 

 

β 

 

C 

 

Q′ 

 

Needle 

 

Needle 

 

Rod 

 

Lath 

 

Lath 

 

Lath 

 

Plate 

 

Lath 

 

Lath 

 

Monoclinic C2/m 

 

Monoclinic C2/m 

 

Hexagonal P63/m 

 

Trigonal P3
__

m1 

Orthorhombic Pnma 

Hexagonal P6
__

 

Cubic Fm3
__

m 

 

Monoclinic P21/m 

Hexagonal P6
__

 

a= 1.478, b=0.405, c=0.674, 

β=105.8° 

a= 1.516, b=0.405, c=0.674, 

β=105.3° 

a=b=0.715, c=1.215, 

γ=120° 

a=b=0.405, c=0.674, 

γ=120° 

a= 0.675, b=0.405, c=0.794 

 

a=b=1.04, c=0.405, 

γ=120° 

a= 0.635 

 

a=1.032, b=0.81, c=0.405, 

γ=101° 

a=b=1.032, c=0.405, γ=120° 

(Al+Mg)5Si6 

 

Mg5Si6 

 

Mg9Si5 

 

MgAl2Si2 

 

Mg2Al2Si2 

 

Mg9Al3Si7 

 

Mg2Si 

 

Mg8Si6Cu2Al2 

 

Al3Cu2Mg9Si7 

[803] 

 

[799] 

 

[804] 

 

[805] 

 

[806] 

 

[803,807] 

 

[803,807,808] 

 

[809,810] 

 

[811,812] 
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θ' 

θ 

S 

Ω 

T1 

GPB 

plate 
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plate 
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- 
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- 
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a=0.496, b=0.856, c=0.848 

a = 0.496, c = 1.390. 

1D periodic (c=0.405) 

Cu layer 

Al3Cu 

Al2Cu 

AlCu 

 

Al2Cu 

Al2Cu 

Al2CuMg 

Al2Cu 

Al2LiCu 

AlMg4Cu4 

 

[798,813] 

[814] 

[801,813] 

[542,815] 

 

[816,817] 

[796,818] 

[819] 

[694,820] 

[802,821] 

[822] 

7
x

x
x

  

η' 

 

η2(ηp) 

η 
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plate 

plate 

 

Hexagonal 

 P63/mmc 

Hexagonal 
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Mg2Zn5-xAl2+x 

(x=2-4) 

MgZn2Al 

MgZn2 

 

[823,824] 

 

[800,824] 

[800] 

 

 

 

The precipitation sequence in ternary Al-Mg-Si alloys can be described as follows 

[796,799,803]: SSSS (super-saturated solid solution) → atomic clusters/GP zones → β" → β' 

→ β, Si, while U1, U2 and B′ also occur, accompanying β′ in alloys when the Mg/Si ratio is 

low. The atomic clusters are also known as Mg-Si-vacancy complexes [825]; their 

configuration and ordering are still poorly understood. GP zones generally form at the initial 

aging stage and are fully coherent with the α-Al matrix. The needle-like β" phase usually 

appears in the peak-aged state and is regarded as the primary strengthening phase in the Al-

Mg-Si alloy system [799]. When a small amount of Cu (0.1-1 wt.%) is added to form the 

quaternary alloy, the precipitation sequence is modified as follows [809,810,812]: SSSS → 

Clusters/GP zones → β", L, C → β', Q' → Q, where L and C are precursors to Q'. Alloys with 

higher Cu content usually have larger hardness, with the main strengthening phases L and C 

[809,810]. The C phase possesses a rectangular cross-section with a broad coherent interface 

along the <001>α plane. The Q' and C phases share the same triangle sub-unit [812], implying 

their inherent structural similarity. In general, the precipitation process in the Al-Mg-Si-(Cu) 

alloy is strongly dependent on the Mg/Si ratio and the Cu content [796,809,812].  

 

The precipitation sequence in Al-Cu-(Mg) alloys takes the following two routes 

[542,801,813,815,817,819,826,827]: SSSS → GP I → GP II → θ" → θ' (high Cu/Mg ratio) 

and SSSS → GP → S (gradual thickening by an even number of Cu-Mg layers) (low Cu/Mg 

ratio). GP I/II are planar structures of Cu layer lying on the {002} Al plane [813]. The 

tetragonal θ' phase (Al2Cu) possesses a plate-like morphology [817] and is considered to be 

the most effective strengthening precipitate in the binary alloy system (e.g. the 2219 alloy). 

To improve the age-hardening potential in Al-alloys, a certain amount of pre-strain can be 

applied prior to artificial aging [813,815]. This temper is also designated as T8. The 
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introduced dislocations have a significant influence on the phase selection and precipitation 

pathways in important commercial alloys. A recent study reports that the precipitation at 

dislocations in Al-Cu alloys evolves according to at least three paths [813,815]: (i) the direct 

precipitation of thick θ'; (ii) the pre-θ'-1 first forms and then transforms to θ' with a thickness 

of 2 cθ' (please see the c parameter of the θ' phase in Table 14); and (iii) the pre-θ'-2 first 

forms and then transforms to θ' with a thickness of 1.5 cθ'. Note that the pre-θ' and θ' phases 

have the same interfacial structure, which is a coherent and continuous Cu layer. In the Al-

Cu-Mg alloy with a low Cu/Mg ratio (e.g. the 2024 alloy), the major strengthening S phase 

(Al2CuMg) is lath-shaped and grows along <001>Al with a habit plane of {012}Al [819]. The 

Guinier-Preston-Bagaryatsky (GPB) zones composed of 1D rod-like sub-nanometre units 

(Mg4Cu4Al) only occur upon aging at elevated temperatures [822]. The orthorhombic Ω-

Al2Cu phase prefers to form on {111}Al planes in the Al-Cu-Mg alloys with additions of 

silver [694,796]. This phase generates excellent thermal stability in the Al-alloys. When Li is 

further added in the multi-component Al-Cu-Li-Mg-Ag alloys (e.g. 2195 and 2050), the major 

hardening precipitate changes into thin plate-like T1 phases on the {111} planes of the matrix 

[797,821]. 

 

The generic precipitation sequence of an Al-Zn-Mg-(Cu) alloy under artificial aging is well-

known as [823,824,828]: SSSS ⟶ GP zone ⟶ η' ⟶ η (MgZn2). The precise transition 

mechanisms involved in this process have been elucidated by advanced TEM and density-

functional theory (DFT) calculations. Atomic-resolution TEM observations reveal that η2 (one 

common variant of the η phase) initially consists of rhombohedral (R) units and orthorhombic 

(O) units [800]. The η2 phase grows by the stacking of R units and R-1 (rotated R) units, with 

the artificial aging progressing toward a peak-aged state [800,829]. The experimentally 

observed η' ⟶ ηp ⟶ η sequence is also rationalized by the solute substitution process 

calculated by DFT [824]. Although the theoretical study supports the premise that Cu/Mg and 

Zn respectively prefer to dissolve into the bulk interior of η and segregate to the broad 

interface, the elemental segregation of Cu at the Al matrix proximate to η has been observed 

in a 7050 alloy [830]. 

 

5.1.2 Impurity effects on precipitation reactions 

The major impurity elements vary according to scrap source [790–792]. The most common 

are Fe, Si, Cu, Zn, Sn and Mg. Most of these can cause detrimental effects in alloys and – 

except for Mg and Zn – are often difficult to remove [43]. Therefore, one of the core issues in 

the physical metallurgy of recycling aluminum alloys is to understand and control the 

metallurgical effect of impurities on processing and properties. In this section we briefly 

review the current understanding of the role of impurity effects on precipitation during final 

aging. Several papers on this subject have been published. They address both the effects of 

impurities on IMCs [790,795,831] and methods for removing such tramp elements 

[43,792,793]. 

 

Several minor impurity elements have subtle effects on nano-sized particles, particularly in 

Al-Mg-Si-(Cu) alloys [379,832]. Cu and Zn, which are often present in mixed aluminum 

alloys, also appear as impurities in cables and engine block parts containing Al scrap 

[792,795]. They normally improve the precipitation-hardening response, albeit alongside a 

loss in corrosion resistance due to grain boundary precipitation [379,810]. A small amount of 

Sn (0.02-0.08 wt.%) could suppress natural clustering [555], which is responsible for the 

lessened press forming ability of automobile body panels made from 6xxx alloys, without 

reducing hardening from artificial aging. The microalloying of Sn also considerably enhances 

precipitation hardening at elevated artificial aging temperatures by inducing the formation of 
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composite β″ precipitates on modified β′ (Mg9Si5-xSnx) [833]. Sn has a strong binding 

tendency with vacancies and thus fundamentally affects initial precipitation [555]. However, 

it also acts as a surface-active element and can promote corrosion. 

 

Ag has an effect similar to that of Cu in terms of both age-hardening behavior and 

precipitation process [834]. Solute Ag can influence the whole precipitation stage and 

profoundly alter the phase transformation. Cd is considered a biologically harmful tramp 

element, but as an impurity in aluminum alloys (~0.25 wt.%) it can appreciably improve the 

age-hardening response of Al-Mg-Si-(Cu) alloys [835]. Cd-rich particles form in such 

materials and facilitate the formation of needle-like Mg-Si-Cu precipitates containing Q'/C-

like sub-units [835]. Transition metals (TM) such as Cr and Fe often reduce the precipitation-

hardening response in 6xxx alloys [836]. The precipitate types remain almost unchanged, but 

are coarser and unevenly distributed at the dispersoids / Al interfaces. AlSi(Fe, Cr) and the 

different types of AlSiFe dispersoids and IMCs also consume the main alloying element Si 

[836]. Al-Mg-Si alloys have an extremely low tolerance limit for Ca, because 60 ppm Ca can 

cause measurable loss in age-hardening response [837]. Ca absorbs Si to form micro-meter-

sized CaAl2Si2 particles, leading to a deficiency in the Si content, which is critical for forming 

Mg-Si coherent precipitates. Solute Ca does not accumulate in the Mg-Si precipitates [837], 

possibly due to its repulsion of solutes Mg and Si. 

 

A variety of micro-alloying effects on precipitation in Al-Cu-(Mg) alloys have been 

investigated in the literature [383,838–843]. Many micro-alloying elements tend to 

accumulate in recycled Al-Cu-(Mg) alloys as impurities. The 0.3 wt.% Si added in the binary 

Al-Cu alloy generally has a positive effect on the age-hardening response [838]; this is 

ascribed to the greater number density of the θ"/θ' phases. Si is believed to promote the 

heterogeneous nucleation of precipitates based on the observation of Si partitioning and 

interfacial segregation in these phases [838]. Si still plays an advantageous role when it is co-

doped with a small amount of Mg [843]. However, the mechanism changes: a C phase 

containing Si, Mg and Cu forms first, and then catalyses the heterogeneous growth of θ"/θ' 

[843]. When a small amount of Fe is added together with Si, Si with a content of below 1.0 

wt.% slightly reduces the mechanical properties, while higher Si content can significantly 

decrease them due to the occurrence of excessive Si particles [841]. Sn is another possible 

impurity, and was found to considerably promote and refine the θ' precipitates [383,839], 

leading to enhanced precipitation hardening in Al-Cu alloys. Sn solutes present at the rim 

interface may reduce the misfit strain and promote the nucleation of the θ' phase [383]. 

Conversely, Sn has an adverse influence on the precipitation-hardening effect when 

introduced with Mg (0.35 wt. %) [839]. The formation of stable Mg2Sn phases consumes 

solute Mg and reduces its concentration in the alloy. Au has an effect similar to that of Sn on 

the precipitate morphology and hardening response [842]. Nevertheless, Au refines the 

precipitates by replacing Cu in the middle of θ' and modifying its growth mechanism [842]. 

These studies demonstrate that impurity effects on precipitation hardening vary with content. 

Na is an undesirable impurity and has a negative effect on the performance of Al-Cu alloys 

[840]. It dramatically impairs the hardening potential in artificially aged Al-Cu alloys, as it 

can segregate at and weaken the interface between the Al2Cu phase and the matrix. Na also 

tends to segregate to grain boundaries and embrittle Al-Cu alloys [840]. 

 

High-strength Al-Zn-Mg-(Cu) alloys are mainly used to produce high-performance, load-

bearing components, such as those in airplanes. They normally have a very low tolerance 

limit for impurities, such as Fe, Si and some transition metals that form notoriously insoluble 

intermetallics [790,795,844]. Therefore it is very challenging to recycle 7xxx alloys from 

scrap [845]. It was found that rare earth metal elements (REM) do not influence the 
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morphology of the η-type hardening precipitates [844]. Adding minor elements such as Mn 

can refine grains and thus reduce hot tearing during the casting of 7xxx alloys with high 

solute content [846]. However, the age-hardening response can then become significantly 

suppressed and larger precipitation-free zones (PFZs) can be formed around the grain 

boundaries [846]. Small amounts of Sn and Ag may markedly reduce the PFZ and thus cause 

the precipitation-hardening response in fine-grained 7xxx alloys to recover. This has been 

attributed to the strong interaction of Sn/Ag with the main solutes [846,847], but it may also 

result from the interaction of these elements with vacancies. In an Al-Zn-Mg-Cu alloy with 

low Zn and Mg content (with low strength but excellent formability), Ag induces pronounced 

enhancement of the age-hardening response [848]. Ag aggregates with other alloying 

elements at the very early aging stage and increases the number density of fine clusters. 

When producing cast Al-Si-Mg-Cu alloys from scrap, the situation is very similar to that of 

6xxx alloys and special attention must be paid to the consumption of the main alloying 

elements by unavoidable formation of IMCs [849]. For example, the amount of Ni is 

controlled to be below 0.16 wt.%; otherwise the decrease in mechanical properties would be 

obvious [850]. However, it is known to be a beneficial alloying element in heat-resistant Al-Si 

casting alloys [851]. Current studies on the effects of impurities in commercial Al-Cu-Li-Mg-

Ag alloys are very limited. It would be very demanding to produce this kind of alloy, 

considering the strict control of alloying elements and the complex interaction of Li with 

other phases [852]. 

 

Based on above analysis, multiple interactions between impurities and main alloying elements 

determine the variety of impurities’ effects on precipitation hardening in Al-alloys. Several 

representative interactions are illustrated in Fig. 49. Beneficial impurities can usually 

aggregate with or replace the alloying elements in precipitation phases. They promote 

heterogeneous nucleation and growth of fine hardening precipitates. DFT and Monte Carlo 

simulations reveal that beneficial impurities generally prefer to bind with vacancies and main 

alloying elements [847,853]. In contrast, the most harmful impurities are those that tend to 

form (coarse) intermetallics with the alloying elements during casting. 
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Fig. 49. Characteristic interactions between precipitation phases and minor impurities in 

recycled Al-alloys. (a) High-resolution HAADF-STEM images displaying the composite β'/β" 

phase containing Sn in the Sn-added Al-Mg-Si alloy, as confirmed by elemental mapping 

[833]. The right-hand panel shows the formation energy calculation result revealing the 

favorable substitution of Si in β' by Sn. (b) Atom probe tomography (APT) elemental 

concentration iso-surface results showing the distribution of precipitates in the 6082 alloy 

with added Cd [835]. (c) High-resolution HAADF-STEM images and elemental maps 

showing the Au segregation in the hardening θ' phase [842]. The preferential anchoring 

positions of Au are confirmed by first-principles calculations. TEM images in (a, c) were 

taken along <001>Al. The images are reproduced with permission. 

 

5.1.3 Multiple precipitation reactions in mixed aluminum alloys made from scrap 

When different types of aluminum alloy are mixed together in the same melt, the recycled 

aluminum alloys obtained contain multiple components which can affect precipitation 

reactions in multiple ways [854–857]. When crossing established composition bounds, new 

phases can form. Knowledge about the interactions among them is of great significance, 

particularly for mechanical and corrosion properties. From a structural and compositional 

perspective, the precipitation interaction between different phases in the mixed alloy can be 

categorized into three types: (i) replacement of alloying elements which usually occupy 
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atomic sites with impurity elements; (ii) interfacial segregation of impurity elements; and (iii) 

composite and “backpack” precipitates composed of different phases. 

 

Various alloys of the same alloy system, targeted for different applications, have been 

developed by altering the ratio and total content of the differing alloying elements. The Mg/Si 

ratio changes the Mg:Si ratio in the pre-β" precipitates [856] and thus the peak hardness in the 

Al-Mg-Si alloy (e.g. 6061 and 6016). The Cu level has a substantial effect on the precipitation 

of Cu-containing phases in Al-Mg-Si-Cu alloys [379,810]. HAADF-STEM observations 

[379,810] reveal Cu substitution of Mg1 and/or Si3/Al sites in the β" phase (Fig. 50a-b) in the 

Cu-augmented Al-Mg-Si alloy (e.g. 6013 and 6056). Periodic Cu segregation at the habit 

plane of the lath-like β′ precipitates has also been observed in the over-aged stage [858], 

indicating a strong interaction between the Cu atoms and the precipitates. When the Cu 

content is higher (still usually remaining below 1.0 wt.% in the 6xxx alloy specification), C 

and Q phase [859] and their precursors are formed [810,812]. Another prominent feature of 

the interaction between precipitates is the formation of composite (or hybrid) precipitates 

containing different precipitate types [379,810]. These composite or backpack precipitates 

usually appear disordered and incorporate several sub-structures of different well-defined 

phases in Al-Mg-Si-Cu alloys. The precipitates characterized by a disordered structure with 

β" substructure (low density cylinder, LDC) and Q' substructure (Cu triangle sub-structural 

unit) are frequently observed in under-aged Al-Mg-Si-Cu alloys [810]. The composite 

precipitates including β" and precursors of Q'/C phases form in the peak-aged state [810,856]. 

 

These precipitation scenarios in the Al-Mg-Si-Cu alloy reflect the precipitation reactions that 

may occur in the 6xxx alloy when mixed with a small portion of 2xxx alloy. The influence of 

Zn on the precipitates and age hardening in the Al-Mg-Si-(Cu) alloys have also been reported 

recently [832,860,861], and is helpful in understanding the possible precipitation reactions in 

mixed 6xxx and 7xxx alloys. Saito et. al. [832] found that adding Zn (up to 1 wt.%) slightly 

improved the age-hardening response due to the increased number densities of needle-like 

precipitates in Al-Mg-Si alloy. Zn atoms tend to occupy different sites in the atomic columns 

of the precipitates rather than form the precipitates of the Al-Zn-Mg alloy system. Zn atoms 

also prefer to segregate and form a continuous Zn film along grain boundaries, leading to the 

high intergranular corrosion (IGC) susceptibility in peak-aged Zn-augmented alloys (~1 

wt.%). HAADF-STEM imaging and DFT calculations suggest the favorability of 

incorporation of Zn at Si3/Al sites into the β" phase (Fig. 50c) [861], similar to what was 

observed for Cu. However, the Zn-Zn interaction is relatively weak, explaining the random 

distribution of Zn along the growth direction of the particles. Clarifying the amount of foreign 

solute atoms that a precipitate can accommodate is important if we are to understand these 

kinds of precipitation interaction in impurity-contaminated alloys. When the added Zn content 

reaches up to 3.0 wt.% in an Al-Mg-Si-Cu alloy with a high Mg/Si ratio, the yield strength 

increases by 50 MPa, while the elongation remains almost unchanged [860]. This is due to the 

refined size of needle-like precipitates and the increased number density of solute-rich 

particles. The tendency of Zn to partition in these particles occurs because of the strong 

interaction of Zn with other solutes, like Mg, Si and Cu. 

 

In an Al-Cu-Mg-Si alloy with a Cu content of ~5 wt.% (similar to the 2xxx alloy mixed with a 

small portion of a 6xxx alloy), the hybrid precipitates include fragments of the C phase, the Q' 

phase, GPB and the θ' phase [857]. This observation suggests that the precipitates formed in 

such mixed alloys, steming from different scrap sorts, do not just contain simple mixtures of 

phases from the Al-Mg-Si-(Cu) and Al-Cu-(Mg) alloy systems. Different configurations of 

various phases and their sub-structural units, e.g. the LDC of β" surrounded by GPB zone and 

monoatomic Cu layer (GP I), have been identified (Fig. 50d), and the stabilities of these 
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structures have been rationalized by DFT calculations [857]. Such types of interaction 

between various phases may markedly affect the morphology of the main strengthening 

phase, e.g. the θ" phase formed on the broad interface of C-type precipitates (Fig. 50e) [843]. 

 

A systematic investigation of the effect of 1-4 wt.% Zn on the peak-aged precipitation in a 

mixed Al-Cu-Mg (2xxx) and Al-Zn-Mg (7xxx) model alloy, which mimics the use of scrap 

from different alloys groups, was performed by Wenner et. al. [855]. Alloys with 1% and 4% 

Zn contain mainly S (2xxx system) and η-type (7xxx system) precipitates, respectively. The 

alloy with a medium Zn content (2.5 wt.%) is hardened by both S and η-type phases. 

Although these phases maintain their original native structures, compositional modification 

was identified by high resolution elemental mapping. DFT calculations show that replacement 

of Zn by Cu in the η-type phase is preferred if the substituted Zn is below 25%, while the 

substitution of Al by Zn in the S phase was observed to be the most favorable configuration 

[855]. The interaction of the precipitation is manifested in the non-stoichiometric 

compositions of the hardening phases. 

 

An attempt to study the precipitation system in an Al-Zn-Cu-Mg-Si alloy (which mimics a 

blend of 2xxx, 6xxx and 7xxx alloys) has also been reported [854]. The precipitates 

encompass phases from three main classes of age-hardening alloy[48,55,494,862,863]: Al–

Cu(–Mg), Al–Mg–Si–Cu, and Al–Zn–Mg. Si-containing disordered precipitates composed of 

substructures of the C phase and GPB form first and grow along the 〈001〉 Al lattice direction. 

These needle-like precipitates are dominant until peak-aging. During overaging, a variety of 

phases including S, θ', η and Ω occur concomitantly. The combined C/θ' phase was revealed 

(see Fig. 50f), and the segregation of Zn at the broad interface of Ω (Fig. 50g), demonstrating 

the interaction between various phases. η-type precipitates were only rarely observed despite 

the high Zn content (4 wt.%). This may be explained by the fact that Zn prefers to locate in 

the Cu-containing phases and that there is a high solubility of Zn in the Al matrix. Previous 

studies have demonstrated that small changes in alloy composition can alter precipitation 

significantly [864]. Producing Al-alloys from mixed scrap / composition origin can lead to 

backpack-like phase agglomerates and phases different from those observed in the established 

classical alloy systems [55]. A multitude of intergrown precipitate phases already reflect the 

complex precipitation reaction in the mixed alloys, not to mention those in the Li-containing 

mixed Al-alloy (Al-Cu-Li alloy and other alloy series). In addition, their growth and 

strengthening mechanisms remain to be explored. 
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Fig. 50. Characteristic interactions between a precipitation phase and another phase or foreign 

solutes in mixed aluminum alloys: (a) native atomic structure of the β" phase projected along 

the b-axis [861]; HAADF-STEM images of the cross-section of the β" phase with the Mg1 

and/or Si3/Al sites replaced by Cu (b) [810] and Zn (c) [861]; (d) substructures of the C phase 

decorated by units of GPB [857]; (e) the inter-connected θ" and C phases [843]; (f) the 

combined θ′–C plate [854]; (g) elemental maps and high-resolution STEM image showing the 

Zn enrichment at the interfacial layer between the Ω phase and the Al matrix [854]. The 

HAADF-STEM images in (b-f) are taken along <001>Al while that in (g) is along <112>Al. 

The images are reproduced with permission. 

 

5.2 Mitigation of scrap related issues by alloying 

While some impurity additions can have beneficial effects on properties such as strength, one 

of the biggest challenges in recycling aluminum alloys is suppressing the harmful effects of 
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impurity elements (e.g. Fe and Si). It is well recognized that the high Fe content in aluminum 

alloys can cause a significant decrease in tensile properties, especially in ductility [865]. Fe 

has a low solubility in aluminum alloys and often precipitates in the form of Fe-rich 

intermetallic compounds during solidification [249]. These intermetallic compounds usually 

have a plate-like or needle-like morphology, which are harmful to castings due to stress 

concentration. In addition, they are unstable and prone to breakage, which can damage the 

integrity of the castings and increase the processing cost. In order to produce high-quality 

recycling aluminum alloys, measures must be taken to eliminate or reduce the negative effects 

of Fe. In this regard, the most common approach is to alloy with neutralizing elements as 

shown in Fig. 51 [866–870]. Previous studies have demonstrated that adding trace elements, 

such as Mn, Ce, Y, can change the nucleation and growth kinetics of Fe-rich intermetallic 

compounds, e.g. facilitate their heterogeneous nucleation [866,867]. The trace elements may 

segregate in the alloy prior to nucleation and growth, thus affecting the formation kinetics of 

Fe-rich intermetallic compounds. Adding appropriate trace elements (e.g. Mn and Y) in that 

context not only helps to promote the refinement of the otherwise coarser needle-like β-

Al5FeSi phase in the recycled alloy, but also helps to reduce the volume fraction of that phase 

significantly. Simultaneously, it can also transform the α-Al8Fe2Si phase into an α-

Al8(Fe2Mn)Si phase variant with a fine, rounded shape. The occurrence of α-Al12(Fe,Mn)3Si 

has also been reported. 

 

Direct chill casting simulations have been used to study the effect of different amounts of Ni 

and V on the intermetallic second phases in aluminum alloys containing Fe [249,732,868]. 

Adding Ni promotes the formation of Al3Fe and α-Al8Fe2Si and inhibits the nucleation and 

growth of metastable AlmFe [868], while a new Ni-rich Al9FeNi phase is observed at high Ni 

content. These alloying effects have been observed in different Al-alloy systems containing 

large amounts of Fe, including Al-Cu [248,249], Al-Mg [868] and Al-Si [732]. In contrast, 

adding V strongly promotes the precipitation of AlmFe and reduces the critical cooling rate for 

its formation [868]. Adding Sc and Cu is also effective in improving the properties of the 

alloys [871,872]. Sc can transform the needle-like β-Al5FeSi phase into a relatively harmless 

spherical Sc-Fe phase. Because the hardness and elastic modulus of the Sc-Fe phase are lower 

than those of the β-Al5FeSi phase, the cracking propensity in the Al matrix is evidently 

lowered. In addition, the spherical Sc-Fe phase can improve the fluidity of the Al-alloy during 

solidification, thereby reducing the dendritic shrinkage [871,872]. 

 

Si is another harmful impurity in many recycled aluminum alloys, but contradictory results 

exist regarding the influence of Si on the recycled alloys [841,873]. Questions surround (i) 

whether Si is an impurity or a beneficial alloying element; and (ii) the range in which Si can 

improve the mechanical properties of Al-alloys. On one hand, Si can transform the 

morphology of Fe-rich intermetallic compounds from a harmful lath-like to a less harmful 

Chinese script shape. On the other, the Si may reduce ductility. In order to eliminate the 

negative effect of Si in recycled Al-alloys, small amounts of chemical modifiers, e.g. Na, Sr, 

Ca, Ba and Eu, are usually added to melt the recycled Al-Si based alloy [867,874]. Adding 

chemical modifiers can change the morphology of the eutectic Si phase and affect the 

nucleation of the eutectic grains. It also promotes the morphological transformation of the 

eutectic Si phase from coarse plate to fine fiber. 

 

Al-Cu based alloys have relatively good fatigue properties, high specific strength and good 

heat resistance. However, their casting properties, such as hot crack sensitivity and fluidity in 

cast Al-Cu alloys, are relatively poor [875]. Alloying Si in Al-Cu alloys can reduce thermal 

cracking sensitivity [841]. However, the Si content needs to be strictly controlled to obtain 

optimized properties. The mechanical properties of the Al-Cu-Mn-Fe alloy decreases slightly 
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for an Si content below 1.0 wt.% [841]. This has been attributed to the coupling effects 

between the increase in nano-scale α-Al8Fe2Si particles, the grain size coarsening and the 

formation of a grain boundary Al2Cu phase. When the Si content is 1.5%, the mechanical 

properties of the Al-Cu alloy are significantly reduced, mainly due to the formation of 

excessive Si particles and the aggregation of the second phases. As the most widely used cast 

aluminum alloy, the Al-Si alloy has been widely used in automotive components. Here, in 

order to improve the strength of Al-Si castings, a small amount of Mg is added to improve age 

hardening. Adding Mg can also effectively modify some of the Fe-rich phases and improve 

the alloy’s performance [865]. When a small amount of Mg is added, a fraction of the α-

Al8Fe2Si particles in the alloy will be transformed into the flake-like Al13Fe4 phase. With a 

further increase in Mg, the morphology of the Al13Fe4 phase evolves from flake-like to petal-

like. This evolution mechanism is possibly related to the Mg/Si combination and the increase 

in undercooling [865]. 

 

 

Fig. 51. The effect of adding trace elements on the microstructure of recycled casting alloys. 

The micrographs in the middle are selected from [867,874,876] and reproduced with 

permission [866–870]. 

 

In order to design new alloys without impairing the properties of recycling alloys, aluminum 

scrap needs to be remelted and alloyed during secondary production. However, various 

alloying elements and many processing steps make it difficult to design the alloy on demand. 

Bayesian optimization has recently been used as the basis for adaptive experimental 

optimization to explore and optimize multivariate problems [772]. The optimization of 

composition to maximize alloy strength and reduce the overall heat treatment time to maintain 

cost-effectiveness has been achieved. The experimentally designed 7xxx alloy features 

maximum yield and ultimate tensile strengths of 729 MPa and 761 MPa, respectively. Its 

mechanical properties are equivalent to or exceed those of current high-strength 7xxx series 

Al-alloys. Exploiting advances in the understanding of thermodynamics and diffusion 

kinetics, Kampmann-Wagner numerical simulations of precipitation (see also section 4.5) 

have been used to study the effect of adding alloying elements (e.g. Cr and Zn) [877]. Such 

simulations can help to reveal the behavior of each element during nucleation, growth and 

coarsening. With the further improvement of the nucleation model, the proposed model has 

the potential to guide the design or optimization of chemical composition and heat treatment 

processes for recycling Al-alloys. 
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5.3 Damage initiation through precipitates related to tramp elements 

Deterioration of the toughness and ductility in alloys is attributed to the nucleation and 

propagation of damage. To study damage initiation, one needs to address damage-susceptible 

regions in alloys’ microstructure. Coarse particles are important in this regard, because 

void/crack nucleation is more likely to start at the largest inclusions due to the localized stress 

concentration. The largest constituents in Al 6xxx alloys are usually Al-Fe-Si-based 

intermetallic phases (IMPs), which occupy a considerable volume fraction of the 

microstructure (~1%) and have an average size of 1~20 µm [100,878]. During the age-

hardening of Al 6xxx alloys, different precipitates with a wide range of length scales, ranging 

from a few nm-sized Guinier-Preston (GP) zones to microscale-sized platelet-like β-Mg2Si 

precipitates, are also found [878,879]. In addition to IMPs, microscale Mg2Si particles are 

therefore regarded as possible damage initiation regions in the microstructure of these alloys 

[878,880,881]. Besides the size of precipitates, their morphology; their alignment and its 

angle relative to the loading axis; the particle-matrix interface, and their distribution also can 

influence damage initiation [346,880,882,883]. In the following, the major characteristics of 

the above-mentioned precipitates and inclusions are addressed in the context of damage 

initiation in Al 6xxx alloys.  

 

Hannard et al. [884] investigated the fracture behavior of three 6xxx alloys, 6005A, 6061, and 

6056, processed using different heat treatments. The volume fraction of the secondary phase 

particles was kept almost constant for all materials. They found that the particle size 

distribution is the predominant factor in the decrease of fracture strain with an enhancement 

of yield strength. The best result was obtained for the alloy with the smallest average 

distribution of particles. Particles of comparable sizes >5 µm are mostly prone to fracture 

(around 80% of the particles), while in contrast those of smaller sizes (≤ 1 µm) do not break at 

the same strain level, but at higher strains [885]. The authors also found that coarser particles 

(>3~4 µm) tend to break more than once. This becomes more detrimental because the local 

density of the cracks will increase and their interaction will generate faster propagation of 

damage. 

 

The damage mechanism, from the perspective of particle failure, is either fracture of the 

particle or its decohesion from the matrix [880,884,885]. This depends on many factors 

including morphology, size, alignment around the applied load, mismatch stress between the 

inclusion and the matrix. Babout et al. [886] have shown that the damage mechanism is also 

related to matrix hardness. For a soft matrix, particle-matrix debonding is the main damage 

mechanism, while if matrix strength is greater the same particles tend to break rather than 

debond. The number of damage events caused by both particle decohesion and cracks 

increase with plastic strain. However, in the case of a hard matrix the particles break at lower 

strains, and the number of cracked particles increases sharply with plastic strain. The 

morphology of the particles plays an important role in the localization of the strain and 

consequently in the damage mechanism. Two of the most common IMPs in Al 6xxx alloys 

are plate-like β-Al5FeSi and round α-Al12(Fe,Mn)3Si particles [882,887,888]. The first is more 

detrimental due to its elongated morphology. The effect of loading direction associated with 

the morphology shows that β-Al5FeSi particles aligned parallel to the loading direction break 

into fragments, while those particles (either α-Al12(Fe,Mn)3Si or β-Al5FeSi) perpendicular to 

the loading direction generate void nucleation through particle debonding from the matrix 

[882]. In general, when the angle between the long axis of the particle and the loading 

direction is greater than 45°, particles tend to undergo interface decohesion. Otherwise, they 



130 
 

fail by cracking. The cracks are normal to the main loading direction and the larger plate-like 

particles (β-Al5FeSi) tend to break into several fragments [882,884,885]. 

 

In the literature, ductile fracture is reported to be the main mechanism in the failure of 6xxx 

alloys [878,884]. This is characterized by the nucleation of voids, followed by their growth 

and coalescence. Petit et al. [878] showed that the coarse particles do not localize at the grain 

boundaries, but rather are distributed inside the grains. However, the particles also tend to 

form along the subgrain boundaries. As the damage initiation is dominated by failure of 

coarse Mg2Si or Fe-rich IMPs and these are distributed mostly within the grains, the main 

mechanism for the fracture is shown to be transgranular (see Fig. 52). In contrast, Shen et al. 

[880] have shown that the coarse particles are distributed along the grain boundaries, and 

since the damage nucleates and propagates through these precipitates along grain boundaries 

the fracture is assumed to be dominated by intergranular crack propagation. These different 

observations may be attributed to the use of different alloys and heat treatments. It is shown in 

[878,880] that large Mg2Si particles break at lower strains compared to other IMPs, even 

though their mean size is lower than that of IMPs. This can be seen in Fig. 53, where the 

damage originates from Mg2Si particles. Upon higher plastic strains, the cracks propagate 

through large IMPs. As a result, the fracture surfaces of 6061 samples are found to include 

many dimples caused by the breakage of Mg2Si particles. Only a few other IMPs are shown to 

be fractured, generating what are thought as of secondary cracks. 

 

 

Fig. 52. Fracture surfaces of two 6061-T6 alloys subjected to different aging times of 4 and 6 

hours. The fracture mechanism in both cases is transgranular. Dimples correspond to broken 

Mg2Si precipitates and circled areas correspond to very large IMPs. Reproduced with 

permission from [878]. 
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Fig. 53. Nucleation and propagation of the damage in a 6061 aluminum alloy in T6 condition. 

The damage initiates from the decohesion of Mg2Si particles (e.g. number 1, circled in blue) 

and then continues by propagation and coalescence with other voids until it travels through 

the captured region. The circled regions correspond to Mg2Si precipitates (blue), Fe-

containing IMPs (red), and pre-existing voids (purple). Reproduced with permission from 

[880]. 

 

The Fe content in these alloys is a decisive parameter for the damage mechanism because, on 

the one hand, it contributes to the formation of Fe-containing IMPs, and on the other, it 

determines which Fe-containing phase will form in the microstructure. The increase in Fe 

significantly reduces ductility, while slightly enhancing yield strength [100]. One of the 

earliest studies by Blind et al. [889] showed that toughness increases due to the higher volume 

fraction of dispersoids in low-Fe alloys (<0.06 wt.%), but decreases as the Fe content 

becomes higher (~0.30 wt.%.). This is attributed to formation of coarse IMPs [100,889]. 

Sweet et al. [887] showed that at lower Fe content (~0.1 wt.%) β-Al5FeSi particles are 

dominant in the microstructure, while α-Al12(Fe,Mn)3Si particles become the major type of 

intermetallic at increased Fe content (~0.5 wt.%) (see Fig. 54). Substitution of plate-like 

particles with a more compact α-Al12(Fe,Mn)3Si phase in the form of round or Chinese-script-

shaped particles improves ductility. Adding Mn has been found to supress the development of 

β-Al5FeSi particles and to promote the formation of the more spherical-shaped α-

Al12(Fe,Mn)3Si precipitates. This transformation can be triggered by homogenization at 

relatively high temperatures [888,890,891]. A reduced Si level has also been reported to 

enhance the spheroidization of intermetallic particles containing Al-Fe-Si [890]. It has also 

been observed that in order to enforce transformation of the β-Al5FeSi phase into the α-

Al8Fe2Si phase, a Mn:Fe ratio of 0.5 is particularly desirable, producing an α-Al8(Fe2Mn)Si 

phase or an α-Al12(Fe,Mn)3Si phase in the material [100]. When considering IMPs as damage 
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initiation spots, the concentration of Fe and Mn becomes important. The magnesium content 

of 6xxx alloys has no significant effect on the formation of Fe-rich IMPs, but rather on the 

formation of Mg2Si particles. There is also evidence that Mg addition can promote the 

formation of π-Al8FeMg3Si6 particles with a hexagonal structure that forms at lower 

temperatures than β-Al5FeSi [887]. These particles also have Chinese-script morphology. Ji et 

al. [100] found that the size and morphology of the α-Al12(Fe,Mn)3Si particles can be altered 

by the cooling rate. At higher cooling rates (over 103 K/s), Chinese-script-like particles form 

and assume a fine compact morphology, and their particle size is almost insensitive to 

variations in Fe content, with average particle sizes around 0.75 µm. However, their volume 

fraction increases by approximately 30% if the Fe content is altered from 0.5 to 1.5 wt.% 

[100]. In contrast, at lower cooling rates (below 102 K/s) particle size and the volume fraction 

of α-Al12(Fe,Mn)3Si particles both increase notably with Fe content, with a maximum average 

size of ~60 µm observed for 1.8 wt.% Fe. 

Formation of precipitate-free zones (PFZ) adjacent to grain boundaries can also decrease 

toughness and facilitate damage propagation in this class of aluminum alloys [892–894]. 

Moregeneyer et al. [892] studied the quench sensitivity of toughness in 6156 alloys, and 

found that the energy required for crack propagation drops substantially in air-cooled samples 

with relatively large PFZs compared to those which are water-cooled. In air-cooled samples 

the cracks are also observed to be thoroughly intergranular, and most cracking occurs parallel 

to the loading direction. By conducting compression tests with different strains, Christiansen 

et al. [895] showed that PFZs and grain interiors in 6060 alloys can exhibit different 

orientations. The misorientation between the grain interior and PFZs becomes more 

pronounced at larger strains. The grain-like PFZs are expected to inhibit void nucleation at 

grain boundaries, but their boundary with interior grain will be susceptible to damage 

initiation [892]. 

 

Fig. 54. Morphology (deep etched) of two different intermetallic phases by variation of Fe 

content in a 6060 aluminum alloy: (a) the plate-like β-Al5FeSi phase with 0.1 wt.% Fe; and 

(b) the Chinese-script α-Al12(Fe,Mn)3Si phase with 0.5 wt.% Fe. Reprinted with permission 

from [887]. 

 

5.4 Influence of scrap-related contaminant elements on the quench sensitivity of 

aluminum alloys 

Thermal treatment of precipitate-strengthened alloys usually involves three steps: solution 

treatment, quenching and aging [896]. The purpose of solution heat treatment is to fully 
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dissolve the soluble alloying elements into the aluminum matrix. After rapid quenching, a 

supersaturated solid solution (SSSS) begins to form and finally decomposes during artificial 

aging. The quenching rate strongly affects the supersaturation degree and thus subsequent age 

hardening. Quench sensitivity refers to the reduction in final properties (e.g. strength, 

ductility/toughness) due to the reduction of the quenching cooling rate [538,897]. The effect 

of quench sensitivity on the final properties of aluminum alloys and the characterization 

methods of quench sensitivity are summarized in Fig. 55. 

The quenching rate changes the width of the PFZ by affecting the concentration of as-

quenched-in vacancies. A low quenching rate allows more vacancies to become annihilated at 

sinks like the nearest grain boundaries (or dislocation jogs), favoring a greater PFZ width. 

Thereby the quenching rate substantially affects many critical damage properties, including 

stress corrosion cracking (SCC) susceptibility, fatigue and fracture. A faster quenching rate 

often corresponds to higher peak-aged hardness and greater SCC resistance. Quench 

sensitivity can also be measured by two indicators: (i) the upper critical cooling rate (UCCR) 

(higher than which a fully supersaturated solid solution can be reached); and (ii) the 

corresponding relationship between the strength and the cooling rate [538]. More attention has 

been paid to the quench sensitivity of thick plates [898–901]. The quench rate is relatively 

low in the center but high at the surface, resulting in different solute precipitation sizes [897]. 

The cooling rate near the core is lower than the UCCR. After solution treatment, the solute 

atoms precipitate during quenching to form coarse particles, which greatly reduces solute 

supersaturation and precipitation strengthening during subsequent aging. 

The effect of quench sensitivity should also be considered in aluminum alloy sheets used for 

hot stamping. Because of the high forming temperature, the equipment must be specially 

designed to achieve rapid cooling of quench-sensitive alloys to avoid the formation of coarse 

secondary phases at grain boundaries and dislocations [902,903]. 

 

Fig. 55. The effect of quench sensitivity on the final properties of aluminum alloys and 

characterization methods for the material’s quench sensitivity: (a) the effect of quenching rate 

on the peak aging microstructure; (b) the effect of quenching rate on the vacancy 

concentration adjacent to a grain boundary and the width of PFZ [904]; (c) continuous cooling 

precipitation diagram for 7150 [538]; (d) tensile strengths of eight aluminum alloys as a 
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function of average cooling rate during cooling [905]. The diagrams in (c) and (d) are 

reproduced with permission. 

 

Quench sensitivity depends on alloy composition [897,906]. Therefore, it is important to 

study the effect of contaminant elements on the quench sensitivity of recycled aluminum 

alloys. There are three types of alloying element in the different aluminum alloy systems 

[905]: (i) the major alloying elements; (ii) the impurity elements; (iii) deliberately-added 

minor elements. Taking 7xxx alloys as an example, Zn, Mg and Cu are the major alloying 

elements, Mn, Cr, Zr, and Sc are the minor elements, and Fe, Si, etc. are the impurity 

elements. The Al-Zn-Mg-(Cu) aluminum alloy is considered to be the most sensitive to 

quenching rate because it usually contains a high concentration of alloying elements [538]. 

For this reason the quench sensitivity of 7xxx aluminum alloys has been studied extensively 

[413,897,898,901,907]. Quench sensitivity increases with the total content of alloying 

elements (Zn+Mg+Cu) due to the enhanced tendency of the supersaturated solid solution to 

decompose during the cooling process [900,906]. The increase in Mg content in 7085 

aluminum alloys may reduce the solubility of the other main alloying elements, leading to an 

increase in the driving force for η phase precipitation during quenching [898]. It is believed 

that the 7xxx series aluminum alloy with a higher Zn/Mg ratio has relatively low quench 

sensitivity [906]. The possible explanations for this are (i) the decelerated decomposition rate 

of the solid solution to a stable phase [908] and (ii) the significant suppression of the 

precipitation of the S phase (Al2CuMg) during continuous cooling [905]. In consequence 

more Cu and Mg can be retained in solid solution, resulting in reduced quench sensitivity. 

Adding Cu results in higher quench sensitivity [750]. However, Livak and Papazian [909] 

demonstrated that a small addition of Cu to an Al-Zn-Mg alloy could decrease the quench 

sensitivity by promoting the formation of solute-vacancy complexes. In 6xxx alloys, changes 

in the content and ratio of the main alloying elements also seriously affect quench sensitivity. 

Milkereit et al. [411] pointed out that increasing the total content while keeping the Mg/Si 

ratio unchanged increases quench sensitivity. A comparative study also reveals that higher Mg 

and Si content induces a faster critical cooling rate and thus greater quench sensitivity [910]. 

In 2xxx aluminum alloys increasing the Cu content will also increase quench sensitivity 

[911,912]. For example, compared with 2024, 2219 with a higher Cu content is more sensitive 

to the cooling rate and is more likely to generate an θ phase during cooling [538]. Therefore 

both the content and the proportion of alloying elements must be controlled to avoid 

unacceptable quench sensitivity. 

Adding minor elements such as Mn, Cr and Zr to the aluminum alloy can increase the latter’s 

recrystallization temperature and inhibit the occurrence of recrystallization [897,906]. The 

reduction in grain size will increase the alloy’s quench sensitivity by increasing the number of 

both nucleation sites for particles during cooling and sites where excess vacancies can 

annihilate. In 7xxx series alloys, the minor elements added usually accumulate in the matrix 

in the form of second phases, e.g. Al18Cr2Mg3 (E phase) and an AlMgMn phase [906], which 

can act as nucleation sites for the equilibrium η phase. Zr has been reported to inhibit 

recrystallization through the presence of Al3Zr dispersoids and to reduce the alloy’s quench 

sensitivity [497,897]. The crystallographic orientation relationship plus the interfacial energy 

between the dispersoid phase and the precipitate play a substantial role in quench sensitivity. 

In Al-Zn-Mg alloys Ge can significantly inhibit quench-induced coarse precipitates [897,913]. 

The Al-Zn-Mg-Cu alloy containing both Ag and Ge has a lower coarse equilibrium phase 

density after slow quenching. It is believed that Ag/Ge trap free vacancies and reduce the 

amount of coarse precipitation on particles containing either Cr or Zr during quenching, 

leading to the lower quench sensitivity [897]. Fe and Si are common impurities in 7xxx series 
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aluminum alloys, and their content should be controlled to remain at very low levels 

[914,915]. The mechanism underlying the effect of Fe and Si on quench sensitivity is still a 

subject of debate. Si may combine with Mg to form the Mg2Si phase, while Fe can promote 

the formation of Al15(FeMn)3Si2 with Mn. These primary intermetallic phases are insoluble 

coarse particles which may cause premature cracks and failure [916]. The traditional belief is 

that adding Fe and Si will increase quench sensitivity due to the presence of dispersoids and 

such intermetallic phases [906]. However, the impurity elements Fe and Si mainly exist in Al-

Zn-Mg-Cu alloys such as the A17Cu2Fe phase and the Mg2Si phase [917]. The formation of 

these phases consumes large amounts of Cu and Mg, reducing the solutes supersaturation and 

the equilibrium phase precipitation during slow quenching. 

Adding Mn and Cr will increase the quench sensitivity of 6xxx aluminum alloys [918–920]. 

In a way similar to 7xxx alloys, the dispersoids containing Mn or Cr formed during the 

cooling process promote β/βʹ precipitation. Taking the 6063 alloy as an example, a cooling 

temperature of 0.8 °C/s followed by artificial aging can obtain 90% strength in T6 state. 

When the alloy contains excessive Mn/Cr, the cooling rate needs to be increased to 25 °C/s to 

reach the same level [918–920]. Saito et al. [921] found that a small amount of Cu (~0.1%) 

will not change the quench sensitivity in an Al-Mg-Si alloy. The average precipitate size 

reduces significantly, while the precipitate number density increases after subsequent artificial 

aging in the copper-containing alloy after either air cooling or water quenching [921]. 

However, Kassner et al. pointed out that when too much Cu is introduced, it increases quench 

sensitivity [922]. Tzeng et al. [923] reported that adding a small amount of Sc (0.04 wt.%) can 

reduce the quench sensitivity in Al-Mg-Si alloys. They believe that Sc atoms have the ability 

to preferentially trap vacancies and form Al3Sc during the cooling process, effectively 

hindering the movement of Mg atoms and thereby delaying the formation of Mg2Si. In 2xxx 

aluminum alloys, adding trace elements such as Mg and Mn also affects quench sensitivity 

[538,911,924,925]. During cooling, S phase Al2CuMg and T phase Al20Cu2Mg3 tend to 

precipitate at the grain boundaries along with a PFZ, all of this having a negative impact on 

the strength of the alloy. Fig. 56 summarizes the effects of various elements on the quench 

sensitivity of three heat-treatable aluminum alloys. 

 

Fig. 56. The influence of various alloying elements on the quench sensitivity of 2xxx, 6xxx 

and 7xxx aluminum alloys. 
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5.5 Influence of scrap-related contaminant elements on the fatigue behavior of 

aluminum alloys 

Scrap-related elements such as Si, Fe, Mn and Cu are commonly present in commercial 

aluminum alloys as precipitates or secondary phases, and they accumulate during recycling. 

The influence of Si on the fatigue behavior of hypo-eutectic Al-Si cast alloys is twofold. On 

the one hand, the eutectic Si particles can cause crack deflections, and slow down crack 

propagation [926][927]. On the other, large eutectic Si particles can increase the probability of 

crack nucleation and promote formation of crack networks [926][928]. Which mechanism 

dominates depends strongly on the stress or strain levels. Under low stress conditions with 

only minor plastic deformation (i.e. high cycle fatigue (HCF)), the number of cracks is very 

small and normally only a single main fatigue crack dominates. In such scenarios a higher Si 

content would be very harmful, because the eutectic Si particles would then be the main 

reason for crack nucleation [928]. At higher fatigue deformations (i.e. low cycle fatigue 

(LCF)), cracks can nucleate nearly everywhere in the eutectic structure, and the number of 

crack nucleation events is usually sufficiently high to enable the further growth of cracks. At 

the early stage of fatigue with relatively high local plastic strain, when many cracks form and 

propagate, they can be deflected by hard eutectic Si particles. Here only a few cracks grow 

further and cause fatigue damage. 

In cast aluminum alloys Fe usually causes the formation of Fe–Al based intermetallic 

compounds, e.g. β-Al5FeSi in needle- or plate-like shapes, which can have a detrimental 

effect on mechanical properties [929][339]. The effect of Fe content on the fatigue life of a 

cast Al–7%Si–0.7%Mg (A357) alloy with secondary dendrite arm spacing (SDAS) of 20-80 

µm was studied by Wang et al. [930] with a sinus load frequency of 55 Hz. They found that 

an increase in Fe content from 0.08 to 0.14 wt.% generates a decrease in the fatigue life of the 

cast alloy for larger SDAS (>60 µm), while its influence at small and intermediate SDAS 

values (<60 µm) is insignificant [930]. Horng et al. [931] studied Al–7%Si–0.3%Mg (A356) 

alloys with an Fe content varying from 0.14–0.97 wt.%. They found that the primary Fe-rich 

IMCs are π-Al8Mg3FeSi6 and α-Al15Fe3Si2 at an Fe content of below 0.57 wt.%, while β-

Al5FeSi is formed where there is higher Fe content, e.g. 0.97 wt.% [931]. Compared to π-

Al8Mg3FeSi6 and α-Al15Fe3Si2, the β-Al5FeSi IMC is more detrimental to fracture resistance, 

and has an increasing effect on the mechanical properties of the materials with increasing Fe 

content [931]. It has also been observed that fatigue cracks propagate along Si particles and 

Fe-rich IMCs [931]. Gall et al. [932] investigated the fatigue crack paths in a cast Al–7%Si–

0.3%Mg (A356) alloy containing modified IMCs, and found that during the later stage of 

fatigue the cracks propagate preferentially along Fe-rich (Al15(Fe,Mn)3Si2) IMCs and Si 

particles. 

The effect of Fe on fatigue behavior also depends strongly on stress and cycling time. Yi et al. 

[933] found that in the short lifetime regime (<105 cycles) of the conventional cast Al–7%Si–

0.3%Mg (A356) alloy the influence of Fe is insignificant, but that Fe-rich IMCs generate a 

remarkable decrease in fatigue life in the long lifetime regime (>106 cycles) (see Fig. 57). 

With high levels of applied stress in the short lifetime regime, crack propagation dominates 

fatigue life. The growth of small cracks can be hampered by the large plate-like Fe-rich 

particles via crack branching and meandering in the high Fe content cast A356 alloy [933]. 

However, in the long lifetime regime with relatively low levels of applied stress, the large Fe-

rich particles stimulate crack initiation by increasing the stress-strain concentration [933]. 
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Fig. 57. Stress cycle number curves for a cast Al–7%Si–0.3%Mg (A356) alloy with low Fe 

content (<0.1 wt.% Fe, denoted as “Low-Fe”) and high Fe content (>0.55 wt.% Fe, denoted as 

“High-Fe”). St and Sb specimens refer to specimens taken from the top and bottom positions 

of the wedge A356 ingot, respectively. Diagrams reproduced with permission from [933]. 

 

When Fe and Mn accumulate together during recycling, their joint effect on fatigue behavior 

is particularly interesting. Ceschini et al. [934] studied the effects of Fe and Mn content on the 

fatigue properties of an Al–10%Si–2%Cu casting alloy. The needle-like β-Al5FeSi was the 

main intermetallic phase in the high-Fe content (0.5 wt.%) alloy samples, while α-

Al15(Fe,Mn)3Si2 and π-Al8Mg3FeSi6 intermetallic phases with a Chinese-script morphology 

were also present in the alloy samples containing Mn [934]. It was found that the α-

Al15(Fe,Mn)3Si2 and π-Al8Mg3FeSi6 intermetallic compounds increased the fatigue resistance 

at high applied stress, while they decreased the cycles to failure at low applied stress [934]. 

These findings relate to the following facts. Dislocation movement is more effectively 

blocked by intermetallic compounds than by eutectic silicon particles under low applied 

stress, and thus the accumulation of dislocations at the interface between the alloy matrix and 

the intermetallic compounds leads to stress concentrations and consequently promotes crack 

nucleation with the matrix-particle decohesion or the cracking of particles. However, under 

high applied stress microcrack propagation determines the fatigue life [930][931][934]. 

Because Mn could modify the morphology of the needle-like β-Al5FeSi and promote the 

formation of α-Al15(Fe,Mn)3Si2 with a Chinese-script-like morphology (less harmful shape) 

[934], the overall fatigue and other mechanical properties could be optimized. 

The influence of Sr (~0.2 wt.%) on the fatigue behavior of an AlSi6Cu4 alloy was investigated 

by Huter et al. [928]. They observed a significantly longer fatigue lifetime for the Sr-modified 

alloy in both the high- and low-cycle fatigue regimes. Sr enables the eutectic silicon particles 

to assume smoother shapes and smaller sizes by promoting phase nucleation, thus acting as a 

refinement or modifying agent in the alloys [928][935]. It was found that the elastic strain 

energy necessary for interface cracking in the AlSi6Cu4 alloy without Sr modification is lower 

than that required in the Sr-modified alloy; thus crack nucleation in the former starts earlier 

during fatigue [928]. This suggests that Sr has a beneficial effect on preventing fatigue crack 

initiation. Moreover, because by adding Sr it was possible to induce more internal eutectic Si 

particles as barriers to fatigue crack propagation, average crack propagation speed could be 

reduced compared to the AlSi6Cu4 alloy without Sr modification. 

The influence of Cu on the fatigue endurance limit of an AlSi7Mg(Sr) alloy was also reported 

by Huter et al. [928]. In the initially solidified state, some primary Al2Cu precipitates (the θ 

phase) can be present, and they can evolve into the coherent θ" phase and the partially 

incoherent θ' phase upon solution annealing treatment and artificial aging. Accordingly, Cu 
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generates enhanced strength in the alloy due to precipitation. The Cu-induced precipitation-

hardening effect can also increase the fatigue limit under HCF [928]. One possible 

explanation was that the fatigue load can be internally shed onto the precipitates, and the 

fatigue endurance can be enhanced via the Orowan mechanism [928]. However, when fatigue 

proceeds in the plastic regime, alloys with lower Cu content have higher ductility and hence 

show higher fatigue life [928]. 

Fig. 58 summarizes the above discussions about the effects of some scrap-related elements 

(Si, Fe, Mn, Sr and Cu) on the fatigue behavior of aluminum alloys. The scrap-related 

elements influence the fatigue properties mainly by precipitation and/or modification of 

intermetallic compounds or secondary phases. The related effects are strongly dependent on 

the stress and plasticity levels involved in fatigue. The shape of the precipitates is also 

important for the fatigue properties, e.g., the Chinese-script-like α-Al15(Fe,Mn)3Si2 is less 

harmful than the needle-like β-Al5FeSi, as discussed above. 

Zhang et al. [936] recently suggested an alternative, or additional, method of making high-

strength Al-alloys more resistant to fatigue. This involves a specific microstructure design that 

exploits the mechanical energy imparted during the initial cycles of fatigue to dynamically 

heal the weak points inherent in the microstructure. This concept substantially improved the 

fatigue life of ultrahigh-strength Al-alloys and may also work in impurity-contaminated alloy 

variants. 

 

 

Fig. 58. Diagram summarizing the influences of some scrap-related elements on the fatigue 

behavior of aluminum alloys. 

 

5.6 Influence of scrap-related contaminant elements on the corrosion of aluminum 

alloys 

Aluminum and its alloys feature high chemical activity, but they usually exhibit excellent 

corrosion resistance owing to the formation of a thin, uniform and stable oxide film [937]. 

Modifying the alloying elements can alter the microstructure and affect the anti-corrosion 

performance of recycled aluminum alloys, as summarized in Fig. 59. The impurity elements 

accumulated in the recycled aluminum alloys usually promote the formation of intermetallic 

compounds, which can induce micro-galvanic cells due to the electrochemical potential 

difference between the compounds and the matrix. If the electrochemical potential of 

intermetallic compounds is higher than that of the aluminum matrix, these compounds (e.g., 
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Al2Cu) will become cathodic with respect to the anodic aluminum matrix, causing localized 

corrosion [938,939]. For instance, Fe contamination in aluminum alloys promotes 

electrochemical corrosion due to the formation of local electrochemical cells [940]. As the Fe 

content increases, a large number of anodically acting needles (i.e., Al6Fe, Al3Fe and 

Al12Fe3Si2 intermetallics) form and produce more potential corrosion sites on the surfaces. 

Therefore, enhanced Fe content lowers the corrosion performance of recycled aluminum 

alloys [67,941]. Adding Mn or Cr can help to neutralize the adverse effect of Fe on corrosion 

resistance due to the formation of Al6(Mn,Cr,Fe) and Al12(Mn,Cr,Fe)3Si IMCs, whose 

electrochemical potentials are similar to those of aluminum [942,943]. 

The size of the intermetallic compounds is also important, affecting the alloys’ formability 

and their corrosion resistance in particular due the formation of micro-galvanic elements. 

More specific, large intermetallic compounds with micrometre dimensions usually cause 

corrosion performance to degrade substantially, while sometimes no corrosion attack at all 

can be found on or around nanometre-sized intermetallics [944,945]. For instance, if Zr is 

added to an 1070 Al-alloy as a model impurity this can trigger refinement and improved 

dispersion of Fe-containing intermetallics, an effect which mitigates the negative influence of 

the Fe-containing intermetallics in the alloy [733]. In general, the following aspects related to 

these beneficial elements contribute to neutralizing intermetallics’ negative effects on 

corrosion [733,942,943]: (i) enhanced passivation performance, which slows the formation of 

corrosion pits; (ii) reduced potential difference between intermetallic compounds and the 

matrix; (iii) the refinement and improved dispersion of particles to prevent localized corrosion 

due to propagation. Note that non-metallic impurities (e.g., Al4C3 particles and entrapped 

oxides) generally cause corrosion resistance to deteriorate, as they may react with water at the 

surface [942,943]. 

Impurity elements also exert an influence on the corrosion behavior of aluminum alloys 

through their interaction with precipitations, either inside grains or at grain boundaries [946–

948]. Examples of such interaction are seen in 6xxx alloys. In these materials the Zn content 

has to be strictly controlled to values below 0.03 wt.% in recycled Al-Mg-Si ternary alloys, 

because larger amounts can cause corrosion attack on grains and interfaces in alkaline 

solutions which would be harmful to the anodized surface appearance. 

Tolerance to Zn levels in 6xxx alloys made from scrap can be increased if a similar level of 

Cu (e.g., 0.1 wt.%) is added. Preferential grain boundary corrosion attack rather than grain 

surface attack then occurs due to the segregation of Cu or the formation of precipitates (e.g. 

the Q phase) at grain boundaries. The accumulation of Zn was observed to increase the Zn/Cu 

ratio in the Q phase. This effect seems to change the potential difference of the Q phase 

relative to the neighbouring matrix [149]. 

In Al-Mg-Si-Cu-Zn alloys (i.e. modified 6xxx and most 7xxx alloys) with relatively high 

Zn/Cu content, intergranular corrosion (IGC) resistance first degrades with an increase of the 

Zn level to 1 wt.%, and then improves with its increase to values above 2.0 wt.% [947]. This 

effect is related to the compositional states of the Zn-containing grain boundary precipitates 

and the precipitation free zones (PFZs). 

Ag was found to reduce the severe IGC susceptibility in the Si-excess Al-Mg-Si alloys. 

However, an accumulation of Ag above 0.3 wt.% reverses this trend due to the more 

significant formation of intergranular anode β' phases [948]. 

In addition to scrap-related impurity elements (Fe, Zn, etc.) and microstructure-modifying 

elements (Mn, Zr, Cr, etc.), the main alloying elements Cu, Si, Mg can also affect the 

corrosion performance of recycled aluminum alloys [949] if they deviate from standard 
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specifications. For example, adding Cu can cause the formation of Cu-containing phases or 

the segregation of Cu at grain boundaries, thereby reducing the corrosion resistance of these 

alloys [946,950,951]. Even trace levels of Cu (as low as 0.06 wt.%) can induce substantial 

IGC sensitivity in Al-Mg-Si alloys, due to the formation of Cu-containing precipitates at high-

angle grain-boundaries [951]. Enhanced scrap-related Si content in recycled alloys can be 

beneficial, as it generates (e.g.) higher strength, but it also increases corrosion tendency [952]. 

Because the concentration of Si atoms in PFZs is lower than that in grain interiors and in Si-

containing grain boundary precipitates, the corrosion potential of the Si depletion layer (PFZ) 

is not only lower than that of the adjacent precipitates, but also lower than that of the adjacent 

grain interior. This can have severe anodic dissolution effects and lead to corrosion of the 

PFZs around the Si particles, thus increasing the material’s overall IGC sensitivity [953]. This 

Si effect is important, because future scrap will probably have a higher overall Si content due 

to the massive number of cast vehicle parts from the automotive sector which will be returned 

in the next two decades. 

In many cases adding Mg serves to enhance the corrosion resistance of aluminum alloys. 

However, too much Mg inherited from scrap can lead to the precipitation of anodically active 

Al3Mg2 IMCs at grain boundaries, creating the sensitization problem characteristic of 5xxx 

alloys. Therefore care must be taken to control the compositions of alloys made from 5xxx 

scrap or from mixed light metal scrap, to prevent them from triggering the unwanted grain 

boundary precipitation of Mg-rich IMCs. 

Mg has a strong affinity with almost all of the other major alloying elements, e.g., Si, Cu and 

Zn, and can promote precipitation of unwanted phases that contain these elements in the grain 

interior [953,954]. The grain interiors then become less noble, leading to a smaller potential 

difference between the grain boundaries and the adjacent grain interiors. This effect reduces 

the material’s IGC sensitivity [950]. 

The scrap-related tramp elements discussed above primarily act on specific microstructural 

and galvanic features. However, there are also impurity elements that are surface-sensitive 

and influence corrosion through a mechanism referred to as anodic activation [955,956]. 

Components pertaining to this group are, for example, the low-melting elements Pb, Sn, Bi 

and In. Most of the detailed studies have been conducted on the role of Pb [957,958]. 

When these elements accumulate above their solubility limits they segregate to the alloys’ 

surfaces and can generate impurity-enriched metal-oxide films, for instance when the alloys 

are exposed to processing steps where these elements are suffiently mobile. This changes the 

band-gap of the oxides, which leads to anodic activation, meaning that the oxides are 

destabilised, particularly under the effect of chloride ions. The phenomenon can appear in the 

form of enhanced pitting and even activate the entire oxide surface. Countermeasures include 

additional doping with noble elements such as Cu to change the surface potential [959]. 

Reviewing these different types of mechanism shows that a better understanding of the effects 

on corrosion of scrap-related composition deviation is crucial for the design of recycling-

friendly aluminum alloys [960]. It is important to mention that advanced processing 

technologies, e.g. high pressure die-casting [961], solid-state recycling [941], severe plastic 

deformation [279] and casting methods featuring higher solidification rates can also lessen the 

difference between the behavior of secondary-synthesis alloys and primary-synthesis alloys in 

terms of corrosion resistance [937]. The modification of microstructure in recycled aluminum 

alloys with scrap-related contaminant elements through processing was discussed in more 

detail in section 3.6. 
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Fig. 59. Effect of various scrap-related tramp elements on the corrosion of recycled alloys. 

 

5.7 Trapping of contaminant elements at defects and in precipitates 

Aluminum alloys generally show high sensitivity to embrittlement induced by impurities. For 

example, alkaline impurities such as Na and Ca which intrude into the material during the 

aluminum recovery process, can cause high-temperature embrittlement [962]. They segregate 

to grain boundaries and reduce their cohesive strength.  

Another examples is hydrogen and the associated hydrogen embrittlement (HE) [963] which 

can have catastrophic impact on the mechanical properties of materials made from 

contaminated scrap. Organic matter in particular, which is inevitably introduced by post-

consumer scrap into recycled aluminum alloys, acts as a hydrogen source. Therefore the 

hydrogen content in some recycled aluminum alloys may in certain cases be higher than that 

in aluminum alloys made entirely from primary materials. The potential of low-temperature 

atom probe tomography (APT) to observe the distribution of hydrogen (and deuterium) at 

various structural defects in metal alloys was demonstrated recently by Chen et al. [964], 

Breen et al. [965–967] and Zhao et al. [133]. Hydrogen trapped at defects (vacancies, 

dislocations, grain boundaries, sub-grain boundaries) and precipitates [964,968,969] can 

reduce stress corrosion resistance [133] and enhance the HE propensity of recycled aluminum 

alloys [131,968]. At room temperature, the solubility of hydrogen in aluminum is below 

0.1×10-6 wt.%. Excessive hydrogen intrusion affects the mechanical properties of aluminum 

alloys in two ways: (i) segregated hydrogen induces interfacial decohesion at grain boundaries 

(HE) and (ii) micropores composed of hydrogen molecules cause ductile fracture [963,970]. 

Oger et al. [131] studied the segregation of hydrogen in 7xxx aluminum alloys in different 

artificial aging stages. They proposed that the interface between the precipitates and the Al 

matrix is an effective trap site for hydrogen, and that the presence of precipitates can 

effectively reduce hydrogen trapping by grain boundaries. Their findings thus emphasize that 

strictly controlling precipitates may aid resistance to HE [131]. Tsuru et al. [968] confirmed 

by first-principles calculation that the interface between MgZn2 and the Al matrix is a more 

favorable site for trapping hydrogen compared to the grain boundaries in an Al-Mg-Zn alloy. 

Chao et. al. [969] found that the θ phase in 2xxx aluminum alloys is also capable of trapping 

hydrogen. Therefore, refinement of grains, introduction of dislocations/vacancies and the 

control of H-trapping precipitates are strategies that can be employed to effectively reduce HE 

in recycled aluminum alloys.  

Trapping of scrap-related tramp elements also occurs in precipitates. It was observed that 

traces of Zn can introduce precipitates into an Al-Mg-Si alloy enhanced with Zn, resulting in 

a change in the precipitate’s structure but without changing its sequence [832]. If the Zn 
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content exceeds 1 wt.% Zn will segregate to grain boundaries under peak aging conditions, 

leading to high IGC sensitivity. These observations suggest that trapping contaminant Zn in 

precipitates is an effective way to avoid the segregation of Zn at grain boundaries. 

Contaminants can also get trapped by their preferential enrichment around precipitates. For 

example, when Ag is added to an Al-Cu alloy some portion of the Ag will partition to the 

coherent interface at the θ' precipitates to form an Ag-rich double-layer structure [690], which 

is believed to reduce the interfacial energy between θ' and the matrix. Some Ag also 

segregates to the semi-coherent θ'-matrix interface and acts as an obstacle to Cu diffusion. 

This interfacial trapping may hinder or prevent the lateral growth of θ' precipitates. Fig. 60 

summarizes the distribution of various minor contaminant elements at defects/precipitates and 

their associated influence on the macroscopic properties of recycled aluminum alloys. 

 

 

Fig. 60. Schematic diagram summarizing potential trapping sites for contaminant elements at 

defects and precipitates. The influences of contaminant elements on macroscopic performance 

are also included. 

 

6 Effects of scrap-related impurities in cast alloys: Constitution, 

microstructure, processing and properties 

6.1 Brief introduction to cast alloys 

Given their high fluidity, low tendency to hot cracking and good as-cast surface quality, 

aluminum casting alloys offer good castability. Like wrought alloys, they are divided into 

alloy series according to their main alloying elements: Si, Cu, Mg, Zn and Sn [971,972] (see 

Table 15). Unfortunately, however, no globally recognized designation system exists. Many 

countries use specific alloy names. In the following reference is therefore made to the system 

of the Aluminum Association (AA), but where necessary a designation according to the 

chemical composition is also provided. The AA uses a four-digit numerical system. The first 

digit indicates the alloy group; the following two digits identify the different aluminum alloys 
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in the group; and the digit that follows the decimal indicates the product form. Variations in 

specified compositions are denoted by the prefix letters A, B, C or D to define differences in 

impurity limits, in particular relating to Fe content. For example, the upper limit for Fe in 

A356 is 0.15 wt.%, but in C356 it is only 0.07 wt.%. 

Table 15 

Aluminum Association four-digit numerical system for identification of aluminum alloys. The 

examples highlighted in color were considered in the preceding sections. 

Number series 
Major alloying 

elements 
Example alloy 

1xx.x 
99% minimum Al 

content 
Al99.7 

2xx.x Al + Cu AlCu4Mg0.25 (206) 

3xx.x 
Al + Si + Mg, Al + Si + 

Cu,  Al + Si + Mg + Cu 

AlSi10.5Mg0.4 

AlSi9Cu3MgFeZn (A380) 

AlSi7Mg (A356) 

4xx.x Al + Si AlSi10FeCuNi (A413) 

5xx.x Al + Mg 
AlMg5Si2MnTi 

AlMg5Zn3.5Cu0.5 

7xx.x Al + Zn AlZn5.5Mg0.5 

8xx.x Al + Sn AlSn6 

 

Castability is best with the 3xx and 4xx series and decreases on the order of 5xx, 2xx and 7xx. 

Besides the major alloying elements, (i) minor elements, (ii) microstructure-modifying 

elements; and (iii) impurities must also be considered, as follows: 

(i) Minor elements: Ni for enhancement of the elevated temperature service strength 

(ii) Microstructure-modifying elements: Ti and B for refining primary aluminum grains; 

Sr, Na, Ca, Sb for modifying the morphology of the eutectic silicon phase in Al-Si 

alloys; Mn, Cr, V, Mo for changing the structure and morphology of the monoclinic 

-Al5FeSi phase to the cubic -Al15(MnFe)3Si2 phase, which is much less harmful 

to ductility 

(iii) Impurities: e.g. Fe, Cr and Zn 

 

Various commercial alloys are subject to tight restrictions on a number of different elements 

that may negatively affect material properties. However, with regard to the influence of scrap-

related impurities on property profiles, it is basically true that aluminum casting alloys are 

much more tolerant and less sensitive than wrought alloys [72]. This is mainly due to two 

things: aluminum casting alloys’ generally higher alloying element content, and the 

significantly wider tolerance range of these alloying elements [973]. 

The alloys of the 3xx-series are the most popular in the casting industry because of their 

superior casting characteristics and good strength properties [974]. Secondary Al-Si-Cu-Mg 
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alloys dominate the market for powertrain components and die-cast parts, where strength at 

elevated temperature and wear resistance are more important than ductility. Al-Si-Mg alloys – 

mostly primary alloys – are used for wheels, structural castings and suspension parts, which 

require medium to high strength and good ductility [973]. The 4xx-series alloys are used 

when good castability in combination with particularly good ductility (Mg-free) or 

particularly good corrosion resistance (Cu-free) is required [971]. 

Cast alloys of the 5xx-series are characterized by high resistance to corrosion, weathering and 

seawater. They are well suited for decorative anodic oxidized components. Conventional Al-

Mg alloys have medium strength values, but exhibit good ductility properties. However, their 

castability is comparatively limited, i.e. they lack fluidity and are sensitive to hot cracking. 

Therefore they are not often used for die-cast components [972]. Contaminants and impurities 

should be avoided, as many applications involve surface finishing (polishing). Alloys suitable 

for die-casting typically contain about 1 wt.% Si to form an Al-Mg2Si eutectic. Their 

mechanical properties are rather modest, with yield strength values around 90-120 MPa and 

elongation at fracture of roughly 5% [975]. More recent developments in the 5xx family 

concern alloy type AlMg5Si2Mn. They enable the die-cast production of large thin-walled 

structural parts with improved ductility. Depending on the wall thickness, good mechanical 

properties are achieved without heat treatment, i.e. in the “naturally hard” state (yield strength 

140 - 170 MPa, elongation to fracture 9 – 14% for wall thickness 5 mm). However, high 

ductility requires the use of low-iron primary alloys with Fe < 0.2 wt.% [976]. 

2xx-series cast alloys have been used in various industrial sectors such as the automotive and 

aerospace industries due to their high strength and good elevated temperature properties. The 

age-hardenable Al-Cu-Mg variants exhibit the highest strength levels of all aluminum casting 

alloys. With carefully controlled levels of impurities, excellent ductility is also achieved. The 

alloy A206 (AlCu4.5Mg0.25), for example, reaches yield strength values of 350 MPa at 12% 

elongation to fracture, but the Fe content is limited to 0.15 wt.% and the Si content to 0.05 

wt.% [977]. The corrosion resistance of 2xx alloys is not very high, and certain compositions 

may be susceptible to stress corrosion cracking in the high-strength state. Generally the alloys 

of the 2xx series are not preferred candidates for die-casting due to their poor fluidity and 

relatively high tendency to hot cracking, but they are increasingly being used in squeeze 

casting [972,973]. 

The alloys of the 7xx-series usually contain Mg and minor additions of one or more of the 

elements Cu, Fe, Cr and Mn. The alloys in the as-cast state exhibit a pronounced tendency for 

natural aging, but artificial aging is only used in special cases. Yield strength values of over 

250 MPa can be achieved, but ductility is modest. The casting properties are relatively poor 

and they show a strong tendency to hot cracking [978]. On the whole, the alloys can be 

regarded as special and are not considered further in the next section. 

 

6.2 Main contaminants and contaminant effects in cast alloys 

Cast alloys are sometimes more suitable for absorbing material from mixed alloy scrap 

streams than wrought alloys, which mostly have little tolerance for impurity elements and 

scrap-related compositional variations. 

While a number of contaminating elements cause property changes which are comparable in 

all alloy groups, specific elements have particularly detrimental effects on some alloys. In the 

following, the most important alloy series are considered individually; where there are 

generally applicable impacts, this is explicitly pointed out. It is important to note that cast 

components frequently undergo post-processing heat-treatment operations which bring the 
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microstructure from a non-equilibrium state to a state closer to thermodynamic equilibrium. In 

consequence, the effects of the contaminants may change (see Table 16). 

By far, the most important contaminant introduced by scrap is Fe. However, Cu and Si can 

also have considerable contamination effects. It must therefore always be kept in mind that 

major elements in some alloys may be impurity elements in others. An important example is 

Cu, as Cu-free 3xx-series cast alloys for structural applications are often regarded as more 

corrosion-resistant than Cu-containing counterparts. However, Fragner et al. [979][980] 

pointed out that even a small increase in tolerable Cu content could lead to a considerable 

increase in potential scrap input – without any noticeable influence on corrosion properties. Si 

is Janus-faced in the 5xxx series. While in binary die-cast alloys it is considered a harmful 

element even in relatively low amounts if it forms Mg2Si precipitates at grain boundaries, it 

can contribute to better castability if it is present in sufficient quantity to form an Al-Mg2Si 

eutectic. Zinc is generally considered an acceptable impurity element in many scrap-based 

alloys. It is quite neutral in small concentrations, and neither improves nor diminishes the 

properties of an alloy. 

 

Table 16 

Influence of specific tramp elements on cast aluminum alloys. 

Impurity element Undesired influence on alloy and processing 

Cu 
Lowers corrosion resistance, 

Lowers weldability 

Fe 
Forms coarse intermetallic phases, 

Embrittling effect 

Zn 
Embrittling effect 

Promotes oxidation of the liquid 

Mg, Ca, Na 
Promote oxidation of the liquid, 

Lead to mold sticking 

Sn, Pb Reduce strength 

 

 

Possible measures for reducing or eliminating property deterioration due to contamination and 

optional alloy design possibilities outside the standard compositions are discussed below. 

They address only the most important alloy series: 3xx, 5xx and 2xx. The assessment of Fe 

contamination is accorded the greatest importance. 

The 3xx-series alloys 319 (AlSi6Cu3.5Zn) and A380 (AlSi9Cu3.5FeZn) are the most 

important scrap-based secondary alloys, and are primarily used in engine blocks and cylinder 

heads. Their usage volume equals over 80% of all die-cast alloys [972]. Because their 

impurity tolerance is significantly greater than that of other alloys, they are currently the most 

important sinks for scrap. Despite their wide compositional tolerance, these alloys are easy to 

process and exhibit good strength properties, even at higher temperatures up to 180 °C. 

However, their wide tolerance range is accompanied by great variations in strength and 

elongation values. In addition, a significant susceptibility to corrosion makes these alloys 
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unsuitable for use in safety-critical components. Pucher et al. [981][982][99] systematically 

investigated the options for microstructure design and the associated property changes in 

AlSi9Cu3FeZn. The tolerance range defined by the standards for all alloying elements 

presents wide scope for specific adaptations to the alloy composition to meet increased 

requirements, both for as-cast and age-hardened conditions. Depending on the chemical 

composition within the tolerance band chosen (8<Si<11; 2<Cu<3.5; 0.1<Mg<0.5, 

0.15<Mn<0.55, 0.4<Fe<1.2; in wt.%), the yield strength and elongation to fracture of 

permanent mold and high pressure die-cast components in the as-cast state range from 

100 MPa to 200 MPa and 0.35% to 3.9% respectively, and in the T6 state from 135 MPa to 

400 MPa and 0.15% to 7% respectively (see Fig. 61). 

As far as ductility is concerned, the morphology of the intermetallic phases which contain Fe 

is the decisive aspect, just as it is in wrought alloys (see section 8). The occurrence of the 

monoclinic -Al5FeSi phase must be prevented in favor of the cubic -Al15(MnFe)3Si2 phase. 

This can be achieved by adding so-called Fe-corrector elements, with Mn and Cr being the 

most important and effective ones [972].  

Fig. 62 shows for the quaternary Al-Si-Fe-Mn system the effect of Mn on the Fe-containing 

IMCs for the case of a non-equilibrium solidification according to Scheil (as-cast condition) 

and for the equilibrium state at 495°C (after solution heat treatment). 

 

 

Fig. 61. Mechanical properties and flow length of AlSi9Cu3(Fe,Zn) in as-cast and T6 states as 

a result of systematic variation of chemical composition within the alloy limitations. The 

range of properties is greatly extended by applying a heat treatment (solid solution treatment 

at 495°C/8h + 160°C/10h). Blue: 0.4% Fe; red: 0.8% Fe; green: 1.2% Fe. Adapted from 

[982]. 
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Fig. 62. The isothermal section at 495°C in the Al-Si7-Fe-Mn system illustrates the border 

between microstructures free of the β-Al5FeSi phase and β-containing structures depending on 

Fe and Mn content (solid line). In addition, the demarcation of areas with the primary β phase 

after non-equilibrium solidification according to Scheil is shown (calculated with the Pandat 

software using the database PanAl2019 [983]). 

 

The tolerance bands for Mn and Fe of alloys 319 (Mn<0.5 wt.%, Fe< 1 wt.%) and A380 

(Mn<0.5 wt.%, Fe<2% wt.%) mean that greater Fe content will lead to the formation of the 

unfavorable primary -Al5FeSi phase there. It may be expected that at greater Mn content 

outside the tolerance band the preference for the -Al15(MnFe)3Si2 phase over the -Al5FeSi 

phase will result in improvements in ductility, although the total volume of IMCs which 

contain Fe will increase. 

Hwang et al. [984] investigated the influence of Mn on the mechanical properties of alloy 319 

containing 0.5 wt.% Fe. They varied the Mn content in steps from 0.02 to 0.85 wt.% and 

showed that the content of the -Al5FeSi phase was 0.5 vol.% at 0.3% Mn but that no -

Al5FeSi phase was present at 0.65% Mn (note that this is outside the tolerance range for Mn). 

Despite an overall higher volume fraction of IMCs of 0.29 vol.% (α-Al8Fe2Si phase) versus 

0.2 vol.% (α-Al8Fe2Si + -Al5FeSi phase), the alloy with 0.65% Mn was significantly more 

ductile. Jin et al. [985] investigated the influence of the combined addition of Mn and Mo on 

the formation of -Al5FeSi and α-Al8Fe2Si phases in alloy 319, with 0.3 and 0.7 wt.% Fe. 

They showed that adding Mo strongly promotes the formation of α-Al8Fe2Si and suppresses 

the precipitation of the -Al5FeSi phase in alloys containing both small and large amounts of 

Fe. However, the effect of Mo on the suppression of the -Al5FeSi phase depends on the Fe 

content. In alloys containing low Fe content, as little as 0.37% Mo completely suppresses the 

formation of the -Al5FeSi phase, whereas in alloys containing high Fe content only the pre-

eutectic -Al5FeSi phase can be reduced as the Mo content increases, while the eutectic -

Al5FeSi phase remains unchanged. Only the combined addition of Mn (0.24 wt.%) and Mo 

(0.41 wt.%) completely suppresses the -Al5FeSi phase in this case. 

The influence of Cr and Co on the formation of α-Al8Fe2Si and -Al5FeSi phases in alloy 

A413 (AlSi10FeCuNi) with Fe content randing from 0.5 – 2.5 wt.% was investigated in [986]. 

The authors showed that an Fe/Cr ratio of 3 should be aimed for to eliminate the -Al5FeSi 
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phase. For Co, an effect similar to that of Cr was observed, but a higher alloy content was 

identified in the formation of an α-Al8Fe2Si Chinese script instead of a -Al5FeSi phase. An 

optimal ratio of Fe/Co amounts to ≈ 1.0. 

A team at Brunel University [987] investigated the effect of solution and aging on the 

microstructure and mechanical properties of AlSi9Cu3.5 die-cast alloys with ≈ 0.5 wt.% Mn 

and a modified Fe content of 0.1 and 1.0 wt.%. In the as-cast state the microstructures of the 

low-Fe alloy contained the intermetallic α-Al8Fe2Si phase, -Al2Cu and Q-Al2Cu2Mg8Si6. The 

Fe-rich alloy also contained a -Al5FeSi phase and a higher α-Al8Fe2Si phase content. In the 

as-cast state the elongation to fracture of the Fe-rich alloy was reduced. The solution heat 

treatment caused the Cu-rich phases to dissolve and the eutectic Si phase to become 

spheroidized, resulting in significant improvement in mechanical properties after an additional 

aging treatment. Assuming that the Mn content of the alloys is higher, such that the Fe-rich 

variant would be in the sector of the -Al5FeSi transformation in Fig. 62, then an even more 

significant improvement in properties might be expected from high temperature annealing. 

Pucher et al. [99] evaluated A380 alloys outside the tolerance band for Cu. As mentioned 

above, at high Si and Cu content not only α-Al8Fe2Si and -Al5FeSi phases determine the 

ductility level, but also the intermetallic phases Q-Al2Cu2Mg8Si6 and -Al2Cu. Systematic 

tests with Cu content reduced to slightly below 2.0 wt.% generate a significant improvement 

in ductility. Permanent mold castings in the as-cast state exhibit an elongation to fracture of 

≈10% at yield strength of 120 MPa. 

These examples show that it is possible to increase the property profile of alloys 319 and 

A380 by partially bypassing the tolerance limitation. This potential for property improvement 

is particularly important for the following reason. Alloys 319 and A380 are the most 

important secondary alloys, for the synthesis of which almost all wrought alloys are ideally 

suited. This is best illustrated by Modaresi et al. [988] in Fig. 63. It shows the clear potential 

for recycling of many wrought alloy series into alloys 319 and A380 (this is indicated by the 

lighter shades in the red frame). However, the demand for alloys for internal combustion 

engines will decrease in the near future due to the electrification of vehicles (this topic is 

addressed in more detail in section 7.3). If variants are designed based on alloys 319 and 

A380, but with a balanced content of the main alloying elements and thus improved 

properties, they may however find applications outside of the field of combustion engines. 



Fig. 63. Options for and restrictions on recycling paths of aluminum alloy series due to 

differing alloy content. The shades of gray indicate the percentage of a source alloy (scrap) 

that could be used in the production of the sink alloy. Reprinted with permission from [988]. 
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Of particular importance in the automotive industry are not only the casting alloys for 

aggregates described, but also those used in car bodies. Here the high ductility of the castings 

is absolutely essential for structural applications. The reference alloy for such applications is 

the primary alloy AlSi10MnMg, which is subject to challenging quality requirements (die-

cast, T7 condition: yield strength >120 MPa, elongation to fracture >12%) and restrictions 

regarding the main impurity elements from scrap-iron, copper and zinc permitted. 

Consequently, the casting alloys used today are mostly based on primary aluminum. In all of 

them, Fe content is limited to values below 0.15 wt.% to prevent the formation of the 

ductility-reducing -Al5FeSi phase. Because increased use of secondary aluminum inevitably 

leads to increased Fe content, alloy design focuses primarily eliminating this IMP. 

Boesch et al. [989] evaluated the optimum Mn content in age-hardenable AlSi10Mg0.4 alloys 

with ≈ 0.55 wt.% Fe which would allow a high fraction of secondary aluminum. According to 

their systematic study, the Mn concentration most promising for neutralizing 0.55 wt.% Fe in 

AlSi10Mg HPDC alloys is in the range of 0.4-0.6 wt.%. A Fe/Mn ratio of slightly above 1 is 

particularly recommended, since an Mn content of 0.6 wt.% leads to the formation of a finer 

morphology of the  phase compared to 0.4 wt.% Mn. The associated mechanical properties 

are very satisfactory and meet requirements ,with Rp0.2 ≈ 150 MPa and f = 13%. 

In [990] the influence of Mn and combined Mn plus Cr on the tensile properties of AlSi7Mg 

(A356) with 0.20 wt.% Fe were investigated. With the addition of 0.20 wt.% Mn, the acicular 

-Al5FeSi phase is replaced by the granular α-Al8Fe2Si phase with the effect of a slight 

increase in strength and doubling of the elongation to fracture. Simultaneous addition of 0.13 

wt.% Mn and 0.13 wt.% Cr also generates the transformation of the -Al5FeSi phase but 

causes an almost threefold improvement in ductility. The mechanical properties of this 

Mn+Cr-modified Fe-enriched alloy variant exceed those of the commercial reference alloy 

A356 containing < 0.15 wt.% Fe. 

Basaz and Babu [872] investigated the effect of Cu on the microstructure and properties of a 

recycled AlSi6 cast alloy with 2 wt.% Fe, i.e. the upper limit for the content of Fe impurities 

in recycled Al-Si alloys. They reported that the harmful -Al5FeSi phase was destabilized by 

the addition of Cu, thereby apparently providing an alternative to traditional Mn addition. 

Solution annealing of variants with a Cu content > 4 wt.% at 500°C leads to the formation of 

the ω-Al7Cu2Fe phase instead of the -Al5FeSi phase, which in turn decomposes into the θ-

Al2Cu phase at lower temperatures. Although the mechanical properties obtained are rather 

modest – yield strength ≈ 100 MPa at elongation to fracture < 3% – the study points towards 

interesting options for the modification of secondary alloys with high Fe content. 

Lin et al. [991] investigated the formation of IMCs and the mechanical properties of 

vanadium-modified AlSi7Mg cast alloys (A356) with 1.5 wt.% Fe. Experiments which 

systematically varied V-content up to 1 wt.% showed that an increasing V-content promotes 

the formation of an -Al15(FeV)3Si2 phase and reduces the size of the -Al5FeSi phase. With 

regard to mechanical properties, a V content of 0.8 wt.% proves particularly favorable. A 

yield strength of almost 160 MPa is achieved at an elongation at break of just above 5%. 

The above-mentioned scrap-related modifications of 3xx-series cast alloys have one aspect in 

common: they aim to prevent the formation of the plate/needle-shaped monoclinic β-Al5FeSi 

phase by adding transition metals in well balanced amounts. However, such alloy 

modifications have two further significant effects, firstly the reduction or elimination of “die 

soldering”, and secondly the formation of “sludge” particles. 
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Die soldering is a casting defect which is of considerable importance in high-pressure die-

casting. It is caused by an interfacial reaction between the liquid aluminum alloy and the 

ferrous die-casting material [992]. A boundary layer is formed with various intermetallic 

compounds that adhere to the tool surface. This leads on the one hand to permanent damage 

of the tool surface, and on the other to the sticking of the castings to the mold, with negative 

consequences for process time and product quality. The tendency towards die soldering is 

clearly dependent on the chemical composition of the casting alloy. Increased content of Fe 

and Mn, but also of Cr and other Fe correctors, reduces the risk of die soldering 

[993][994][995]. In this respect, all measures for increasing ductility by transforming -

Al5FeSi into the α-Al8Fe2Si phase are also beneficial to the prevention of die soldering. This 

in turn implies that “chemically corrected” 3xx-series casting alloys may be particularly 

suitable for HPDC. 

Fe correction (i.e. the addition of Mn and Cr to secondary cast alloys and their incorporation 

into the α-Al8Fe2Si phase), however, increases the total fraction of IMCs and their thermal 

stability. Their liquidus temperature may exceed the casting temperature [996][997], with the 

result that large, primary -Al15(FeMnCr)3Si2 phase particles with polyhedral and star-like 

morphologies are already formed in the holding furnace [998][999]. Due to their high density 

( ≈ 3.6 gcm-3) they fall to the bottom of the furnace as sediment, which in the long term 

creates process-related problems, or they are transported with the melt into the castings and 

create ductility-reducing inclusions [1000][989]. To evaluate the tendency of alloys to form 

sludge and to avoid undesired phase formation, a segregation factor SF (sludge factor) was 

derived by Jorstad [1000] (SF= Fe + 2 Mn + 3 Cr [wt.%]) which should not exceed a value of 

1.8. Thus, the content of Fe, Mn and Cr in an alloy cannot be increased arbitrarily, because 

with SF>1.8 the occurrence of a coarse α-Al8Fe2Si phase becomes increasingly more likely 

[1000]. The result is a significant reduction in ductility [989]. This effect should be taken into 

account when designing scrap-tolerant 3xx-series casting alloys. 

The contaminant effects in 5xx-series alloys must be considered separately in the context of 

conventional binary alloys, conventional complex die-cast alloys, and recently developed die-

cast variants for use in thin-walled structural components. As mentioned above, impurities 

should be avoided in corrosion-resistant binary alloys intended for decorative applications. 

These alloys usually have a polished surface whose optical quality is unacceptably reduced by 

second-phase particles. Thus Fe should be kept to a minimum, and Si content also requires 

particular attention. Thermodynamic calculations for solidification in non-equilibrium show 

that AlMg4.5 alloys with an Si content of 0.25 wt.% already precipitate approx. 0.5 mol.% 

Mg2Si from the residual melt [983], reducing ductility and corrosion resistance. 

However, if increased strength with acceptable ductility is more important than high corrosion 

resistance, which is the case in many applications, increased scrap content may be considered. 

For this reason, Zhu et al. [1001] investigated the influence of Fe on the structure and 

properties of AlMg5 and AlMg5Mn0.6 alloys. The Fe content was varied systematically from 

0 to 3.5 wt.%. The Fe-rich intermetallics – monoclinic Al13Fe4 in AlMg5 and orthorhombic 

Al6(Fe, Mn) in AlMg5Mn0.6 – influence the mechanical properties of the casting alloys 

significantly. Adding Fe increases the yield strength from ≈130 to 150 MPa, but significantly 

reduces elongation from 20 to 5%, independent of the Mn content. Nevertheless, elongations 

of more than 15% are achieved at an Fe content of 1 wt.%. 

The available industrial secondary 5xx die-cast alloys feature a very wide range of 

compositions, which are defined in country-specific specifications. At an average Mg and Mn 

content of 4.5 wt.% and 0.5 wt.% respectively, the concentrations of Si, Fe and Cu vary 

considerably in the range of 0.3<Si<1.5, 0.35<Fe<1.2, 0.03<Cu<1.0. The mechanical 

properties are accordingly rather modest. For example, for the alloy GK-AlMg5Si with an Si 
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content between 0.9-1.5 wt.% and an Fe content of 0.4 wt.%, yield strength of 110-150 MPa 

and elongation to fracture of 2-5% were reported [1002]. 

Significantly more ductile variants of alloy type AlMg5Si2Mn have been successfully 

developed over the last few years [1003][975], with the aim of enabling the production of 

large thin-walled structural parts. The optimum composition of the alloy is specified as 5.0-

5.5 wt.% Mg, 1.5-2.0 wt.% Si, 0.5-0.7 wt.% Mn, 0.15-0.2 wt.% Ti. Rods of 6.4mm diameter 

produced by HPDC achieve yield strength values of 140 MPa at 18% elongation. Cu increases 

the tendency towards hot cracking and affect ductility. A content of 0.4 wt.% already reduces 

the elongation to fracture by a factor of 2. An Fe content of up to 0.25 wt.%, however, can be 

tolerated, because the increased Mn content enables the formation of a compact α-Al8Fe2Si 

phase [975]. At higher content the elongation to fracture decreases unacceptably. Adding 0.1-

0.3 wt.% Cr hinders the tendency towards die soldering [1004]. Higher contents should be 

avoided, as otherwise an Al7Cr phase is formed, which significantly reduces ductility [1005]. 

In general, the effect of contaminants on the properties of alloy AlMg5Si2Mn can be regarded 

as rather moderate. However, during smelting it is important to reduce the content of alkali 

and alkaline earth elements as much as possible. Calcium and sodium are limited to a 

maximum of 15 ppm, as these increase the tendency of castings towards hot cracking and lead 

to reduced fluidity [976]. When using recycled material, monitoring the calcium and sodium 

content is strongly recommended. 

Alloy design based on the crossover principle is proving an interesting method (see section 

8.4). One example is new high-pressure die-casting alloys based on Al-Mg-Zn-(Cu) for 

structural cast components [1006]. Compared to the binary AlMg4.5 variants, the scrap-

relevant elements Zn and Cu are also taken into account here as main alloying elements. A 

decisive advantage of these alloys is their potential for artificial aging. The experimental alloy 

with 4.8%Mg, 3.4%Zn, 0.8%Mn and 0.5%Cu is a good example. After pre-aging at 

100°C/3h, an aging treatment at temperatures in the range of 150 to 175°C leads to a 

considerable increase in hardness within an industrially relevant time range of 2 to 20 h. The 

formation of T-phase (Mg32(Al, Zn)49) precursors is responsible for the age hardening 

[1006][1007]. 

The influence of Fe and Si contamination on the structure and properties of 2xx-series alloys 

can be best illustrated using the example of alloy 206 (AlCu4.5Mg0.25). Again, Fe is a 

property-determining impurity and is normally limited to 0.15 wt.%. In addition, Si content is 

restricted to < 0.1 wt.%. A study by Liu et al. [1008] showed how the Fe-containing IMCs are 

modified when alloys containing 0.15 wt.% Fe are treated with Mn and Si. Adding either Mn 

or Si or both promotes the formation of the α-Al8Fe2Si phase and inhibits the occurrence of 

the -Al5FeSi phase. The cooling rate also has a positive effect on - to α-Al8Fe2Si phase 

conversion. At 0.3 wt.% Mn and 0.3 wt.% Si the formation of the -Al5FeSi phase is 

completely prevented. In a further work [1009], the same group is examining Al-Cu 206 cast 

alloys with different Fe content in the range of 0.15 to 0.5 wt.% at Si and Mn content of 0.1-

0.3 wt.% and 0.1-0.5 wt.%, respectively. At comparable Si and Mn content the elongation to 

fracture decreases with increased Fe content due to the increasing volume and size of the Fe-

rich intermetallic compounds. With a simultaneous Si and Mn content of 0.3 wt.% each, quite 

good mechanical properties are achieved in condition T4, with a yield strength of 260 MPa 

and an elongation to fracture of ≈8%. Zhang et al. investigated the influence of Fe in the range 

0.1 – 1.5 wt.% for AlCu5 alloys with 0.6 wt.% Mn and 0.1 wt.% Si. In the squeeze-casting 

process, very good properties are achieved with an Fe content of 0.5 wt.% (Rp0.2 ≈ 220 MPa, 

A≈18%). The latter two studies may serve as incentives in the development of contaminant-

compliant 2xx-series casting alloys. 
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6.3 End-of use recycling of engine block alloys and gearbox housings 

It can be assumed that the demand for cast components as aggregates of passenger cars will 

decrease as the electrification of private transport progresses [62]. Engine blocks and gearbox 

housings, for example, are nowadays made from composition-tolerant recycling alloys, 

mainly from the aforementioned alloys 319 and A380, for which there is no other relevant use 

requiring large quantities. If such cast components are returned to the scrap cycle at the end of 

the vehicles' lives, it is predictable that there will no longer be any direct recycling use for 

them due to their high Si, Cu and Fe content. This brings up the question of possibilities for 

metallurgical modification with the aim of alternative use in structural components subject to 

increased demands on mechanical and electrochemical properties. Three options can be 

mentioned here: (i) alloy and process design of scrap-tolerant alloys; (ii) alternative 

manufacturing processes which allow rapid solidification; and (iii) removal of contaminants 

by physical methods with reuse of the purified fraction. 

(i) Alloy and process design were already mentioned above, and demonstrated with two 

examples. The first suggestion was to reduce the Cu content of A380 while balancing the 

Fe/Mn ratio. Such measures, however, require a willingness of industry and customers to 

break away from traditional standardization constraints. The second measure was the use of 

thermal treatment with the aim of dissolving a portion of the IMCs and spheroidizing the 

eutectic Si [987][98]. A prerequisite for this, however, is low gas content in the components 

to avoid blistering, which would require a vacuum-supported high-pressure die-casting 

process. 

(ii) Alternative manufacturing processes which allow rapid solidification offer the advantage 

of refining the IMCs, which with their smaller size and reduced aspect ratio have fewer 

ductility-reducing effects. Examples are processes for additive manufacturing (AM) and the 

spray forming technique. The possibilities of AM are described in detail in section 9.1. In 

particular, a study by Suchy et al. [1010] is referred to there in which A380 powder was 

compacted by laser powder bed fusion, resulting in good mechanical properties. Here a brief 

reference is made to the experience with spray forming (Osprey). The recycling of 

contaminated casting alloys using the spray-forming technique is not a new approach. A 

series of publications show that the spray-forming production of Al-alloys with acceptable 

mechanical properties can be achieved even where there is high iron content [269]. Ferrarini 

et al. [268] investigated the structural and property changes of spray-compacted A380 and 

show that the spray-forming process can strongly suppress the formation of the -Al5FeSi 

phase. However, increased porosity levels are an inherent problem in spray forming, 

necessitating subsequent treatment by extrusion or forging to achieve ductility properties for 

structural applications [1011]. This significantly reduces the attractiveness of the process. 

(iii) On the subject of removal of contaminants by physical methods, two techniques are 

addressed below which enable significant reduction in harmful contaminants. The first covers 

the separation of the solid phase and melt of alloy A380 in the semi-solid state, and the 

second the separation of sludge-forming IMCs by means of gravity or supergravity 

segregation. 

In hypoeutectic alloys 319 and A380 in the semi-solid state, the chemical composition of the 

solid fcc-Al phase differs significantly from the basic composition, since the majority of the 

IMCs are precipitated in the melt. For example, for an AlSi8Cu3.5Mn0.55Mg0.5 alloy with 

0.8 wt.% Fe, the fcc-Al phase at 560°C would have a mass fraction of ≈ 0.5 and a chemical 

composition of 1.38 wt.% Si, 1.12 wt.% Cu, 0.17 wt.% Mg, 0.02 wt.% Mn and only 0.003 

wt.% Fe (calculated with Pandat software using database PanAl2019 [983]). If the solid fcc 

phase is mechanically separated from the melt and the IMCs, considerable cleaning 

performance is achieved. Such a method is described in the Austrian patent specification 
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AT412348B [1012]. It is based on the principle of mechanical squeezing of a liquid-filled 

sponge. 

Sludge removal by gravity separation is based on the difference in density between sludge and 

melt. The literature reports on Fe reduction in Al-Si alloys by the intentional addition of Mn 

and Cr to form sludge (see section 6.2), which is then separated from the melt by physical 

sedimentation or centrifugation, but also by electromagnetic sedimentation or filtration 

[1013][1014][1015][1016][1017]. At this point, instead of detailing the various processes, an 

estimation of the purification potential of sludge removal in alloy A380 is useful. It is based 

on thermodynamic calculations using Pandat with the database PanAl2019 [983]. For alloy 

A380 (AlSi8Cu3.5Mn0.55Mg0.5Fe0.8) at 620°C, which is about 30°C above the liquidus 

temperature of the fcc-Al phase, Table 17 shows the calculated values for the mass fraction of 

the α-Al8Fe2Si phase (V, sludge to be removed) and for the composition of the melt (without 

the α-Al8Fe2Si phase). The data are given for the original alloy with 0.8 wt.% Fe and 

0.55 wt.% Mn, and after addition of 1.0 wt.% Mn and 1.5 wt.% Mn. The calculated data 

indicate that optimal process control of the sludge removal may enable the Fe level of the 

secondary alloy to approach that of a primary alloy. 

 

Table 17 

Thermodynamically calculated values for the mass fraction of the α-Al8Fe2Si phase, Vand 

the chemical composition of the purified melt [in wt.%]; alloy A380 with 8%Si, 3.5%Cu, 

0.5%Mg, 0.55%Mn and 0.8%Fe at 620°C. 

 Va Si Cu Mg Mn Fe 

A360 (0.8%Fe, 

0.55%Mn) 
0.0153 7.97 3.55 0.51 0.30 0.60 

+ 1.0 at.% Mn 0.054 7.88 3.70 0.53 0.50 0.28 

+ 1.5 at.% Mn 0.071 7.83 3.77 0.54 0.57 0.20 

 

 

7 Effects of scrap-related impurities in wrought alloys: 

Constitution, microstructure, processing and properties 

7.1 Brief introduction to wrought alloys 

Unlike cast aluminum alloys, wrought alloys have narrow and sometimes low compositional 

limits. This means that wrought alloys do not easily absorb mixed alloy scrap streams and that 

primary aluminum remains an important backbone for them [72,171,172]. 

The alloying elements used in the wrought aluminum alloy series 1xxx to 8xxx are listed in 

Fig. 64. For typical alloys within the different classes, major, common minor and less 

common minor alloying elements according to [1018,1019] are indicated. Elements are 

considered to be intentionally added if there are a lower and an upper limit in the composition 

range of the standard. Based on the allowable compositional ranges, some critical elements 

can be specified (Fig. 64) and these can give a first indication of whether or not a wrought 

alloy series is easy to recycle and tolerates impurities. The 1xxx, 7xxx and 8xxx series are 

considered “tough” (to produce from scrap) due to the compositional restrictions set by 
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current standards. The 2xxx and 6xxx series can be judged as “challenging”. Only the 3xxx 

and 4xxx wrought alloys exhibit a “moderate” challenge for production from scrap. The most 

problematic elements according to this evaluation are Fe, Si, and Cu, and these are well 

known in the aluminum recycling community [51]. 

Ashkenazi et al. [1020] provide a rather long list of problematic impurities from recycling 

which includes Cr, Cu, Fe, Mg, Mn, Ni, Pb, Si, V and Zn. Their list is consistent with Fig. 64, 

but also includes minor common alloying elements as critical (here Pb, Ni, V). From this it is 

important to acknowledge that not only the main elements present in the different alloy 

classes can cause problems upon recycling; even trace elements present in specific alloys can 

have drastic effects on other wrought alloys. For example, adding a few parts per million of 

Sn can dramatically suppress or accelerate aging behavior in 6xxx [553,555] and 2xxx series 

alloys [383] respectively. Nowadays Sn is used as a substitute for poisonous Pb in some 

alloys for machining operations, to enhance chip breaking [341,1021]. Other exotic elements 

are also often used in 8xxx-series alloys, which are sometimes referred to as miscellaneous 

alloys [971]. However, the introduction of new or exotic alloying elements in alloy 

development needs to consider their impact on other alloy classes and the implications for 

recycling. Most recent studies have considered such impacts from a very general perspective 

without examining the detailed metallurgical effects such elements may have [71,1022]. In 

the recycling of scrap from the automotive sector a comprehensive analysis was in fact 

performed to examine whether Ce, which may be used in some new casting alloys, will 

impact the future properties of alloys produced from recycling [1023]. However, up to now 

this type of study seems to be the exception rather than the rule. 

 

Fig. 64. Alloying elements in wrought aluminum alloys and their critical limits (sorted 

according to the most common alloys given in [1,5]). 

 

Fig. 65 displays the tensile properties covered by wrought aluminum alloys. A broad range of 

properties are covered by classes 1xxx to 8xxx. Alloys where the properties are most sensitive 

to contamination by tramp elements are indicated by colored group contours. 
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Fig. 65. Comparison of tensile properties for 1xxx to 8xxx wrought aluminum alloys. Alloys 

where properties are most sensitive to contamination by tramp elements according to the 

evaluation in Fig. 64 are indicated [1024]. 

 

There is no obvious direct correlation between the properties presented in Fig. 65 and 

sensitivity to tramp elements. However, it is clear that the alloys providing the extreme values 

for yield strength or elongation are subject to “tough” compositional restrictions in the context 

of recycling. With decreasing yield strength and elongation values, the compositional 

restrictions change from “tough” to “challenging” and finally to “moderate”. In other words, 

the most-developed alloys from the material point of view are also the most difficult to 

recycle. This may indicate an inherent connection, or simply that recyclability was not 

explicitly considered by materials scientists in alloy design over the last few decades. 

The alloy series where the impurity content is critical comprises the high-strength alloys often 

used in aircraft [78]. The content of Fe and Si as tramp elements is especially crucial in the 

7xxx series, but also in the 2xxx series of alloys frequently applied in the aircraft industry 

[1018]. Besides the high-strength alloys, very soft alloys like the 1xxx series are also highly 

sensitive to elements such as Mg (see Fig. 64). Those alloys are typically used in foils (e.g. for 

food equipment), decorative and gloss applications, heat shielding plates or electric 

applications [1018,1019]. Some alloy series exhibiting medium strength and elongation 

values are less sensitive to tramp elements (Fig. 64). These mostly involve 3xxx-series alloys, 

which are used heavily in beverage cans [1018,1019]. 3xxx-series alloys are also utilized in 

architecture and as the core material in heat exchangers, where 4xxx series alloys are also 

often applied as clad material for soldering applications [224]. In contrast, other lower-to-

medium-strength alloys such as the 5xxx series alloys feature tight Si limits and, in several 

cases, tight Cu limits. These alloys are typically deployed for inner panels in automotive 

applications or for other structural parts in transportation, pressure vessels, boat hulls and 

ballistic armour plates [1025–1027]. The 6xxx-alloy class is judged to be moderate according 

to Fig. 64, but actually shows diverse tolerance limits if examined in more detail. Fortunately 

Si is a major alloying element in 6xxx-series alloys and thus tight compositional control is not 

critical. However, some alloys exhibit strict Fe tolerance limits, and others strict Mn tolerance 
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limits. This strongly depends on the actual alloy application, which ranges widely for the 

6xxx series and encompasses transportation, automotive industry and mechanical engineering 

[1018,1028,1029]. 

Combinations of different wrought alloys series are deployed in several fields of application. 

In the following we discuss how wrought-alloy diversity impacts potential recycling in three 

specific cases: beverage cans, automobiles and aircraft. 

Recycling of old scrap for aircraft alloys seems very difficult, because the alloys involved are 

typically in use for a long period and tolerance limits are very strict (especially in the 7xxx 

series, but also in some 2xxx wrought alloys), excluding nearly all impurity elements (Fig. 

64). One reason for the low tolerance of Fe and Si impurities, which can form brittle 

intermetallic compounds (IMCs), are aircraft applications’ stringent fracture toughness 

requirements [1030,1031]. Manufacturing for the aircraft industry usually involves complex 

machining operations, and typically a high proportion of the material is lost during production 

(this is known as the “buy to fly ratio”) [3,1032]. Here closed-loop recycling may be an 

option [1033]. There the challenge is more logistical than metallurgical. Nevertheless, the 

issue of old-scrap recycling will also arise in this area, and solutions must be found to the 

problem of narrow tolerance limits for tramp elements. 

Aluminum beverage cans present an extreme contrast to the situation described above. Today 

packaging is the second-largest source of aluminum scrap, and here cans are a well suited to 

the transition towards a circular economy [30]. Can usage time is relatively short, and the 

recycling of used beverage cans (UBC) is well established [30,299]. In some countries with 

dedicated collection systems (i.e. Finland [30]) the recycling rate is as high as 97%. The 

composition of UBCs is very suitable for recycling because few alloys are involved (i.e. 3004 

for the body and 5182 for the lid [30]). Therefore recycling is simple as to composition; the 

fact that the main alloy system (3xxx) is moderately tolerant of foreign elements (Fig. 64) is 

also helpful. Other types of packaging scrap may even be deployed for cans. However, 

according to recent work can-to-can recycling seems the better option with regard to climate 

change [30]. 

The third complex, challenging and most important example of aluminum in terms of 

recycling is automotive. Today’s automotive industry is already the largest consumer of 

secondary aluminum due to the huge number of used castings that are relatively easily 

recycled into other castings [72]. All car manufacturers have increased their use of aluminum 

over the last few years because it is lightweight, and this is forecast to increase further (see 

Fig. 66) [72]. 
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Fig. 66. Average vehicle curbside weight and the aluminum content in cars in North America. 

Reprinted with permission from [72]. 

 

At the same time, however, vehicles’ wrought alloy content (sheets, forging and extrusion) is 

strongly increasing [44,71,72,988,1034]. This is illustrated in Fig. 67, which shows the 

tremendous growth in scrap potentially available from automotive body sheet (ABS) material 

[36]. This colossal wave of ABS scrap requires us to think carefully about appropriate 

recycling strategies. This is even truer if we consider that Zhu et al. [36,113] calculated that in 

the best-case scenario in 2017, only 70% of aluminum scrap could be recycled domestically in 

the US due to compositional constraints. Currently the issue is partially masked by scrap 

exports (in particular to China, and concerning mainly shredded auto scrap). A further 

increase in demand for wrought alloys, to produce power-supply boxes in electric vehicles, is 

predicted [168]. 

 

 

Fig. 67. Estimation of the ABS scrap generated by vehicles with the highest US sales: Ford F-

150, Super Duty, Expedition, and Lincoln Navigator. Reprinted with permission from [36]. 
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Without a technological leap, the huge increase in wrought products in the automotive sector 

may become incompatible with current casting-focused recycling of end-of-life vehicles 

(ELVs), or even generate excess scrap by reducing automotive casting demand (at present the 

automotive industry is the biggest consumer of secondary castings) [35,72]. The complexity 

of the problem is amplified because data is lacking on the alloy quantities and types needed in 

future ELVs [14]. This is a general problem, because most data sources list only the total 

amount of aluminum produced in wrought, cast or extruded form, and data on specific alloys 

are seldom available [14]. Table 18 shows some typical alloys used in various different 

aluminum components in cars [14]. 

In Table 18, while the problem of mixed cast and wrought alloys is not addressed, the large 

number of different wrought alloys used in cars is immediately apparent. 1xxx, 2xxx, 3xxx, 

4xxx, 5xxx, 6xxx and 7xxx alloys have all been deployed there. However, the most frequent 

automotive wrought alloys are the 6xxx, 5xxx and 3xxx series [14]. Besides the fact that 

contamination from cast alloys is problematic for most wrought alloys, recycling the wrought 

material from cars into new wrought alloys is a great challenge [36]. This can be deduced by 

comparing alloying limits (Fig. 64). A good example considers the mix of 6xxx and 5xxx 

series alloys, which are typically tightly joined as inner (e.g. 5182) and outer (e.g. 6016) car 

door parts [1035]. Although Mg is a major alloying element in 6xxx alloys, the Mg content 

limit can be more than one order of magnitude lower in 6016 series alloys than in 5182 series 

alloys [1018,1019]. Even more problematic is the very low Si limit in 5xxx series alloys: Si 

content can be more than 7 times higher in 6016 than in 5182 [1018,1019]. The metallurgical 

origins of these tight controls are discussed in subsequent sections. 

 

Table 18 

Typical alloys utilised by the automotive industry. Reprinted with permission from [72]. 

Body & Inner Panel Body Closures Heat Exchangers Heat Shields Misc. Engine 

2008, 5030, 5052, 

5182, 5454, 6009, 
6016, 6111 

2008, 2036, 

6009, 6016, 

6010, 6383, 
6061, 6111 

6060, 6061, 6063, 6106, 5049, 

7072, 1145, 4047, 4004, 4045, 

4343, 3003, 8079, 6006, 1200, 
1050, 1100 

1056, 3003, 
5052, 5182 

226, AlSn20Cu, 
AlZn5Bi4 

Cradles & Frames Wheels Steering System Fuel System Engine/Cylinders 

5182 356, 6081, 6061 6082, 7108, 7021 6063, 3103, 
5049, 5754 

380, 319, Al-Si 

Collision Brake System Suspension Parts Trans Pistons 

6013, 7021, 7029 359 or 360 +SiC AlSi7Mg, 6013, 6082 380.2 4032 

 

Drastic improvements in sorting technology are clearly mandatory if wrought alloys are to be 

recycled efficiently to new wrought alloys in ELVs. Full separation of alloys is not currently 

possible, because shredder-based recycling practices show natural limits when faced with 

complex product designs and the various associated joining means [1036]. Hence impurity 

levels will rise along with the increase in the number of different alloying elements, because 

of the various types of wrought alloy used [72]. The growing number of alloys used in cars 

will generate a concurrent increase in joining means such as screws, rivets and adhesive 

bonding, while welding will decrease [116]. The trend towards multi-material design will 

reduce the potential of higher-purity wrought alloy recycling streams and increase the 

proportion of material with a higher Fe content [116,1037,1038]. 
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IMCs which contain Fe can be present in most wrought alloys in the form of brittle needles or 

plates, and are known to cause detrimental effects such as crack initiation [78,252], reduced 

ductility and bendability [322], reduced fracture toughness [1018] and deteriorated surface 

finish [1039]. However, in wrought aluminum alloys Fe is not solely detrimental. In 1xxx and 

(especially) 8xxx series alloys, the situation is reversed: high fractions of Fe-containing IMCs 

are required to control the grain size and properties of foil [1040]. 

Despite their importance, the effects of Fe-containing IMCs have not been studied as 

intensively in wrought alloys as in cast alloys, because most contaminated old scrap usually 

goes for the production of cast alloys. This section briefly addresses only wrought alloys or 

the basic principles of Fe-containing IMCs. Details on the effects of specific Fe-containing 

IMCs can be found in the corresponding sections on specific wrought alloy classes. 

Fundamental research on Fe-containing IMCs, such as the recent first-principles study by 

Fang et al. [1041] on the solubility of Si in some Fe-containing IMCs, is gaining increasing 

importance in light of the implications for recycling. Feng et al. [1042] also recently studied 

the formation of primary Fe-containing IMCs using in-situ X-ray radiography. They report a 

correlation between inoculation by TiC and TiB2, the solidification conditions and an 

increased number density of Fe-containing IMCs [1042]. Similar to the basic studies of the 

Al-Fe system in [1042–1044], there have been attempts to better control the size, distribution 

and morphology of Fe-containing IMCs [1045–1048] by understanding the fundamentals of 

nucleation, growth and phase selection, in order, potentially, to facilitate better toleration of 

higher Fe content in wrought alloys [1045–1051]. Efforts have also been made to search for 

potent nuclei for primary Fe-containing IMCs, at least for cast alloys [175]. However, while 

some authors reported a weak inoculation effect of α-Al2O3, TiC and TiB2  [1050] in 

experimental alloys near the 1xxx series, Lui et al. [1047] suggested that TiB2 might be 

associated with nucleation of Fe-containing IMCs in 6xxx alloys. Many questions remain in 

this important field of phase selection. 

Another element whose limit is often considered critical in wrought alloys is Si (Fig. 64). Si is 

present as a major element in cast alloys to improve casting properties. It is is also seen in the 

6xxx series of wrought alloys, but can have severe negative effects in other classes. Highly 

sensitive alloys include the 7xxx and 5xxx series, because there Si can generate large, brittle 

IMCs. For example, if Mg content is high, the primary Mg2Si phase will form even at low Si 

content [78]. Primary Mg2Si particles have been shown to initiate fracture even at low strains 

[878]. 

A third element that is critical in some wrought alloys is Cu (Fig. 64). Cu is the main element 

for age hardening in 2xxx series wrought alloys, and also promotes strength in other alloy 

classes such as the 6xxx and 7xxx series. However, Cu can negatively affect corrosion 

properties [1018]. This problem is often discussed in the context of the automotive 

applications of 5xxx and 6xxx series alloys. However, many 6xxx series alloys used in the 

automotive sector contain Cu as an alloying element. Even incorporation of Cu in automotive 

5xxx series alloys to mitigate strength loss upon paint baking has recently been examined 

[1052]. It is true that some corrosion properties can deteriorate here, but they can also be kept 

above a level satisfactory for the application; and Cu can even improve performance in the 

area of specific corrosion types [1053]. A similar effect is known in 7xxx series alloys, where 

adding Cu mitigates stress corrosion cracking [1054]. Nevertheless, it is a fact that many 

wrought alloy standards place tight restrictions on Cu. 

In conclusion, it must be emphasized that in general there is no such thing as a “bad element” 

in wrought aluminum alloys. All elements introduced by recycling can have positive effects. 

Even the impurity most often discussed in the literature, Fe, is beneficial in 8xxx series alloys. 
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It is, rather, the combination of a certain wrought alloy with a certain tramp element that 

causes problems. A holistic view of the effects of elements in alloys can help to allay the 

specific problems caused by some currently unavoidable foreign elements in wrought alloys. 

 

7.2 Use of scrap in 1xxx and 8xxx alloys for electric, decorative, chemical and 

packing products 

As Fig. 65 indicated, the 1xxx and 8xxx series alloys for electrical, decorative, chemical and 

packaging products are very sensitive to many accompanying elements. Table 19 shows their 

typical compositions and respective uses. 1xxx alloys are subject to very tight limits on most 

of the important alloying elements used in other wrought alloy classes. These alloys include 

Mg, Cu, Mn and Zn, which are often kept below 0.05 wt.% in alloys used in food equipment, 

decorative and shiny applications and heat protection plates [1019,1055]. It is thus 

immediately clear that given such strong restrictions on impurities, no other wrought alloys 

recycled from old scrap can be used in these types of product. Hence production is highly 

dependent on primary aluminum, and only alloy-to-alloy recycling (e.g. from production 

scrap) is an option. This also applies to some electrical and electronic products which use 

1xxx alloys with high-purity aluminum (e.g. 1199 with 99.99 wt.% Al) [1055]. 

 

Table 19 

Typical compositions and uses of 1xxx and 8xxx wrought alloys [1055]. 

Designation Si Fe Cu Mn Mg Zn Cr Ti 
Comments / 

Typical application 

1100 1 (Fe+Si) 
0.05-

0.20 
0.05  0.10   

Al > 99 / 

Foils, sheets, plates, 

tubes, wires spun 

hollow-ware, food 

equipment 

1200 1 (Fe+Si) 0.05 0.05  0.10  0.05 
Al > 99 / 
Foils,  

1145 0.55 (Fe+Si) 0.05 0.05 0.05 0.05  0.03 
Al > 99.45 / 

Foils, sheet, semi-rigid 

containers 

1199 0.006 0.006 0.006 0.002 0.006 0.006  0.002 

Al > 99.99 / 

Electrical and electronic 
foil 

8011 
0.50-

0.9 

0.6-

1.0 
0.10 0.10 0.05 0.10 0.05 0.08 

Household foils, bottle 

caps,  

8006 0.40 
1.2-

2.0 
0.30 

0.30-

1.0 
0.10 0.10   

Foils, finstock for heat 

exchangers 

 

In the past, alloys of the 1xxx series (e.g. 1145, 1100, and 1200) were widely used for foil 

stock [1055]. However, due to increased demands on strength and ductility higher levels of Fe 

(up to 2 wt.%), Si (up to 1.1 wt.%) and sometimes Mn (up to 1.0 wt.%) are now often used in 

foils to control the microstructure during recovery and recrystallization via IMCs, which 

turned those alloys from 1xxx to 8xxx series alloys [1040,1055]. High levels of Fe increase 

the strength of foils (unlike that of all other wrought products), and generates ductile material 

behavior via IMCs, which act as effective grain refiners (highly important in thin foils) 

[1040]. Fig. 68 shows one of the rare cases where Fe is a welcome element. Here Fe acts in 
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exactly the opposite way than it does in aluminum alloys used for structural applications. 

Instead of limiting ductility, it increases elongation when its amount is increased. However, 

this is an indirect effect and results mainly from the increase in the volume fraction of IMCs 

acting as grain refiners upon recrystallization, as the maximum Fe content in the solid solution 

is only 0.05 wt.% [1040]. 

 

 

Fig. 68. Effect of Fe content on strength and elongation of 8021 foil in the O-temper. 

Reprinted with permission from [1040]. 

 

In the recycling of 8xxx alloys used for foils, the situation is essentially the same as for 1xxx 

alloys. The limits on elements other than Si and Fe are only in rare cases slightly less stringent 

than in 1xxx alloys, and production from old scrap via recycling is difficult. 

A more differentiated picture emerges when considering the use of these 1xxx and 8xxx 

alloys in recycling for the production of other alloys. The high-purity and 1xxx alloys are the 

ideal starting material in terms of composition and are comparable to primary aluminum in 

terms of composition. However, recycling then takes place as downcycling in a cascade 

recycling chain, with such low-alloy aluminum at the top of the cascade [169]. However, with 

increased amounts of Fe and Si, using 1xxx and especially 8xxx alloys becomes more 

challenging (compare with Fig. 65). Although mixed packaging waste might be deployed in 

(e.g.) can bodies, Niero et al. saw can-to-can recycling as more sustainable [30]. In this 

context, it is important to know that the EU has a target of recycling > 75% of packaging 

waste in the next few years [30]. 

Packaging scrap from households is typically sorted into ferrous and non-ferrous alloys, 

resulting in a mixture of cast and wrought alloys which is mostly absorbed in cast alloy 

production. This results in continuous downcycling of the wrought scrap fraction [31]. 

According to Paraskevas et al. [169], container and packaging scrap might theoretically be 

managed using a separate closed-loop recycling strategy for the same applications, which may 

solve the problem. 

Different alloys are often used in rather similar products, increasing recycling complexity and 

making scrap separation in particular more challenging. A good example are wrought alloys 

used for heat exchangers, where (among others) both 1xxx and 8xxx alloys are deployed. The 

variety of alloy types in heat exchanger components shown as an example in Fig. 69 

necessarily produces a large number of tramp elements [72]. 
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Fig. 69. Range of elements in different heat exchanger alloys. Reprinted with permission from 

[72]. 

 

The 1xxx and (even more) the 8xxx alloys intentionally contain Fe, an element which is 

typically detrimental to most other wrought alloy series. Allen et al. [1049] summarized the 

various stable and metastable phases which can be present in 1xxx alloys. Although only the 

phase Fe4Al13 (often denoted as FeAl3, but structurally complex with 100 atoms / unit cell) 

exists at dilute conditions in binary Al-Fe in the thermodynamically stable state, [1049] lists at 

least 6 structurally distinct phases in that form under industrially standard non-equilibrium 

solidification conditions. The presence of Si further increases the phase complexity of the 

compositionally simple 1xxx alloys. Eight structurally different phases are listed for the 

common α- and β-Al5FeSi phases [1049]. Fig. 70 shows the composition ranges of some of 

the most common phases in dilute Al-Fe-Si alloy systems. 

 

Fig. 70. Compositions of common IMCs in dilute Al-Fe-Si systems. Reprinted with 
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permission from [1049]. 

 

It is significant that the phase selection can be influenced by varying the casting conditions 

(local solidification velocity, cooling rate, grain refinement). In compositionally simple 

systems the underlying mechanisms of nucleation and growth in Fe-containing IMCs have 

been much investigated. Because it is important to control the size and change the 

morphology and distribution of Fe-containing IMCs [1049,1050,1056,1057], existing basic 

information on 1xxx alloys may be an interesting source of knowledge in the effort to better 

control Fe-containing IMCs in other wrought alloys with high recycling content. Further 

properties such as corrosion have also been investigated in these alloys. For example, Dorin et 

al. [1058] showed that an increased cooling rate upon solidification has a positive influence 

on corrosion properties. Therefore direct strip casting was concluded to be an interesting 

candidate technology for improving the recyclability of Fe-containing Al-alloys, as it enables 

high solidification rates. 

Several more exotic manufacturing and industrially less-common methods were studied in the 

context of Al-Fe alloys with high Fe content. This includes work on rapid solidification 

[1059–1061], mechanical alloying [1062–1064] and severe plastic deformation [1065,1066]. 

Such work may also provide useful knowledge for the future recycling of high-Fe aluminum 

scrap. 

 

7.3 Use of scrap in 2xxx alloys intended for high-strength components 

7.3.1 Introduction 

With the development of the duralumin alloy, the Al-Cu-based 2xxx alloy family gained the 

first age-hardenable aluminum alloys used in high-strength aerospace applications [1067]. 

Today this alloy family comprises three main sub-types, based on their combination of solute 

elements: (i) Al-Cu based alloys, strengthened by the -Al2Cu precipitation sequence 

including GP zones,  and ’ phases (typical alloys: 2219, 2017) [1068]; (ii) Al-Cu-Mg 

alloys, strengthened by the S-Al2CuMg precipitation sequence including clusters, GPB zones, 

and the S phase (typical alloys 2024 and its variations 2124, 2524, 2624) [1069,1070]; and 

(iii) Al-Cu-Li-(Mg) alloys, strengthened by combinations of phases, including T1-Al2CuLi, 

’-Al3Li, and the phases of the two aforementioned sequences (typical alloys 2195, 2198, 

2099, 2070) [1071–1073]. 

 

7.3.2 The role of impurities in 2xxx alloys: Chemistry effects 

2xxx series alloys are generally used in high-strength components. The Li-containing alloys 

reach strengths comparable to those of 7xxx alloys. Al-Cu-Mg-based alloys are frequently 

used in tension, so their damage tolerance is of paramount importance. The fatigue resistance 

of these alloys is also one of their key properties in such conditions. Al-Cu-based alloys are 

used primarily at elevated temperatures, with high Cu levels (up to 6 wt.%).  

 

In all these alloys, evidence has shown that coarse intermetallic particles are the primary 

cause of fracture [892,1074–1076] both during initiation (short crack nucleation) and final 

fracture (toughness-controlled). The damage tolerance has been shown to be degraded when 

the amount of Fe in particular is increased [1077–1079]. This effect may be linked to the 

phase diagram of the Al-Cu-Fe system [1080,1081]. Adding Fe in the presence of Cu induces 
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the formation of the Al7Cu2Fe phase (denoted as  or ) in the form of elongated, brittle 

platelets [1082] during solidification. In addition, the presence of Fe-containing intermetallics 

may reduce the alloy’s corrosion resistance [944]. 

 

The effect of adding Si has mostly been investigated in tandem with the addition of Fe, 

because the two are usually added or removed together when the alloy’s purity is modified. 

However, Si has a more complex effect: it can be associated with some of the hardening 

precipitates, such as the S phase in the 2024 alloy [1083], or change the precipitation 

sequence with the appearance of the Q phase and its precursors, as well as induce the 

formation of complex multi-component intermetallic phases [1084]. 

 

Other impurities may enter the alloys if mixed with other families by recycling. Adding Mn is 

a useful way to modify the nature of intermetallic particles, favoring phases such as 

Al6(Fe,Mn) or Al3(Fe,Mn) and changing the β-Al5FeSi phase into the less detrimental  phase 

(in association with Si) [1085]. When coupled with Zr, Mn can be a very useful addition to an 

Al-Cu binary alloy to stabilize ’ precipitates through interfacial segregation, providing 

exceptional thermal stability and high-temperature strength [720,1086]. Adding Ni may also 

change the nature and morphology of Fe-rich intermetallic particles [249]. 

 

If mixed with 7xxx scrap, 2xxx alloys may end up with some Zn content. This addition was 

shown to be favorable, strength-wise, for the Al-Cu-Mg-based 2024 alloy [1087] and for Al-

Cu-Li-Mg-based alloys [1088,1089], due in both cases to the incorporation of Zn into the 

strengthening precipitates. The affinity between Li-containing alloys and 7xxx alloys was 

confirmed by the discovery in 7xxx alloys of the Y phase [1090], which shows a striking 

similarity to the highly beneficial T1 phase in Al-Cu-Li [802,1091]. 

 

Other minor additions have been used to improve the properties of 2xxx alloys, in particular 

Sc, which in conjunction with Mg was shown to improve the elevated temperature strength of 

the 2219 alloy [1092,1093]. However, these are unlikely to be added through recycling. 

 

7.3.3 Mitigating the role of impurities by processing 

The detrimental effect of Fe-rich intermetallics on Al-Cu alloys is (besides their brittle nature) 

largely due to their size, which often exceeds 10 µm in some directions. Some of the 

detrimental effects of these phases can be mitigated by specific processing techniques. 

 

When processing in the liquid phase, squeeze casting under pressure was investigated with Fe 

amounts of up to 1.5 wt.% [1085,1094]. It was shown that the applied pressure promotes the 

formation of less detrimental phases, improving ductility in comparison with conventional 

casting routes. However, the degradation of fracture properties is still clear, at above 0.5 

wt.%. 

 

Another processing approach is to cast under in conjunction with ultrasonic treatment. This 

method has been shown to promote higher dispersion of intermetallic particles and therefore 

lead to higher ductility in the final product [1095]. 

 

Fine-scale microstructures can be obtained by additive manufacturing, although Al-Cu alloys 

are prone to hot cracking and thus difficult to process in this way [1096]. However, Al-Cu and 

Al-Cu-Mg alloys have been processed successfully by laser power bed fusion (LPBF), with a 

microstructure comprising fine-scale intermetallics [1097–1099]. 
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The other possibility for reducing the size and improving the dispersion of intermetallics is to 

deploy plastic deformation. Very high-strain processes such as high-pressure torsion or equal 

angle channel processing are the most efficient, but are not very practical. Among more 

scalable processes, multi-directional forging was shown to be an efficient way to induce the 

spheroidization of intermetallics in alloy 2219 [1100], and friction stir processing was shown 

to cause a similar effect [1101]. 
 

7.4 Use of scrap in 3xxx and 4xxx alloys intended for packaging, buildings and 

infrastructure 

Wrought aluminum alloys of the 3xxx series use Mn as a major alloying element, usually in 

the range of between 0.5 and 2 wt.% (see Table 20). They can also contain Mg, Cu and Si as 

minor alloying ingredients. Interestingly, Mn is – among all the conventional alloying 

elements used in Al – the most sustainable in terms of emission and energy footprint. 

Additional Mg doping (0.8-1.3 wt.%) increases solid solution strength and strain hardening. 

3xxx alloys are usually not heat-treatable and are strengthened by cold working. Al-Mn alloys 

have moderate mechanical strength, weldability, very high formability and excellent corrosion 

resistance. They are used predominantly in products such as thin sheets for beverage cans and 

similar rigid containers, foils, roof sheets, cooking utensils and radiators. The fine dispersoids 

in 3xxx alloys tend to decorate grain boundaries and stabilize the alloys against grain 

coarsening during annealing, providing Hall-Petch strengthening and maintaining high 

formability. Mn also improves castability and reduces shrinkage during solidification [1102]. 

 

Table 20 

Chemical compositions of some wrought 3xxx aluminum alloys (wt.%). 

 

Alloy 

designation 

Cu Mn Mg 

3003 0.05-0.20 1.0-1.5 - 

3004 0.25 max 1.0-1.5 0.8-1.3 

3005 0.30 max 1.0-1.5 0.2-0.6 

3105 0.30 max 0.3-0.8 0.2-0.8 

 

Recycling of 3xxx alloy materials is an important topic due to their sometimes very short 

lifetimes, particularly when serving in packaging. However, 3xxx alloys used in buildings 

(such as for roofs) have very long lifetimes and often enter the recycling stream only after 

several decades. 

 

In the context of packaging it must be considered that cans consist of 2 different alloys: the lid 

is made of a slightly different alloy than the aluminum used for the base and sides. The body 

of the container is generally made of 3004 or 3104 alloys, which have similar chemical 

compositions (about 1 wt.% Mn, 1 wt.% Mg, up to 0.25 wt.%Cu). Some variants can even 

tolerate quite high Fe content (up to 0.7-0.8%). The lids consist of the 5182 alloy, with about 

4-5wt.% Mg and only 0.20-0.50% Mn. The third alloy, usually 5042 with less Mg but similar 

Mn content, is used for the opening bank, and makes the smallest contribution to the total 

bank weight. Because these 3 alloy groups are chemically quite compatible, the whole product 

can essentially be remelted. This also applies to the minor alloy ingredients, i.e. the Cu, Si, Fe 

and Mn values in the 5182 alloy are in principle all below those of the 3004 alloy. This means 
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that the joint remelting of the two introduces no impurity incompatibilities. The only 

exception here is Mg, which is considerably higher in the 5182 alloy than in the 3004 alloy. 

However, owing to its higher oxidation tendency compared to the base metal, Mg is 

substantially reduced in the remelting process and also during fluxing and purification [1103]. 

 

Recent developments in machine-learning-enhanced LIBS-based scrap sorting are currently 

improving alloy separation even among these rather closely related materials (i.e. 3xxx and 

5xxx alloys) [59,770,782,1104,1105]. 

 

Another aspect of high relevance for recycling of packing alloys is the use of paint. It was 

observed that Ti in particular can intrude as a paint debris contaminant into melts produced 

from secondary sources [119,123,127]. This suggests that such contamination should be 

prevented by removing any paint by adequately pre-treating the scrap and properly adjusting 

the melting temperature. 

 

Wrought Al-Si silicon alloys of the 4xxx alloys series form only a small group in the overall 

alloy market. They include both heat-treatable and non-heat-treatable materials, although 

most of them (except alloy 4032 with 1% Mg and alloy 4145 with 4% of copper) are non-

heat-treatable. Besides their major alloying element, Si, they may contain Cu, Mg, Ni and Be 

as minor alloying ingredients. Si is blended in these materials at up to 13.5% (alloy 4032) to 

reduce the liquidus temperature and increase fluidity, because these alloys are mainly used in 

filler materials such as welding wires or brazing rods. Some are also used in buildings for 

architectural reasons owing to their characteristic gray color in the anodized state. 

 

7.5 Use of scrap in 5xxx alloys intended for automotive, buildings and 

infrastructure 

The classic alloys of the 5xxx series generally have narrow Si tolerance limits and are 

therefore rated as “tough” with regard to recycling. Compositions and uses of typical 5xxx 

wrought alloys are shown in Table 21. Even at low concentrations, Si can react with the Mg 

present in the melt in 5xxx alloys to form the primary Mg2Si phase, which is usually 

undesirable [78]. This is illustrated in Fig. 71, where the Mg content is comparable to that of 

the common alloy 5182. It can be seen that at elevated Si content, formation of Mg2Si occurs, 

and there is no option to dissolve Si into the matrix by homogenization or solution annealing. 

Only at below 0.1% Si does a gap begin to appear between the Mg2Si solvus and the solidus 

temperature of the alloy, providing an opportunity to dissolve Mg2Si. Even in the 5xxx series 

of wrought alloys made mainly from primary aluminum (e.g. 5182), primary Mg2Si can be 

found which has survived homogenization treatments [1106]. Mg2Si was seen to form 

fractured stringer-like particle structures in rolled sheets of 5754 [1107]. Moreover, it is 

known from observations in other wrought alloys that primary Mg2Si particles fracture at 

even lower strains than Fe-containing IMCs [878], highlighting the detrimental effect of 

primary Mg2Si. 
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Fig. 71. Evolution of Mg2Si and the liquid phase in an Al-4.5%Mg-x%Si system as a function 

of temperature when increasing Si content from 0.1% to 0.5% Si in thermodynamic 

equilibrium (calculated with FactSage 8.0 [1108] software using the FACT light-metal alloy 

database FTlite 2020 [1109]). 

 

Although there are some 5xxx alloys where Cu is used for precipitation hardening 

[1110][1053][1052], there are usually also strict limits on Cu in the important 5xxx alloys (see 

Table 21). Besides the effect of hardening due to low Cu addition, Cu together with added Zn 

can also reduce the volume fraction of β-Al3Mg2. This introduces a less anodic phase and 

thereby mitigates intergranular cracking, which can be problematic in 5xxx alloys at elevated 

temperature [1111]. This illustrates the fact that sometimes elements that are subject to tight 

restrictions can in some cases be used to generate beneficial properties. Not only Cu exhibits 

such effects on certain types of corrosion in 5xxx series alloys; many other minor elements 

have also been studied in this context [1112][1113]. Interestingly, Ce has recently been shown 

to be beneficial [1114], and may appear in some automotive scrap in the future [1023]. 

In addition to Si and Cu, Fe is set to relatively low values in specific alloys. This has to do 

with the common issue of reduced formability at increased Fe content in aluminum alloys. For 

example, a twin-roll-casted (TRC) Al-Mg alloy with a high impurity content (0.72 wt.% Si, 

0.58 wt.% Fe) was investigated and exhibited a fine distribution of Fe-containing 

intermetallics and Mg2Si at higher cooling rates (≈ 103 K/s), and hence improved tensile and 

fracture properties. Although the secondary phase particles in the as-cast TRC strip were 

shown to be fine and discrete by 2D analysis, 3D analysis showed that these particles were 

arranged in intact networks [221]. Hence, 2D evaluation of particles can lead to misleading 

assumptions and should be carefully scrutinized. However, after homogenization treatment, 

these networks were broken up into clusters and Fe-bearing intermetallics and Mg2Si 

spheroidized [221]. These aspects will be discussed in detail later in this section in the context 

of 5xxx series alloys.  

Table 21 
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Composition [971][1019] (if no range is given, the values are upper limits) and typical 

application of 5xxx alloys. 

 

Designation Si Fe Cu Mn Mg Zn Cr Ti Typical application 

5182 0.20 
0.3

5 

0.1

5 

0.2-

0.5 

4.0-

5.0 
0.25 0.15 0.1 

Packaging products, 

automotive body panels 

and reinforcements 

5083 0.40 
0.4

0 

0.1

0 

0.4-

1.0 

4.0-

4.9 
0.25 

0.05-

0.25 
0.15 

Transportation equipment, 

marine parts, pressure 

vessels 

5754 0.40 
0.4

0 

0.1

0 
0.50 

2.6-

3.6 
0.30 0.20 0.15 

Vehicle bodies, tread 

plates, shipbuilding, rivets 

5251 0.40 
0.5

0 

0.1

5 

0.1-

0.5 

1.7-

2.4 
0.15 0.15 0.15 

Panelling and pressings, 

vehicle panels, furniture 

5005 0.30 
0.7

0 

0.2

0 
0.20 

0.5-

1.1 
0.25 0.1 - 

Architectural facades, 

furniture, high-strength 

foils, HVAC equipment 

5052 0.25 
0.4

0 

0.1

0 
0.10 

2.2-

2.8 
0.10 

0.15-

0.35 
- 

Architectural facades, 

tread plates, fence 

systems, furniture 

5086 0.40 
0.5

0 

0.1

0 

0.2-

0.7 

3.5-

4.5 
0.25 

0.05-

0.25 
0.15 

Pressure vessels, 

transportation equipment 

 

5xxx series alloys are typically used in structural plates or sheets and in extrusions for 

transportation and engineering, where their high ductility (even at cryogenic temperatures), 

good weldability and high corrosion resistance is important. Typical products are marine 

applications, tanks and pressure vessels, and ballistic armour plates [971,1019]. In transport 

applications where high formability is required, especially in the automotive sector, 5xxx 

series alloys are the exclusive choice among non-heat-treatable wrought alloys because of 

their superior strain hardening behavior [1019,1115]. However, a drawback of the 5xxx series 

alloys is the appearance of Lüders elongation, dynamic strain aging, and deteriorating surface 

quality via formation of strain localization upon forming [87][86][1116]. In addition to 

processing-related measures, it appears that less-pure alloys may improve this behavior. It has 

been shown that adding Cu and Zn can reduce Lüders elongation and dynamic strain aging 

[87]. Interestingly, large IMCs can also help to supress Lüders elongation [86]. Ebenberger et 

al. [86] showed that the differences in thermal expansion behavior between IMCs and the 

aluminum matrix can be utilized to introduce mobile dislocations via quenching that are not 

blocked by dissolved Mg atoms (illustrated in Fig. 72), thus eliminating detrimental Lüders 

elongation. In [86] IMCs of type Al13(Mn,Fe)6 were studied in alloy 5182, but this basic 

mechanism is applicable to other IMCs with different thermal expansion coefficients than Al. 

This can be seen as a potentially beneficial side-effect of introducing tramp elements through 

recycling, which often generate coarse IMCs. 
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Fig. 72. Electron Channelling Contrast Image reevaling large IMCs (a) and mobile 

dislocations (b) in a 5182 alloy after quenching. Electron Channelling Contrast Imaging is a 

technique which reveals lattice defects such as dislocations directly in a scanning electron 

microscope. Reprinted with permission from [86]. 

 

In most 5xxx series alloys used today for forming and automotive applications, impurities are 

still typically kept to a minimum [78]. Nevertheless, an automotive alloy of the 5xxx series 

with a high content of recycled material already exists. Novelis UK and Jaguar Land Rover 

have developed a 5754 alloy with up to 75% recycled scrap, called RC5754. In the context of 

such alloys, twin-roll casting has also been investigated as a method of achieving high cooling 

rates, which favor the formation of less-harmful Fe-containing IMCs [224]. Recently Al-Helal 

et al. [202] showed that even 100% scrap can be used. However, in this study Taint Tabor 

scrap (a special clean wrought alloy scrap from the UK which includes a large fraction of 

production scrap [202]) was used. This scrap was shredded further, thoroughly re-sorted, and 

cast via melt conditioned direct chill casting (MC-DC) [1117]. 5754 billets produced from 

100% Taint Tabor scrap were then extruded, cold rolled to sheets and annealed [202]. In the 

best-case scenario, the industrial limits for 5754 were reached directly. Here it can be noted 

that the MC technique can also be used in twin-roll casting [224]. Recently, Das et al. [1118] 

concluded that to make a 5754 alloy recycling-friendly the processing conditions need to be 

adjusted, because additional IMCs and dispersoids affect microstructure formation. Modified 

heat treatments should be applied to improve properties such as self-piercing riveting 

performance, where a high level of formability through a combination of optimised grain size 

and balanced texture is required. 

 

Que et al. [1119] made the important point that “understanding the formation of Fe-rich IMCs 

during solidification of Al-alloys is essential for developing effective approaches to mitigate 

their harmful effect on mechanical properties.” Here it is important to recognise that 

appropriate grain refinement was also shown to be significant in obtaining a good distribution 

of primary IMCs when casting recycled 5xxx series wrought alloys [175]. Although the 

literature mainly addresses Fe-containing IMCs, it must be considered that in 5xxx series 

alloys with increased impurity content, one is dealing with an array of particles, not just Fe-

containing IMCs (e.g. Mg2Si, the S phase (Al2CuMg), and the Q phase (AlMgSiCu)) 

[175][1045]. 

 

For all these IMCs, solidification rate plays an important role. High-speed twin roll casting 

was shown to be beneficial for an Fe-containing 5xxx series alloy [222]. Liu et al. [1120] also 

showed that cooling rate plays a critical role and that the Al6(Fe,Mn) IMCs can be given fine 
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Chinese-script morphology by near-rapid cooling (e.g. continuous strip casting). The same 

group also investigated the effect of increasing Fe and Si content in 5083 as a function of the 

cooling rate during solidification [1121][1122]. An increase in Fe content leads to an increase 

in the amount and size of the Al6(Fe,Mn) phase. An increase in Si content generates an 

increase in the Mg2Si phase, which forms a network structure. Increasing the cooling rate at 

high Fe and Si content not only significantly refines the IMCs, but also changes their type to a 

quaternary Al15(Fe,Mn)3Si phase with a fish-bone or Chinese-script structure, which is 

claimed to be beneficial for the strip casting of recycling-based 5xxx series wrought alloys. 

 

The currently high usage of Si in casting alloys, together with the usage of other impurities, 

will make the production of conventional 5xxx series alloys via ELV recycling difficult. In 

particular, a mix with 6xxx wrought alloys from ABS is problematic here [1123]. Hence, at 

present 5xxx series alloys are only easily converted into specific 5xxx series alloys, or are fed 

into some 6xxx series alloys in ABS recycling by removing Mg through oxidation [1123]. 

 

Que et al. demonstrated one way to address this problem. They intensively studied an Al-

5Mg-2Si-0.7Mn-1.1Fe alloy [1119][1124][1125][1126][1127][1128], which is an interesting 

model system for highly contaminated 5xxx-series alloys from ELVs. Originally they studied 

the alloys from the perspective of cast alloys. However, [1119] investigated the formation of 

Fe-containing IMCs during solidification in twin-roll casting of strips for automotive 

applications made of this alloy. In their model alloys the authors obviously considered high Si 

content and also addressed high Fe contamination. Unfortunately, no reports on the 

mechanical properties of the sheets made from this alloy seem to be available so far. 

 

Although high-pressure die casting was used for processing in the work of Zhu et al. [1001] 

and Liu et al. [1129], the base alloy composition resembles a typical wrought 5xxx series 

alloy. From Fig. 73 it can be estimated that there is potential for significantly increasing the 

Fe content tolerated in 5xxx series alloys that do not require superior ductility under rapid 

solidification conditions [1001]. 
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Fig. 73. Yield strength and elongation of Al-5Mg-xFe and Al-5Mg-0.6Mn-xFe alloys. 

Reprinted with permission from [1001]. 

Algendy et al. [1130] showed that the formation of Fe-containing IMCs depends not only on 

the commonly studied elements Fe, Mn and Si. The range of Mg content in the 5xxx series 

alloys must also be taken into account, and different IMCs can form. Que et al. [1131] also 

demonstrated that the morphology of the formed eutectic Al6(Fe,Mn) changed from needle- 

and plate-like to Chinese script in Al-1.4Fe-0.7Mn-xMg if the Mg content is increased from 0 

to 3%, even though Mg is not found in the Al6(Fe,Mn) IMCs. They also reported that an 

increase in Mg content also leads to grain refinement via heterogeneous nucleation of α-Al on 

naturally formed MgAl2O4 particles. Interestingly, they observed the accumulation of Mg on 

the surface of Al6(Fe,Mn) particles, with the likely formation of an Al12Mg17 phase a few 

nanometres thick. The authors concluded that growth rates along different growth directions 

in Al6(Fe,Mn) particles are changed by Mg segregation in such way that growth becomes two-

dimesional at low Mg and three-dimensional at high Mg content, generating the morphologies 

observed. These results may be of interest when using new alloying elements that indirectly 

influence the morphology of Fe-containing IMCs. 

 

Of course, the formation of Fe-containing IMCs in 5xxx wrought alloys also depends on the 

solidification conditions, and hence, in conventional DC-casting, on the local position in the 

cast ingot. Li and Arnberg [1132] reported in the context of an Fe-containing 5182 alloy that 

as a function of the distance from the skin of the ingot, the type of IMC changed from 

Alm(Fe,Mn) with skeletal morphology to Al3(Fe, Mn) with plate-like or rod-like morphology. 

They explained the tendency to form Alm(Fe,Mn) in the eutectic reaction at higher cooling 

rates by the higher growth temperature at higher growth velocity compared to Al3(Fe,Mn). In 

a further work [1133] they found that the primary Alm(Fe,Mn) can be transformed, by 

homogenization via a eutectoid transformation, to a lamellar mixture of Al3(Fe,Mn) and Al. 

The authors linked this with an easy break-up of primary particles during further hot rolling. 

Interestingly, they found no Al6(Fe, Mn) in 5182, and explain this by the high Mg and low 

Mn content in the alloys. It should be noted that other elements, such as Cr, are also important 

for IMC formation in some industrial 5xxx alloys [1134]. 

 

All these findings indicate that 5xxx series wrought alloys feature complex relationships 

between casting conditions, chemical composition, phase selection and the phase morphology 

of Fe-containing and other IMCs introduced by recycling. Only systematically analyzed and 

understood relationships can be used to develop 5xxx series alloys that are more suitable for 

recycling. 

 

7.6 Use of scrap in 6xxx alloys intended for automotive and mobile communication 

applications 

The 6xxx series wrought alloys are not extremely sensitive to impurities from recycling, but 

production from scrap can still be a challenge (see Fig. 84, section 7.1). Bearing this in mind, 

it is important to appreciate that 6xxx wrought alloys are frequently used [1135] and are 

expected to comprise the major part of recycling scrap in the future – even though today only 

20% of 6xxx series scrap is recycled into 6xxx wrought alloys [3,252]. Table 22 illustrates the 

compositions and common uses of typical 6xxx alloys. The main restrictions in some alloys 

concern Fe and Cu, or Mn and Zn, which are all potential cross-contaminants from the 

recycling of aluminum scrap. Other elements (e.g. Cr) are also subject to tight limits in certain 

alloys, but are only minor alloying elements in specific alloys which usually represent 

minimal contamination in typical scrap streams. The fields of application for 6xxx alloys are 
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wide and include the construction, automotive, marine and aircraft industries in rolled, 

extruded, drawn and forged form [1019]. This is due to their interesting combination of 

properties such as good formability (especially for extrusion), high corrosion resistance, 

excellent surface properties and weldability, combined with relatively low price [1055,1136]. 

The wide range of the 6xxx series alloys is also shown in Fig. 65 in section 7.1, where it is 

seen that only the extreme strength and elongation limits cannot be reached in the field of 

wrought aluminum alloys. 

 

A 6xxx alloy that is particularly well suited for recycling is 6061 [51,171,269]. This is mainly 

due to the fact that this alloy can absorb a considerable amount of Mg, Si, Fe and Cu (see 

Table 22). It is one of the most commonly used 6xxx alloys. Some other alloys of the 6xxx 

series are much more limited in the concentration of impurities they tolerate. This is 

especially true of 6xxx alloys used as automotive body sheets (ABS), such as 6022. 

 

Table 22 
Typical composition and uses of 6xxx wrought alloys [1019,1055]. 

Designation Si Fe Cu Mn Mg Zn Cr Ti Typical application 

6016 
1.0-

1.5 
0.50 0.20 0.20 

0.25-

0.6 
0.20 0.10 0.15 

Automobile body sheets 
widely used in Europe 

6022 
0.8-

1.5 

0.05

-0.2 

0.01

-

0.11 

0.02-

0.1 

0.45-

0.7 
0.25 0.1 0.15 Automobile body sheets 

6014 
0.30

-0.6 
0.35 0.25 

0.05-

0.20 

0.40–

0.8 
0.10 0.20 0.10 

+0.05-0.20 Vanadium 

automobile body sheets, 
profiles 

6005 
0.60

-0.9 
0.35 0.10 0.10 

0.40-

0.6 
0.10  0.10 

General-purpose 

extrusions, rail vehicles, 
construction 

6111 
0.60

-1.1 
0.40 

0.50

-0.9 
0.20 

0.10-

0.45 
0.15 0.10 0.10 Automobile body sheets 

6060 

0.30

-

0.60 

0.10

-0.3 
0.10 0.10 

0.35-

0.6 
0.15 0.05 0.10 

General-purpose 

extrusions, rail vehicles, 
construction, forgings 

6063 
0.20

-0.6 
0.35 0.10 0.10 

0.45-

0.9 
0.10 0.10 0.10 

Casing for electronic 

devices, architectural 

extrusions, pipes, door 

and window frames, 

heat exchanges, rail 
vehicles, bumpers 

6061 

0.40

-

0.80 

0.70 

0.15

-

0.40 

0.15 0.8-1.2 0.25 
0.04-

0.35 
0.15 

Higher-strength 

applications, welded 

structures, rail vehicles, 
construction, bumpers 

6082 
0.70

-1.3 
0.50 0.10 

0.40-

1.0 
0.6-1.0 0.20 0.25 0.10 

Higher-strength 

applications widely used 
in Europe, extrusions 

Plates, chassis 

components, forgings, 

rail vehicles, 
construction, bumpers 

6013 0.40 0.50 0.10 0.2-0.7 3.5-4.5 0.25 
0.05-

0.25 
0.15 

Aircraft sheets, 
fuselages 
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However, from a plot of dilution-quality-losses for 6061 (Fig. 74) derived from a Monte 

Carlo-based decision support tool in [171] it becomes clear that even the production of the 

impurity-tolerant alloy 6061 can require significant dilution with primary aluminum if it is 

produced by recycling the material from scrap. This is even the case if scrap of superior 

quality from the wrought aluminum products of vehicles (SC2) is used. If scrap of other 

qualities is deployed, e.g. that from engines and vehicle transmissions (SC1) or used beverage 

cans (UBC) (SC3), the demand for primary aluminum is enormous. Mixing these scrap 

classes helps, but does not solve the problem. This example shows clearly that the recycling 

of used wrought alloys into new 6xxx series wrought alloys is currently a challenge. 

 

Dilution losses can be only reduced at the moment by using compositionally similar grades 

(i.e. the same alloys) [171,1123]. This type of recycling is called “tolling” and is applicable in 

closed-loop systems directly during production, such as stamping scrap. The Ford Motor 

Company used it for the F-series pickup truck, where up to 33% of primary aluminum can be 

saved with the strategy [78]. However, for end-of-life products and complex systems the 

approach does not seem very accessible at the moment. 

 

 
Fig. 74. Dilution-quality-losses plot for the production of 6061 from different types of scrap: 

Al engines and transmissions (SC1), wrought products from vehicles (SC2), UBC (SC3) and 

a mix of these. All model solutions are shown as scatter diagram for the addition of primary 

Al (dilution losses) and required alloying elements. The best case for recycling is at the lowest 

dilution losses and where there are small amounts of additional alloying elements. Reprinted 

with permission from [171]. 

 

The complex compositional challenge arises not only from the mixture of different alloy 

series from wrought and cast alloys and other metals typical of ELV recycling. Arowosola et 

al. [72] noted that over the last  few decades several different 6xxx series alloys (6005, 6009, 

6010, 6111, 6014, 6016, 6022 and 6451) have been registered for automotive skin 

applications alone. This makes for more complexity even within a single series of wrought 

alloys used for a single purpose, without taking into account that in reality the compositional 

space of a single standard cannot be fully exploited for the industrial production of high-

performance alloys for many products. This is particularly true of automotive applications, 

where alloy composition requirements are generally very tough. 

 

The following section examines the main metallurgical effects of critical elements introduced 

into 6xxx series alloys by recycling. Although many other elements can exceed standard 



174 
 

limits and such considerations depend on the specific case (e.g. Mg from 5xxx series alloys 

can also be a problem in recycling), in this section we concentrate primarily on Fe and to a 

lesser extent on Cu, as these elements are the most widely discussed in the literature. 

The Fe content in 6xxx alloys is limited due to the formation of primary Fe-containing IMCs 

[78], which can cause crack initiation, especially when present as brittle needles or plates 

[78,252]. The negative effects of these Fe-containing IMCs can be reduced during wrought 

alloy processing, i.e. via an appropriate homogenization practice and/or plastic deformation to 

break large Fe-containing IMCs into smaller ones [78]. However, it is not just Fe-containing 

IMCs which need to be considered in the context of fracture initiation in 6xxx series alloys. In 

Studying a 6061 alloy, Petit et al. [878] showed that large Mg2Si particles can fracture at low 

plastic strains. In addition, reduced ductility and bendability have been associated with 

increased Fe content in 6xxx series alloys [322] (see also Section 3.7). However, they are not 

always linearly connected with this Fe content. Lu et al. [1137] indicated that hemming and 

bending properties in 6xxx series alloys may result from a complex interdependence between 

Fe content and processing conditions such as the degree of hot rolling and quenching 

parameters, and that there can be sweet spots which do not require the lowest Fe content. The 

surface finish of 6xxx alloys can also be affected by Fe-containing IMCs [1039,1138]. 

Besides these Fe effects, the formation of primary Fe-containing IMCs also removes Si from 

solid solution [78]. This can significantly affect artificial aging kinetics, as shown in Fig. 75 

[736], and needs to be considered if high Fe content is introduced via recycling. Interestingly, 

the effect of reduced Si super-saturation on aging kinetics is much stronger when novel aging 

strategies based on direct artificial aging are deployed [736]. 

 
Fig. 75. Dependence of age-hardening kinetics on the super-saturation of Mg plus Si 

(MSSS570-175 of MgSi) expressed by a rate constant k according to the model used in [736] 

within the standard compositional limits of 6061. The results for direct artificial aging and 

artificial aging with storage at RT are shown. The effect of Fe (and in this case Ti) which 

form IMCs and trap Si is clearly shown (“mean” denotes a similar nominal Si and Mg content 

in the 6061 alloy used). Reprinted with permission from [736]. 

 

Modification via Fe in the dissolved Si concentration in the aluminum matrix also depends on 

which IMC phase is actually formed [78]. In 6xxx series alloys, as-cast IMCs often exhibit an 

Si-rich composition around β-Al5FeSi, which can be transformed into α-Al12(Fe,Mn)3Si by 

homogenization [888,1039,1139,1140]. This transition can release Si into the aluminum 

matrix [78]. Mn plays an important role in this transition [78]. Fig. 76 illustrates the effects 

that can be achieved through heat treatment and compositional measures. The metastable β 

phase in as-cast condition shown can be transformed into α by suitable homogenization.  
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Fig. 76. Isothermal section at 540 °C in an alloy with 1 wt.% Si and 0.5 wt.% Mg indicating 

the fields of existing IMCs in dependence on the Mn and Fe content. The effect of Scheil-

cooling and the resulting extended metastable β phase field in as-cast condition are shown. 

This can be brought into equilibrium via homogenization (calculated with Pandat software 

using database PanAl2019 [983]). 

 

Besides its effect on the Si supersaturation, the morphology of the Fe-containing IMCs 

formed is crucial for the properties of these alloys. For the often-discussed impurity-tolerant 

6061 alloy, the most important IMCs are α-Al8Fe2Si, α-Al15(FeMn)3Si2 and β-Al9Fe2Si2 [269]. 

The α phases can show Chinese-script or polyhedral morphology, while the β phase 

comprises unfavorable plates or needles [269]. As discussed above, the detrimental β phase 

can be transformed by long-term, high-temperature treatments which generate spheroidization 

[78] [11]. According to Wang et al. [1141], this was shown to significantly improve 

elongation and fatigue strength in an extruded 6060 alloy. Moreover, after exposing the 

material to a slightly corrosive environment its surface appearance can be improved, because 

micro surface defects due to the debonding of β-particles from the Al matrix can be averted 

by suitable heat treatment [1141]. This is illustrated in Fig. 77. 

 

 
Fig. 77. Schematic illustration of α- and β-particles during processing and the impact on 

surface properties of 6060 extrusions. Reprinted with permission from [1141]. 
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The adverse impact of the α phase can be mitigated in 6xxx alloys with increased Mn content 

(a ratio of Mn/Fe>0.5 is often suggested) [78]. This promotes α-type IMCs (see Fig. 76), 

which do not cause ductility to deteriorate as much. Hence, promotion of the α phase by 

adding Mn makes it possible to accept higher Fe content, while maintaining good tensile 

elongation [1142]. Adding Cr has a comparable effect [78]. However, these compositional 

measures also have their limitations: too much added Mn increases porosity and sludge 

formation, decreases machinability [252,339,1143,1144] and reduces strength and ductility 

[1145]. 

The type of IMC formed during casting also depends on Fe content. Sweet et al. [887] showed 

that in 6060 an increase from 0.1 wt.% to 0.5 wt.% Fe shifted the cast microstructure from β-

Al5FeSi to a Chinese-script cubic αc-Al(Fe,Mn)Si phase (see Fig. 56). This observation may 

support the above-mentioned non-linear effect of Fe content on bending and hemming 

properties. In general, there are several Fe-containing IMCs (only in the lean 6060 alloys 

described in [887] have four different phases been found in as-cast conditions) which may 

form in 6xxx series alloys. The phase depends strongly on composition (involving many 

transition metals or even Mg for the -Al8FeMg3Si6 phase) and the highly complex formation 

progression upon solidification, which includes a series of peritectic reactions [887,1146]. 

It seems very significant that the array of phases in 6xxx alloys depends on the solidification 

conditions. As already shown, the β phase is of a metastable nature, and its formation depends 

on the growth rate. Sha et al. [1051] demonstrated in 6xxx model alloys made by Bridgman 

furnace solidification that high growth rates above 120 mm/min strongly favor formation of 

the beneficial α phase. Consequently, various novel casting techniques are being utilized to 

improve the morphology and distribution of Fe-containing IMCs. Al-Helal [1147] et al. used 

high shear melt conditioning to create less-harmful Fe-containing IMCs in twin roll cast 

recycled 6111 strips. In this context, Wang et al. [1148] studied an alloy with 0.8 wt.% Mg, 

0.8 wt.% Si and 0.7 wt.% Fe which they produced by direct chill casting, and reported a 

refinement of Fe-containing IMCs, Al-grains and an increased fraction of small α‐dispersoids 

in billets cast at high speeds. There are complex links between the microstructure, 

morphology, type and interconnectivity of the Fe-containing IMCs in the cast state which also 

influences the formation of other IMCs during processing. This includes Mg2Si, as this phase 

tends to nucleate at β-Al5FeSi [1045]. Inoculation and its interdependence with Fe-containing 

IMCs upon solidification has also been investigated in the literature [1047,1048]. 

 

It should be noted that high levels of Fe content also influence the conventional casting 

process of 6xxx series alloys. In the context of direct chill casting of a 6xxx series alloy, 

Nagaumi et al. [1149] reported that increased Fe content can significantly degrade hot 

cracking behavior. 

Sweet et al. [1150] studied hot tear susceptibility in DC cast 6060 aluminum alloys with 

various amounts of Fe. They observed that materials with an Fe content ranging from 0.02 to 

0.5 wt.% had a substantial influence on load response during solidification and on the 

resulting hot tear susceptibility. They interpreted their observations in terms of the influence 

of Fe content on the frequency, size and morphology of β-Al5FeSi and α-AlFeSi IMCs and 

their influence on the coherency and coalescence of the microstructure. 

In the same context, Sree Manu et al. [1151] recently introduced an in-situ microstructural 

control method for changing the dispersion and distribution of second-phase particles via a 

mechanically melt conditioned direct chill (MC-DC) casting process, operated only 2-7°C 

above liquidus. The approach makes use of a rotor-stator high-shear device. These authors 
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successfully applied the method to an A6082 alloy containing 0.27 wt.% Fe. The results show 

that the approach improves particle dispersion and thus helps to reduce or even suppress the 

need for subsequent expensive, time-consuming homogenization operations. The method thus 

clearly increases flexibility in the use of higher scrap fractions in such alloys, where second-

phase dispersion is otherwise a challenge. 

The second element to be considered is Cu, which shows two faces in the 6xxx series. It is 

strongly restricted in many alloys (often to below 0.1 wt.%), but there are also 6xxx wrought 

alloys that contain more than 1 wt.% Cu. This becomes important when we consider the 6xxx 

alloys used together in similar products, e.g. cars. A good example of misfit affecting 

recycling is seen in the frequently used ABS alloys 6022 and 6111, where compositional 

differences in Cu are extreme and complicate recycling [1123]. Cu acts in these alloys as 

follows. High Cu content (e.g. in 6111) is used to generate additional strengthening because it 

introduces the Q phase and its precursors [809]. The rationale for tight limits on Cu in 6022 

(and many other primary alloys), however, is a bit less clear. One reason may be the 

deteriorative influence that Cu may have on various types of corrosion in 6xxx series alloys, 

even though this also depends in very complex ways on the composition and processing 

conditions affecting the different types of corrosion [1152,1153]. 

The Cu content of Al-alloys used in enclosures for electronic devices (such as 6063) is 

controlled carefully (< 0.1 wt.%), because it can have an impact on cosmetic appearance by 

affecting the color of the enclosure after anodizing. Fe can influence the appearance of Al-

alloys and generate grayish colors [1154], possibly due to the disappearance of Fe-rich IMCs 

after anodizing, which leaves etching pits which reduce surface gloss [1155]. The formation 

of “foggy” oxides in Fe-containing alloys may also contribute to their unattractive 

appearance. Gray coloring can also arise from the presence of Si in the alloy. Anodization of 

pure aluminum generates the brightest anodic oxides compared to Al-alloys [1156]. The 

challenge of reproducing a defined compositional range to achieve consistent cosmetic 

appearance increases with the degree of recycling and is related to the source and amount of 

recycling material. Cosmetic aspects are often linked to corrosion behavior. The effects of 

scrap-related tramp elements on corrosion are discussed in more detail in section 5.6. 

In conclusion, we will mention some new recycling-based concepts for 6xxx alloys addressed 

in recent literature. In [252] Kotadia et al. explored extending the current composition limits 

of 6xxx alloys, particularly with regard to Si, Fe and Mg content, but they also considered 

further tramp elements. As a first step, they showed that ultrasonication upon casting can 

significantly refine grain structure and effectively modify Fe-containing IMCs in a beneficial 

way. Other new technologies, such as spray forming, are also being investigated to produce 

starting material for forming operations that can tolerate higher Fe content. Pereira et al. [269] 

showed in the context of wrought alloy 6061 that IMCs with detrimental morphologies can be 

avoided even at 1.4 wt.% of Fe. The formation of the primary α-Al15(Fe,Mn)3Si2 phase with 

polyhedral morphology and homogeneous distribution can generate significant ductility and 

enable the hot extrusion of such 6xxx material enriched with Fe [269]. 

To summarize, a major feature of current literature on the development of recyclable 6xxx 

series alloys is acceptance of higher levels of Fe contamination. This applies to research on 

novel casting technology, solidification and inoculation, heat treatments and alloy 

solidification techniques other than conventional casting. 
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7.7 Use of scrap in 7xxx alloys intended for high-strength applications 

Al-alloys in the 7xxx series are heat-treatable, and those in the quaternary system Al-Zn-Mg-

Cu in particular have the potential to reach very high strength levels (tensile strength up to 

850 MPa [1157], and up to 1 GPa with ultrafine grain structures [629]) in comparison with the 

other Al-alloy classes. These high strength levels are primarily achieved by the precipitation 

of precursors of the η phase (MgZn2) during heat treatment. Further increases in strength can 

arise by adding significant amounts of Cu, as in most modern aerospace alloys. This can alter 

precipitates into Mg(Zn,Cu)2 [102] compounds. 

7.7.1 The role of Fe and Si impurities in 7xxx series alloys 

Historically, the widest application field of the 7xxx alloy series has been in structural 

components for the aircraft industry. This is due to their high strength-to-weight ratio and 

relatively low cost [1158][914]. Fracture-critical design concepts led to the development of 

special high-toughness alloys, such as 7150, 7175 and 7475 [1158]. The latter involves 

modification of the high-strength 7075 alloy to improve ductility. By limiting the total amount 

of Fe and Si content to max. 0.22 wt.% in 7475 (compared to a limit of max. 0.9 wt.% in 

7075), both fracture toughness properties and strength were improved [914]. Reducing 

impurity elements, such as Fe and Si, is a common way to improve fracture toughness 

properties, not only in the aircraft industry. While impurity content is limited to 0.10-0.15 

wt.% Fe and 0.15-0.25 wt.% Si in superior, high-toughness aerospace alloys, Fe and Si levels 

are typically limited to max. 0.40 wt.% in wrought premium automotive alloys such as 7116 

and 7129 (both max. 0.30 wt.% Fe), used for bumpers. The amount of Fe and Si tends to 

increase the more frequently an Al-alloy is recycled [29], mainly because it is picked up by 

scrap handling equipment [1159]. An increase in Fe in recycled Al-alloys during automotive 

recycling is considered unavoidable, and presumably arises from the unintended mixing of 

steel parts in these alloys due to non-prompt sorting [1160]. Because Fe is highly soluble in 

molten Al [1161], abrasion from the steel machining tools used in melting production 

processes can increase the Fe content in Al products [1162]. Fe is in fact the most common 

impurity element in Al-alloys. Due to its low solubility in the solid state (≈ 0.05 wt.% [1161]) 

it can form intermetallic particles, which can impair mechanical properties [1163] and 

corrosion resistance [102]. 

 

The presence of impurities may be unavoidable, and is to be expected in scrap material. 

Therefore we will address the effects of impurities in 7xxx series alloys and similar alloys. 

Several studies focus on the effects on microstructure caused by higher impurity content in 

7xxx series alloys. Micropillar compression tests conducted on constituent particles in a 7075 

alloy showed the completely brittle nature of Al7Cu2Fe particles, which had a higher 

compressive strength compared to Mg2Si particles and the 7075 alloy matrix [1164]. 

Microstructures of 7475 and 7081 alloys after potentiodynamic polarization tests in 3.5% 

NaCl solution revealed corrosion pits around Al7Cu2Fe particles, indicating the cathodic 

behavior of these particles relative to the matrix [1165]. Al7Cu2Fe particles were shown to be 

insoluble during heat treatment due to the high melting point [1166][1167][1168][1169]; 

subsequent mechanical processing leads to the cracking and re-allocation of these particles 

[1169]. In another study, the 7075 alloy, with 0.23 wt.% Fe, was successfully produced by 

TRC. It exhibited a homogeneous distribution of small particles (≈ 1 μm) due to the higher 

solidification rate, compared to the same alloy fabricated with a permanent mold casting 

(PMC) technique, which generated a large number of finer particles (≈ 0.1 μm), but also a few 

much larger particles (> 5 μm) (Fig. 78). While the small particles in the TRC alloy induced a 

fine-grained microstructure with enhanced ductility, the fine particles in the PMC alloy 

induced an inhomogeneous microstructure and decreased elongation at high temperatures 
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during hot tensile deformation. Cracks were observed inside large Fe-bearing particles (> 5 

μm) and also at the interface between particles and matrix, lowering fracture elongation 

[1170]. 

 

 
Fig. 78. Distribution of second-phase particles of cold-rolled 7075 alloy samples produced by 

TRC (a,b) and PMC (c,d) [1170]. 

 

The susceptibility of 7xxx series alloys to hot tearing has been shown in the context of DC 

casting. A DC-cast 7055 alloy exhibits a wider temperature range between solidus and 

liquidus than pure Al and an Al-4.5wt%Cu alloy, leading to a higher temperature range in the 

sump. Due to the higher temperature range, cracks initiate and propogate more easily in 7xxx 

series alloys than in the other alloys investigated. Hot tearing occurred in the center of the 

ingot due to the formation of a shrinkage cavity [1171]. 

 

Several strategies can be used to overcome hot cracking in Al-Zn-Mg-Cu alloys during 

processing through SLM. Al3Zr particles have been shown to be particularly effective, serving 

as solidification nuclei and thus helping to refine grain size, thereby reducing hot cracking 

susceptibility. These particles can be introduced as Zr nanoparticles added to the Al powder 

[1172], in the form of zirconia powders mixed with the Al powders or added to the respective 

master alloy used to produce the alloy powder [1173]. Submicron Si and TiB2 can also be 

added to the alloy. While the Al-Zn-Mg-Cu alloy exhibited macrocracks and poor fracture 

strength and elongation, the alloy with the addition of submicron Si and TiB2 revealed no hot 

cracking and showed improved fracture toughness. Adding Si increased fluidity and reduced 

solidification shrinkage [1174]. 

 

Al-Si cast alloys (e.g. AlSi7CuMg) are widely used in the automotive industry for engine 

block applications [1175]. Mixing them as aluminum cast scrap with 7xxx wrought alloys is 

not favorable due to the large amount of Si they contain, which will be detrimental due to the 

formation of coarse brittle Si-rich IMCs in the microstructure. 

 

The detrimental effect of brittle IMCs on the mechanical properties of 7xxx series alloys can 

also be mitigated by severe plastic deformation. Large-strain-constrained plastic deformation 

breaks the intermetallics into smaller particles of smaller aspect ratio, and randomizes their 
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distribution. All these effects may combine to improve the fracture properties of Al-alloys, as 

shown for friction stir processing [885]. In the processing by high-pressure torsion (HPT) of 

an alloy similar to 7449 supplemented with various levels of Fe up to 1.2 wt.%, it was shown 

that a combination of tensile strength greater than 850 MPa and of ductility greater than 5% 

could be maintained independently of Fe content [1176]. In simpler Al-Fe binary alloys, 

processing by HPT can dissolve a significant portion of the Fe intermetallics into a 

supersaturated solid solution [1177]. Upon subsequent heat treatment, this solid solution 

decomposes into extremely fine Fe-rich precipitates, thus providing high strength, high 

thermal stability (due to the slow diffusion of Fe), and an absence of large intermetallic 

particles. 

 

Nevertheless, the profound effects of intermetallics may be weakened by producing Al 7xxx 

wrought alloys with higher solidification rates or by modifying the composition to incorporate 

elements such as Mn into Fe-bearing intermetallics. Once coarse intermetallic particles are 

present in the 7xxx wrought microstructure, these not only tend to impair mechanical 

properties and corrosion resistance but may also generate difficulties in processing. 

 

High-strength 7xxx series alloys are susceptible to hot tearing during extrusion due to large 

precipitated particles, which can raise the flow stress. An increase in the flow stress during 

extrusion can increase the actual temperature of the extrudate to above the solidus 

temperature, causing local melting and crack formation. The multiplication of the two factors 

(presence of large particles and local melting) may result in hot tearing. The applicable speed 

of extrusion is therefore determined by alloy composition and the microstructure, which can 

be modified by homogenization treatment. In the 7xxx series alloys, Al-Fe-Mn-Si particles 

located at grain boundaries and Al-Mg-Zn-Cu eutectic phases can lower the extrusion speed. 

Al-Fe-Mn-Si particles located at the grain boundaries (GB particles) are brittle and hard, and 

are therefore detrimental to mechanical properties and extrudability [1178]. The effectiveness 

of further processing, in terms of time consumption and the energy required for hot working 

and cooling, might therefore also be considered when choosing appropriate 7xxx recycling 

alloys with (preferably) higher local solidus temperatures and fewer large particles. 

7.7.2 Recycling of 7xxx series alloys with and without pre-sorting 

Das and Kaufman [1159] discussed the possible recycling of aerospace alloys, mainly the 

2xxx and 7xxx alloy series. The pre-sorting of alloys within the 7xxx series and 2xxx series 

from aircraft sitting in graveyards may generate composition R7XXX, which is similar to the 

7075 alloy after recycling (Table 23). Such an alloy may be usable in non-fracture-critical 

aircraft parts. No pre-sorting of 2xxx series alloys with 7xxx series alloys can result in 

composition R2+7XX, which is shown in Table 23 [1159]. Although the pre-sorting of 2xxx 

series alloys and 7xxx series alloys should be technically achievable due to the higher Cu-

content in 2xxx series alloys and higher Zn content in 7xxx series alloys [845], lack of proper 

pre-sorting (e.g. due to possible shredding inaccuracy) should also be addressed. 

 

 

Table 23 

The 7075 alloy and potential compositions in wt.% of recycled aircraft alloys, assuming both 

pre-sorting (R7XXX) and no pre-sorting (R2+7XX) [1159]. 

Alloy Al Zn Mg Cu Fe Mn Si Others 
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7075 ≈ 90 5.6 2.5 1.6 max. 0.5 max. 0.4 max. 0.4  

R7XXX  

 

≈ 90 6.0 2.5 2.0 0.4 0.2 0.2 0.2 

R2+7XX ≈ 92 3.0 1.8 3.0 0.4 0.4 0.4  

 

The Zn content in the recycled alloy without pre-sorting (3.0 wt.%, R2+7XX) is expected to 

be approximately half of that in the resulting recycled alloy after pre-sorting (6.0 wt.%, 

R7XXX). 

7.7.3 The role of Zn and Mg in 7xxx series alloys 

The 7xxx alloy series is the only Al-alloy series in which Zn is used as an intended alloying 

element in amounts of 1 to 8 wt.% [1161]. This can explain a dilution of Zn after mixing 7xxx 

series alloys with Al-alloys of other series, as shown in the composition of R2+7XX 

compared to R7XXX. From composition R2+7XX it can also be observed that the Mg content 

is lower (1.8 wt.%) than in composition R7XXX (2.5 wt.%), because the Mg content of many 

2xxx series alloys is lower compared to 7xxx series alloys [1159]. Since Zn in combination 

with Mg or Mg+Cu provides the high levels of strength in the 7xxx series, lower Zn/Mg ratios 

may influence the final properties of the product. 

 

It has been shown that – among alloys with Zn+Mg content of ≈ 7 wt.% – a decrease in the 

Zn/Mg weight ratio from 13 to 5 leads to an increase in both ultimate tensile strength and 

yield strength of about 30%. This was ascribed to a higher density of precipitates in the matrix 

[1179]. Electrochemical cyclic polarization tests in 3.5% NaCl solution revealed a higher 

corrosion potential and lower corrosion current density in low-Zn/Mg-ratio alloys than in 

high-Zn/Mg-ratio alloys, and hence higher corrosion resistance and higher stress corrosion 

cracking (SCC) resistance. Both are explained by the lower Zn content in the matrix and the 

narrower precipitate-free zones (PFZ) [1179]. Experimental Al-Zn-Mg-Cu alloys with a total 

Zn+Mg content of ≈ 4.8 wt.% and Zn/Mg ratios between 2.3 and 0.9 exhibited the same peak 

hardness level after heat treatment. High-Zn/Mg-ratio alloys achieved peak hardness faster 

during heat treatment compared to low-Zn/Mg-ratio alloys. This was attributed to the 

nucleation of a larger number of GP II zones and their transformation to the η’ phase in high-

Zn/Mg-ratio alloys. However, after reaching peak-aged condition the rate of hardness 

reduction increased with higher-Zn/Mg ratios during overaging [1180]. The 7xxx series alloys 

are often used in a slightly overaged temper to achieve a trade-off between strength, corrosion 

resistance, and fracture toughness [1161]. Hence the Zn/Mg ratio should be considered during 

the production of recycled 7xxx series alloys and preferably kept in a tolerance range where 

similar applied heat treatments will lead to comparable material properties required for 

designated applications. 

 

Zn may be removable from the melt by vaporization due to the high vapour pressure, and Mg 

can be removed by chlorination using Cl2 gas [845], so it may be technically possible to 

decrease the Zn or Mg content to adjust the Zn/Mg ratio. 

7.7.4 The role of Cu in 7xxx series alloys 

The 7xxx alloy series can be divided into Cu-free alloys and alloys with Cu addition. The 

latter can have a significant influence on final strength and corrosion resistance. An increase 

in Cu content from 0 to 1.6 wt. % in a 7xxx series alloy can generate an increase in tensile 

strength from 515 MPa to 574 MPa, presumably due to a greater amount of the main 
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strengthening η’ phase [1181]. Because they provide both mechanical strength and high 

corrosion resistance, Cu-rich 7xxx series alloys are a more appropriate choice for structural 

materials for aircraft than Cu-free alloys. However, it has been shown that Cu in intermetallic 

particles, the solid solution in the matrix and precipitates at grain boundaries can have 

differing effects on corrosion behavior, which might be adjustable by heat treatment. In 

under-aged condition the 7055 alloy showed a decrease in Zn in the matrix, leading to a more 

noble matrix and hence decreasing the galvanic coupling between Al7Cu2Fe particles and the 

matrix. In overaged temper condition, however, a higher pitting corrosion trend was observed, 

presumably due to the reduction of Cu in the matrix, which enhances the galvanic effect 

between Al7Cu2Fe particles and the matrix. While a higher Cu content in the matrix would 

therefore lead to higher pitting corrosion resistance, less Cu in grain boundary precipitates 

would increase the susceptibility to SCC and intergranular corrosion [1182]. Alloys with 

higher Cu and Zn content, such as 7050, show more S phase (Al2CuMg) to be dissolved in 

homogenization heat treatments. The presence of the S phase in combination with high 

heating rates can result in overheating, causing the formation of rosettes. An almost complete 

dissolution of the S phase should therefore be aimed for, since pre-melting could otherwise 

take place in the following hot working processes at temperatures below 480° C [1183]. 

Several studies focus on suitable homogenization treatments for 7xxx series alloys to dissolve 

phases such as the S phase. These have led to the development of multi-step homogenization 

treatments [1184][1185]. In addition, Cu in combination with Zn and Mg in the 7xxx series 

alloys generates enhanced susceptibility to weld cracking [1186]. Hence, mechanical and 

corrosion properties may to a certain extent be adjustable via specific heat treatments, and 

lead to a higher compositional tolerance range for possible Cu dilution or Cu addition during 

the recycling of Al scrap material in the 7xxx alloy series. 

7.7.5 The role of transition elements in 7xxx series alloys 

In 7xxx series alloys transition element additions such as Cr and Zr can be present in small 

quantities, primarily to inhibit recrystallization during processing and to maintain the resulting 

grain structure after solution heat treatment. Elongated grain structures in a 7xxx series alloy 

after hot rolling may increase resistance to SCC in extrusions, because the propagation of 

intergranular SCC cracks perpendicular to the elongated grains is difficult [1183]. It may be 

necessary to apply a two-step homogenization treatment to achieve an improved Al3Zr 

dispersoid distribution to almost completely inhibit recrystallization with <0.09 wt.% Zr 

[1187]. The potential accumulation of grain-refining elements such as Cr or Zr during 

recycling needs further investigation [1159]. However, removal of Ti and Zr might be 

possible with an addition of B to generate TiB2 and ZrB2 stable precipitates, which could be 

filtered [845]. 

7.7.6 “Green” 7xxx series alloys 

While recycled high-strength 7xxx series alloys may not achieve the properties required for 

critical parts in the aircraft or automotive industries, they may be applicable in less critical 

applications such as consumer electronic devices, and easier to introduce. Because customers 

expect authentic materials, TVs are being developed with thinner profiles and the size of 

tablet computers is increasing. The use of Al-alloys could be increased further compared to 

plastic materials. Anodizing 7xxx series alloys does not generally produce the appearance 

desired. Nevertheless, a pure Al-clad material with a better surface finish around a 7xxx series 

core alloy bonded by hot rolling may be appropriate in consumer electronics [1188], and may 

have potential as a herald of “green” high-strength Al products even as recycled old scrap. 
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8 Future alloys, products and processes designed for high levels of 

scrap usage 

8.1 Sustainable aluminum alloys and powder recycling procedures in additive 

manufacturing 

8.1.1 Introduction 

Additive manufacturing (AM) comprises fabrication processes that are characterized by a 

layer-by-layer build-up of 3-D objects, whose geometrical information is provided in the form 

of computer-aided design models. In Powder Bed Fusion (PBF), a laser (L-PBF) or an 

electron beam (Electron Beam Melting (EBM)) is used to melt and consolidate a powder. 

Here we focus mainly on L-PBF, which is currently the most common technique in metal 

AM. 

The geometrical freedom provided by L-PBF allows optimization of lightweight parts with 

better design and functionality than existing components. This in turn offers the potential to 

reduce energy consumption in the aerospace and automotive sectors [1189–1191]. On-demand 

production of parts reduces transportation in the supply chain [1189] and waste associated 

with large inventories [1189]. Because unmelted powder can be reused for subsequent 

building jobs, less waste material is produced during the layer-by-layer construction of the 

part [1189,1192]. This contrasts with traditional subtractive manufacturing, where material is 

selectively removed in order to produce a component. Particularly striking examples include 

components of complex geometries such as those used in aerospace applications, where buy-

to-fly ratios (i.e. the ratio between the weight of the raw material and the weight of the final 

component) of > 95% are common [1193]. A decrease in the amount of waste material results 

in a reduced CO2 footprint. The specific energy consumption of an efficient AlSi10Mg build 

in which extensive utilization of the available space on the building platform was realized was 

measured by Faludi et al. at 566 MJ/kg [1194]. In primary production, the embodied energy 

of bulk AlSi10Mg (currently the most-used aluminum alloy in additive manufacturing [1195]) 

is ~ 189 MJ/kg [1196], while atomization adds an additional ~ 8 MJ/kg to the embodied 

energy of the material [1196]. A non-significant proportion of the CO2 footprint associated 

with parts produced by L-PBF therefore arises from steps preceding the AM process. This 

highlights the importance of powder recycling. 

 

8.1.2 Powder recycling 

Metal powders can be reused in PBF in a variety of ways [1197]. Used powder can be sieved 

and reused without mixing with other powders; this is currently the most commonly employed 

strategy documented in the scientific literature [1197]. Used powder can also be sieved and 

mixed with virgin powder or mixed with used powder of the same age [1198]. In the latter 

context Lutter-Günther et al. [1198] modelled the maximum number of powder reuse cycles 

as a function of powder batch size, build volume utilization, powder coating dosage factor and 

powder loss. The build volume utilization was found to have the greatest impact on the 

maximum life cycle, which varied between 1 and 117 cycles for all combinations of 

parameters tested [1198]. The average maximum number was calculated at 35 cycles for 

batch sizes of 100 – 1000 kg [1198]. This provides a reference value up to which powder 

recycling should be assessed for typical L-PBF applications [1197]. During the fabrication 

process, however, several mechanisms can affect the properties of metal powders [1199], 

leading to potential quality degradation and therefore to fewer achievable reuse cycles. 
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A well-documented phenomenon is the formation of laser spatter. The evaporation of material 

resulting from intense local interaction of the laser with the metal powder is associated with 

substantial recoil pressure, which can lead to melt pool instabilities and ejection of material 

from the melt pool [1200]. Spatter can also be formed if powder particles surrounding the 

melt pool are ejected due to the intense vapour flow or by the entrainment of particles within 

the inert gas flow present inside the building chamber [1201]. Individual spatter particles are 

typically spherical [1202]. If liquid spatter particles collide with other particles either during 

their flight or after contact with the powder bed, aggregates can form [1203]. In addition to 

the relatively coarse spatter particles, the partial evaporation of metal powder causes 

condensate to form, consisting of submicron particles deposited on the walls of the building 

chamber and on the surface of spatter particles [1203]. Apart from changes in granulometry 

and morphology, i.e. in the particle size distribution and morphology of the metal powders 

used, the chemical composition of spatter may differ from that of virgin powder. This was 

observed by Simonelli et al., who found surface oxides on laser spatter of an AlSi10Mg 

powder [1202]. While large agglomerates can be effectively filtered out during sieving, the 

majority of laser spatter particles, as well as most metal condensate, will be transferred to 

subsequent build jobs when recycled, potentially having negative effects on built parts. This is 

mainly because laser absorption and heat transfer, which govern the formation of melt pools 

[1204], are strongly dependent on the properties of the powders used. The absorptivity of 

metal powders is generally higher in comparison to flat surfaces due to multiple scattering 

[1205], with the absolute value for the absorption coefficient depending on the powder size 

distribution and the resulting packing density [1205]. Similarly, the thermal conductivity of 

metal powders is dependent on their size and shape [1206]. In the powder size ranges typical 

for L-PBF (< 100 µm), densely spaced solid-to-solid contact points contribute significantly to 

thermal resistance [1207]. Conductivity therefore depends on the nature of contact points and 

voids between the powder particles. Similarly, surface oxides may affect both the thermal 

conductivity of the powder feedstock [1208] and the phase constitution of the final alloy due 

to the incorporation of oxides, thereby affecting reproducibility with an increasing number of 

powder reuse cycles. 

 

Tradowsky et al. fabricated specimens of AlSi10Mg by L-PBF and subsequently analyzed 

them [1209]. After initial processing, the leftover powder was reused in a separate build job 

without prior sieving [1209]. The void content increased drastically, from 0.26% for a 

specimen made from virgin powder to 2.00% for a sample made from the recycled powder. 

The increased presence of irregularly shaped voids in the sample produced from the recycled 

powder was ascribed to the formation of significant amounts of oxides. Yield strength and 

ultimate tensile strength decreased by approximately 8%, while the elongation at fracture 

decreased by roughly 14% [1209]. 
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Fig. 79. Evolution of (a) particle size distribution in an AlSi10Mg powder; (b) average 

particle size; (c) tensile yield strength of AlSi10Mg in the as-built state; and (d) elongation at 

fracture with an increasing number of reuse cycles. The powder was sieved after each build 

job. Adapted with permission from [1210]. 

 

In another study, Asgari et al. investigated the effect of one powder reuse cycle on the 

properties of AlSi10Mg powder and the properties of built parts [1211]. In contrast to the 

study by Tradowski et al. [1209], the powder was sieved after the first use cycle. No 

statistically significant difference in the average particle size was found between virgin and 

recycled powders [1211]. Moreover, the yield strength, ultimate tensile strength and 

elongation at fracture of a specimen made from recycled powder showed no significant 

variations from published values for samples made from virgin powders [1211], indicating 

that using a recycled powder did not negatively affect the quality of the built parts. Similarly, 

Hadadzadeh et al. investigated the effect of one powder reuse cycle on AlSi10Mg powder 

characteristics and the resulting part properties [1212], employing the same recycling strategy 

of sieving and reusing without mixing with virgin powder. Only minor variations were found 

in the average powder particle size (standard deviation ≈ 9 µm in the virgin powder and ≈ 10 

µm in the recycled powder), solidification cell size and dislocation density. While the 

difference in yield strength between vertically-built virgin and recycled powder samples was 

found to be negligible, the latter exhibited a lower elongation to fracture [1212]. 

 

The experimental studies mentioned above only covered one reuse cycle. To quantify the 

effect of multiple reuse cycles on the mechanical properties of AlSi10Mg, Del Re et al. 

measured the powder properties and mechanical properties of L-PBF-processed parts for a 

total of 9 subsequent build jobs using the same powder batch, which was sieved after each 

build [1210] (see Fig. 79). Notably, the chemical composition, apparent density, tap density 

and particle sphericity of the AlSi10Mg powder were found to remain approximately constant 

for the full duration of 8 reuse cycles [1210]. The oxygen content was not measured. The 

particle size distribution exhibited a shift towards smaller particle sizes, especially during the 
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first cycles (see Fig. 79a and b) [1210]. This behavior was attributed to comparatively coarse 

particles being gradually removed from the powder batch due to sieving [1210]. The results of 

tensile tests are displayed in Fig. 79c and d. No significant effect of the powder recycling on 

elongation at fracture was observed. In contrast, a statistically significant reduction in yield 

strength with an increasing number of reuses was observed. However, the total extent to 

which the yield strength decreased over 8 reuse cycles was small. In addition to the decrease 

in strength, high cycle fatigue strength decreased by approximately 12% [1210]. According to 

the authors, the changes in mechanical properties observed still conform to the alloy 

specifications [1210]. The results of Del Re et al. [1210] regarding multiple reuse were 

largely confirmed in a separate study by Maamoun et al. [1213], who investigated the 

characteristics of AlSi10Mg powder subjected to 18 prior build jobs (see Fig. 80). Relative to 

the virgin powder, the recycled powder exhibited a shift towards smaller particle diameters. 

The overall degree to which the particle size distribution shifted was small, as values for the 

10th (D10) and 90th (D90) percentiles only decreased from 11.8 and 54.1 µm for the virgin 

powder to 10.7 and 52.6 µm for the recycled powder, respectively. 

 

 

Fig. 80. SEM images showing the morphology of AlSi10Mg powder in the (a, b) virgin state 

and (c, d) after 18 prior uses. The powder was sieved after each build job. Reprinted with 

permission from [1213]. 

 

The findings of the studies presented suggest that powder recycling is a viable solution for 

improving the eco-efficiency of additively manufactured components, provided that used 

powder is sieved after each build job. However, more research is needed to quantify the 

maximum numbers of reuse cycles up to which properties of build parts will continue to retain 

their respective specifications. Because certain applications, e.g. in the aerospace industry 

[1195], require mechanical properties beyond those offered by AlSi10Mg, it is also necessary 

to investigate the effects of powder recycling using different aluminum alloys, as recycling 

behavior may differ according to the chemical composition of the powder. 
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8.1.3 Sustainable aluminum alloys for additive manufacturing 

The vast majority of aluminum powder is produced from primary aluminum [1214]. Apart 

from reusing powders, the CO2 footprint associated with typical AM processing might be 

further reduced by employing secondary aluminum as the raw material. Due to the currently 

high price of spherical metal powder [1199] and the inability to process many commercial 

high-strength aluminum alloys [1195], comparatively little attention has so far been paid to 

developing sustainable aluminum alloys for AM. 

 

 
Fig. 81. True stress-strain curves of an AlSi12CuNiMg alloy with varying Fe content, 

produced by casting and L-PBF (denoted here as Selective Laser Melting (SLM)), and 

measured at 300 °C. Reprinted with permission from [1215]. 

 

In general, impurities can exert harmful effects on aluminum alloys in a variety of ways, some 

of which are universal among manufacturing methods. More specifically, the interaction 

between impurities and other solute species can cause drastic changes in phase equilibria. In 

high-strength Al-Cu-Mg-Ag alloys, for instance, the addition of only 0.2 wt.% Si is sufficient 

to fully suppress the formation of the desirable Ω phase [1216]. Interactions between different 

solute species depend on the chemical composition and need to be considered for the various 

alloy systems individually. However, L-PBF provides cooling rates on the order of 104 – 106 

K/s [1217], and some mechanisms by which impurities adversely affect the properties of 

aluminum alloys can be mitigated or even fully eliminated because rapid solidification is 

known to increase the effective solubilities of alloying elements in aluminum and decrease the 

size of second-phase particles [1218]. Clear examples of this are provided by studies on the 

AM of Fe-bearing aluminum alloys. 

 

Suchy et al. [1010] compared the microstructure and mechanical properties of L-PBF-

produced and as-cast AlSi9Cu3, an alloy frequently used in the production of die-cast engine 

blocks in the automotive industry [1219]. The microstructure of the as-cast alloy containing 

0.65 wt.% Fe was characterized by coarse eutectic Si and intermetallic Fe- and Cu-rich phases 

[1010]. The intermetallic phases in the L-PBF-processed material had a significantly finer 

dispersion, despite the higher Fe content of 1.01 wt.% [1010]. This microstructural refinement 

was accompanied by a significant improvement in mechanical properties. The elongation at 

fracture increased from approximately 0.6% in the cast specimen to 5.3% in the sample 
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produced by L-PBF. Moreover, the yield strength almost doubled. A similar improvement in 

mechanical properties was noted by Yamasaki et al. [1215], who produced AlSi12CuNiMg 

with a nominal Fe concentration of 0.1 wt.% via both casting and L-PBF. Two modified 

alloys with nominal Fe concentrations of 3 and 5 wt.% were also processed by L-PBF. All 

specimens were annealed at 300 °C [1215]. One group of alloys was heat-treated to the T6 

condition prior to this step. High-temperature tensile tests were performed at 300 °C; the 

results are displayed in Fig. 81. Among the samples annealed at 300 °C, those produced by L-

PBF exhibited enhanced strength and elongation at fracture at all Fe concentrations. Similarly, 

the elongation at fracture was drastically increased in the additively manufactured samples of 

the T6 group, indicating that Fe addition can be deployed to improve the strength-ductility 

relationship in L-PBF-processed Al-Si-based cast alloys. 

 

 

Fig. 82. SEM micrographs of (a) as-cast and (b) L-PBF-produced 8009. Adapted with 

permission from [1220]. 

 

Remarkably, an improvement in mechanical properties when Fe is added has not only been 

observed in alloys of the Al-Si system. An AM-related patent application published by 

AMAG casting GmbH and AUDI AG [1221] discloses the chemical compositions of 

commercial aluminum alloys modified by adding Mn and Fe, and presents the properties of L-

PBF-processed materials. Adding 0.5 – 1 wt.% Fe to Mn-modified wrought alloys of the 5xxx 

series (Al-4.9Mg-0.6Mn-0.5Sc-0.5Zr-0.1Fe), the 6xxx series (Al-1.2Mg-0.8Si-0.7Mn-0.2Fe), 

and the 7xxx series (Al-6Zn-1.6Cu-2.7Mg-0.3Mn-0.1Fe) generated increased ultimate tensile 

strength, elongation at fracture, reduced porosity and hot cracking susceptibility in all alloys 

[1221]. 

 

Even higher Fe concentrations can be found in the rapid solidification alloy 8009 with the 

composition Al-8.5Fe-1.3V-1.7Si (wt.%) [1220], originally developed by Skinner et al. 

[1222]. Fig. 82 provides a direct comparison between cast and L-PBF-produced 8009 [1220]. 

Despite the high Fe content, no coarse intermetallic phases can be observed in the additively 

manufactured alloy. It achieves an ultimate tensile strength of 454 MPa and an elongation at 

break of 7.2% [1223]. This provides a notable example of how high concentrations of 

otherwise deleterious alloying additions can be exploited to create high-strength alloys for 

AM. 

 

The available literature suggests that many of the commercial aluminum alloys currently in 

use exhibit high impurity tolerance to Fe during additive manufacturing. This clearly 

illustrates the potential of using secondary aluminum as raw material in the production of 

aluminum-based powders. 
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Future research should aim at quantifying the effects of different levels and combinations of 

impurity elements (e.g. Fe and Mn) – not only on mechanical properties, but also on corrosion 

behavior and the processability of aluminum alloys. This will be a step towards determining 

the grade-specific maximum tolerable concentrations of these impurities. 

 

8.2 Uni-alloys, crossover alloys and multi-purpose alloys 

First, we will define what we mean by the terms uni-alloys, multi-purpose alloys and 

crossover alloys [48]. A uni-alloy addresses a single composition space and targets a reduced 

number of alloy compositions for different parts and components of a system made from it. In 

the simplest example, this can be the use of a single composition for can bodies and lids 

[31,299]. Its current extreme is a uni-alloy car, which is currently far from being realized. 

However, an interesting example that actually exists is car doors. Currently, the inner part of 

car doors is often made of non-hardenable, highly formable 5xxx wrought alloys [1224]. 

Unfortunately, these alloys are soft and their surfaces after forming is not decorative. 

Therefore wrought 6xxx alloys, which show good surface quality after being shaped but are 

more limited in formability compared to the 5xxx alloys, are often used for the outer part of 

the door [1224]. However, the combined recycling of these materials is problematic because 

the alloys cannot be recycled in the same scrap stream due to elemental incompatibilities (see 

section 7.6 for details). Although it is obvious that a uni-alloy strategy can reduce 

compositional complexity in future structures, it should be noted that in very simple cases, 

such as beverage cans, it does not always provide environmental benefits if certain boundary 

conditions apply [31]. However, in many complex structures and systems the strategy is 

indeed beneficial. A uni-alloying concept could remedy this situation and provide more 

sustainable, simplified recycling. 

 

In this context it is very important to recognize that such concepts can only be realized if the 

properties of an alloy can be meaningfully changed via microstructure adjustment. To a small 

extent, this has been investigated in the area of 6xxx alloys in cars. Some 6xxx series alloys 

have been promoted as uni-alloy in the automotive sector (e.g. 6022 for outer and inner body 

panels [29,1225]). In reality, however, a mixture of alloys is still often used due to the varying 

demands of today’s automotive designs and the lack of studies and development work on 

6xxx-based automotive uni-alloys. 

 

Uni-alloy concepts exist in the area of AlSiMg structural castings. These concepts mainly 

apply to the use of single compositions which provide a broad property range via adjustments 

to the heat treatment condition. For example, Müller et al. [1226] developed a high-pressure 

die-cast alloy for various car components classified as “crash-relevant”, “strength-relevant” 

and “high-strength”. At present different near-eutectic AlSi alloys are deployed in such 

components depending on the application, but in the future the new Si-reduced AlSi7Mg 

variant should meet all requirements. For this purpose, the heat treatment of the alloy was 

redesigned. Adjusting the solution heat treatment and increasing the quenching rate generates 

a high-strength condition. To be “crash-relevant”, where increased ductility is required, a 

share of the component’s strength is sacrificed by applying an overaging treatment. This 

procedure is further associated with an increase in necking elongation and a simultaneous 

improvement in the multiaxial deformability of the material, resulting in an improvement of 

the often application-critical self-pierce riveting properties [1226]. 

 

The aspect of setting different properties by modifying process parameters also applies to 

multi-purpose alloys. Multi-purpose alloys are particular alloys which can be deployed in 
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several applications. In addition, one alloy composition can be subjected to different 

production methods (e.g. castings and wrought products are made from the same alloy). To a 

small extent multi-purpose alloys already exist today: for example, the wrought alloy 5182 

overlaps closely with the casting alloy EN AC-AlMg5. Other examples include the use of 

both casting and wrought alloys in additive manufacturing, for example AlSi10Mg [1227] or 

6061 [1228]. These have in common that due to a high solidification rate and the associated 

fine formation of IMCs, they tolerate a higher trace element content. 

The term “crossover alloy” implies that the compositional classifications usually in place for 

the different alloy classes are neglected for bridging properties. This applies to both the uni-

alloy and the multi-purpose concepts. The aim of the crossover approach is to expand the 

property range to reduce the number of alloys required in complex systems [3,1229]. 

 

Production and design often require the use of several different alloy systems, limiting 

recyclability at the end of a product’s service life [3]. One example is a complicatedly shaped 

component in a vehicle. Although it is possible to improve the formability of 6xxx alloys 

without loss of strength [1230–1232], this development direction has natural limits because 

strain hardening of these alloys cannot be easy modulated over a wide range. Hence, 6xxx 

alloys do not yet meet some of the requirements for complex forming operations (especially 

stretch forming), even though these alloys offer good age-hardening potential. Today’s 

wrought 5xxx alloys offer high uniform elongation and work hardening due to their inherently 

high Mg content [1019], which is beneficial for complex forming operations. However, 

Lüders elongation, dynamic strain aging and low strength are disadvantages of these alloys 

[86,87]. 

 

One approach to solving this problem is to introduce additional alloying elements into 5xxx 

alloys to promote age hardening. The addition of small amounts of Cu to 5xxx wrought alloys 

to prevent softening due to recovery of automotive 5xxx alloys during paint baking was first 

seen in Japan at the beginning of the 1990s [1233], and has attracted further interest since 

[1053,1110,1234]. This research may involve the first exploitation of the extensive work 

hardening of 5xxx alloys combined with the age-hardening potential of another alloy class 

(Cu from the 2xxx series) and the crossover of properties. As in 2xxx series alloys, the typical 

precipitation sequence in such crossover systems includes clusters, precursors and finally the 

equilibrium S phase (Al2MgCu) [1234]. 

 

While the Cu additions to wrought 5xxx alloys investigated were generally rather small, other 

studies addressed Zn addition to 5xxx alloys of up to several percent. Compositionally the 

results can be regarded as crossovers of 5xxx and 7xxx series alloys. Their aim is not only 

increased strength, but also reduced serrated flow behavior and enhanced corrosion resistance. 

In recent years, an increasing trend towards adding Zn [1052,1235–1239] has been observed, 

although with an even stronger focus on the combined adding of Zn and Cu [87,1007,1240–

1246]. Note that this concept has also been applied to casting alloys [1006].  

 

It is now accepted that in equilibrium, the T phase (Mg32(Al,Zn)49) is formed in these systems. 

However, the precipitation sequence utilized in aging treatments is complex and still under 

debate. It depends on thermal history and composition. This is illustrated in Fig. 83. 
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Fig. 83. Schematic illustration of the proposed precipitation sequence by Cao et al. [1242] for 

alloy AlMg5.2Zn2.0Cu0.45 (in wt.%) upon aging at 180°C with (a) and without (b) prior pre-

aging (80°C/12 h). Reprinted with permission from [1242]. 

 

Fig. 84 demonstrates the potential of this type of 5xxx to 7xxx crossover concept. The 

combination of high strain hardening caused by high Mg content and a rapid, superior age-

hardening response within a short time, typically applied upon paint-baking in the automotive 

industry, proves to be feasible [1240]. Although the concept is promising, it has not yet 

reached industrial scale due to the recent nature of intensive research in this field. 

 

 

Fig. 84. Demonstration of the potential of an 5182 base alloy (denoted as AlMg) with the 

addition of 3.5 wt.% Zn (denoted as AlMgZn) and 3.5 wt.% Zn and 0.5 wt.% Cu (denoted as 

AlMgZnCu). Data after pre-aging (typical forming condition) and after a paint-bake treatment 

(typical application condition) are shown. The forming properties deducible from the tensile 

tests (elongation, strain hardening) are comparable to 5182 for the alloys with added Zn and 

Zn+Cu. The strength after a paint-bake treatment is superior. A comparison with a common 

automotive 6xxx alloy for automotive applications is also shown. Reprinted with permission 

from [1240]. 
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Compositionally, crossovers between 6xxx and 7xxx series wrought alloys also exist. The 

main aim with these crossover alloys is to improve the age-hardening potential of 6xxx alloys 

via Zn addition and to add the aging characteristics of 7xxx series alloys to 6xxx alloys 

[405,832,862,863,1247–1250]. As can be seen from the literature on it, this research was not 

undertaken to reduce the number of alloys required via an expansion of the property profile, 

but the results may well serve this goal. 

 

In general, the environmental benefits of the above-mentioned crossover alloys have not been 

studied in depth. There are also no studies on their recyclability, apart from the general 

argument – which should be noted by product designers – that reducing the number of alloys 

can be beneficial. In this context another meaning for the term “crossover” was brought to 

light by Haga et al. [1251]. They studied a compositional crossover between 6xxx wrought 

alloys and AlSi-based casting alloys. This involved a true compositional blend resulting from 

mixed scrap streams rather than an overlap in material properties. Similar research was 

conducted on a crossover of 5xxx wrought alloys and AlSi-based casting [1252]. The alloy 

5182 was contaminated with up to 2 wt.% of Si and processed by vertical high-speed twin-roll 

casting. The final cold-rolled and annealed sheets showed promising properties, with a 

limiting draw ratio of 1.8 and elongation above 20% at 2 wt.% of Si. Haga et al. [1252] 

concluded that the alloys could be used for die casting and sheet forming – evoking 

multipurpose alloys. 

 

Finally, it should be mentioned that the crossover concept is also being applied in new 

processing routes such as additive manufacturing [1253]. In this area in particular, but also in 

general, we see that composition classifications that have been common for decades are 

beginning to break down, leaving plenty of room for alloy development. 

 

9 Conclusions, outlook and future research 

This article has reviewed the state of the art and the scientific challenges involved in making 

aluminum alloys more sustainable through transitioning to a more circular system of material 

recovery and reuse. It was motivated by the huge discrepancies between primary synthesis 

and secondary synthesis (i.e. recycling) in terms of energy consumption, GHG emissions and 

environmental pollution associated with mining and by-product management. The energy 

needed to melt aluminum scrap is 5% of that needed to reduce ore, a difference which – 

where exploited – translates into reduced CO2 emissions. The amount of available aluminum 

scrap is also estimated to double by 2050, which indicates the urgency of this topic. 

The key challenge here is the large-scale intrusion and accumulation of impurity elements in 

alloys, in terms of both the number of different elements and their concentrations. Here two 

main tasks emerge. One is to develop mature engineering alloys which are more scrap-

compatible, i.e. more tolerant of certain tramp elements that intrude from scrap so as to make 

them more robust under conditions of both higher impurity content and higher composition 

variability. This would render alloys fit for the maximised use of scrap. The other task is to 

reduce both the number of alloys and their chemical complexity and, wherever possible, 

achieve consistent properties by replacing composition tuning by microstructure tuning. 

These two tasks comprise research directions that address an overall future need: to establish 

a “science of dirty alloys” which encompasses a set of approaches that will equip aluminum 

alloys with higher impurity tolerance [3]. 
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The article has reviewed and evaluated the metallurgical mechanisms behind the topics 

involved, including such things as the influence of scrap-related contaminants on the 

thermodynamics and kinetics of precipitation reactions, plus their mechanical and 

electrochemical effects; precipitation-free zones around grain boundaries; casting 

microstructures; and adjustment of processing parameters, plus the resulting mechanical, 

functional and chemical properties. 

In the second section a few guiding questions were formulated, to which we now return. With 

regard to both controlling potential negative effects and realizing great benefits, what main 

factors require our attention? 

(i) What effects do contaminants have? 

Due to their usually low solubility, most impurity elements promote the formation of 

intermetallic phases. These phases can affect castability, ductility, fracture toughness, fatigue, 

various forming limits, surface finish, corrosion, age-hardening capability and precipitation 

free zones. The associated effects can be positive (e.g. by controlling recrystallization during 

homogenization, or refining grain size during casting) or negative (e.g. for fracture properties 

if the particle size, shape and distribution is not well controlled). Well known in this respect is 

Fe, which can cause morphologically unfavorable intermetallic phases to form in many alloys. 

However, the nature and properties of the phases formed are highly dependent on processing 

and constitution, and there are many possibilities for optimization. In addition to forming 

intermetallics, impurity elements can also significantly modify existing intermetallics 

(through changes in intermetallic type or shape). A well-known example is the addition of Mn 

to FeSi-containing intermetallics. Here Mn can change the shape, which is very beneficial. 

Another effect of impurities can be segregation at interfaces, weakening mechanical 

properties or corrosion properties (e.g. Cu at grain boundaries). In addition to the formation of 

intermetallic phases, elements in the solid solution can also have effects, e.g. on the 

precipitation kinetics. Knowing more about how impurity elements might be used in such 

areas would be a useful aim in the science of dirty alloys. Another important impact of 

impurity elements is on the precipitation process itself, either directly through effects on 

phase selection and the trajectory of metastable and stable phases that form, or indirectly 

through interactions with vacancies that subsequently affect precipitation. 

 

(ii) Are thermodynamic and kinetic databases sufficiently detailed and reliable as 

foundations for the development of “dirty alloys”, in particular in the areas of 

spinodal, metastable and intermetallic phases and contaminant effects on vacancies? 

Detailed thermodynamic information about some of the relevant impurity elements, and 

specifically their interactions with the base alloy composition, is sparse when it comes to the 

prediction (and avoidance) of their occurrence and associated intermediate states. This is true 

not only for the underlying Gibbs free energy or Landau potential landscape curves, but also 

for the mobility coefficients, their effects on vacancies, and the nucleation barriers or 

respective spinodal decomposition windows. 

Much more development work is required in the future on free energy descriptions of 

intermetallics as a function of different scrap alloying element additions. The pending 

questions here are: how is the competition between different intermetallics affected by 

impurity addition? What scrap elements are soluble in the various intermetallics? How do 

scrap additions modify the shapes of intermetallics? 
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The effect of vacancy binding due to impurity elements and the subsequent effect on diffusion 

and precipitation needs more investigation. Excess vacancy content during precipitation is 

non-constant due to such effects. Phenomena such as the “vacancy pump” have been 

proposed to explain some of the unusual time dependence of diffusion-controlled processes in 

Al-alloys (such as the logarithmic time dependence of resistivity changes). It is clear that 

mass transport under conditions of vacancy trapping and binding requires much work. This 

strongly influences the kinetics of precipitation in aluminum alloys. 

 

(iii) Can scrap-related contaminants get trapped at lattice defects and inside precipitates? 

Could such trapping be used to render them harmless? Which types of thermal 

treatment should be applied to this end? Are all contaminant-related phases that form 

harmful, or are there beneficial features associated with any of the tramp elements? 

Impurities are often found to become enriched in dispersoids, in intermetallics, in the bulk and 

at grain boundaries. Investigations are thus needed to detail which of these nano-alloying 

elements are harmless and which are not, e.g. in terms of embrittlement, precipitation-free 

zones, age-hardening kinetics, hydrogen embrittlement and/or micro-galvanic corrosion. In 

some well-studied scrap-related intermetallic precipitates, modest alloy modifications can be a 

suitable pathway for mitigating harmful effects from such precipitation states. 

Some impurity elements can be deployed to segregate to precipitate interfaces and 

beneficially affect thermal stability; this has been done in Al-Cu based alloys. More work in 

this direction is required. Some tramp elements can be bad, however, and finding ways to 

immobilise them at trapped sites is worth considering. Can reservoirs be built into the alloy 

design to trap detrimental species so that they cannot damage other processes? 

 

(iv) How impurity-tolerant can we make green near-commercial Al-alloys, and which 

contaminants are most relevant? What upper limits apply to contaminants in near-

engineering Al-alloys? 

The most important contaminants are Fe, Mn, Cr, Cu and Si, depending on the alloy class and 

the product application targeted. It was shown that with regard to some of these scrap-related 

contaminants, alloy tolerance can already be increased in existing alloys without any 

substantial loss of properties. It is important to understand that through advanced casting 

processes and higher quench rates, higher levels of impurities (e.g. Fe) might be made 

possible. Most work concerns alloys for automotive applications (5xxx, 6xxx series alloys and 

casting alloys), but increased impurity levels are also being discussed in the context of aircraft 

alloys. In general there is much scope for research into improving the impurity tolerance of 

established alloys, either through processing or through minor compositional measures (e.g. 

modification of deleterious intermetallic phases). 

 

(v) Which crossover alloys are the most promising for combining beneficial mechanisms 

across established alloy families? 

Such broad-band, multi-purpose alloys must be designed as universal and not as niche alloys. 

They should be broad in their composition tolerance and application range. This field is 

relatively new, but there have already been attempts to combine excellent forming properties 

and high strength in new AlMgZn(Cu) alloys in order to cover more automotive applications 

with one alloy [86,87]. Attempts are also being made to extend the properties of existing 

wrought (6xxx) and cast alloys (AlSiMg) within one compositional range to broaden their 

applicability. Although the overall concept of such crossover alloys is very appealing, it must 
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be considered that most of the Al produced thus far is still in use, and that the accumulation of 

Al out there falls into composition ranges that are roughly defined by the existing classes. 

Making those existing classes more robust in the face of impurities would probably be of 

greater benefit to the field because it would encompass the Al already in use. 

 

(vi) What combinatorial high-throughput methods are suitable for revealing scrap-related 

composition-microstructure-kinetics-property trends and ranges? How can we probe 

damage-tolerance in the associated experiments? 

Recent work suggests that the combinatorial screening of alloys for effects associated with 

scrap-related impurities requires the use of at least mm-thick sample sizes which can be cast, 

homogenised and quenched-in under conditions that approximate macroscopic processing 

conditions, at least roughly. Thin film combinatorial methods, or compositional alloy 

gradients produced by additive manufacturing or related methods which utilise rapid 

quenching, create microstructures that are not really comparable to those observed under real 

manufacturing conditions. 

 

(vii) For which phases is it necessary to use atomistic simulation methods to understand 

phase (meta-) stability, impurity trapping, sublattice occupancy and phase 

stoichiometry ranges? In general, are there sufficiently suitable modeling techniques 

available by which we can analyse the effects of tramp elements on aluminum alloys? 

Few reliable thermodynamic data are available on phases with >4 components. When such 

phases become important in the context of contaminants from scrap, it may be expedient to 

study their exact composition and structure by electron microscopy and atom probe 

tomography and to use the results for thermodynamic calculations. If only a small fraction of 

tramp elements enters dispersoids or transient phases, ab initio calculations become 

challenging because they need a certain minimum stoichiometry to fit supercell simulations. 

A better thermodynamic understanding of impurity-related phases is generally important, 

because in some cases a suitable strategy may be to add further doping elements that render 

some of these intermetallic cases less harmful (i.e. Fe-containing phases become less harmful 

if they are doped with Mn). 

 

(viii) How does deploying meso- and near atomic-scale characterization methods address 

these challenges? How can the main effects associated with tramp elements be 

observed and identified? 

High-resolution probing techniques such as scanning transmission electron microscopy and 

atom probe tomography can reveal even near-ppm-range impurity effects and the associated 

structures of nano-precipitates. Ideally these techniques are applied to the same portion of the 

material in question, a technique that is referred to as correlated microscopy. Corresponding 

additional information on size distributions, which gives such studies statistical relevance, can 

be obtained using advanced synchrotron methods. In some cases, it may be necessary to 

conduct these studies together with ab initio calculations. A remaining weakness lies in 

analyzing the interaction between impurity elements and vacancies, an effect which can be 

particularly important in aluminum alloys. 

 

(ix) Can supervised, knowledge-informed machine learning identify suitable nanostructure-

composition-processing-property relations for the field of sustainability alloy design? 
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The currently most promising, valuable application of artificial intelligence methods in this 

area is in scrap separation and sorting, mainly applied in LIBS analysis. Future benefits for 

recycling and the related alloys may also come from exploiting the massive amounts of 

processing data provided today by the many sensors that exist in current processing lines – 

data gathered over many processing steps and analysed in dependence on chemical 

composition variations. Here, discovering trends with the help of machine learning may be a 

very fruitful way to use scrap in aluminum alloys efficiently in future, and also to screen 

composition-property relationships for scrap-compatible alloy design [1254,1255]. 

 

(x) How do processes have to be adjusted to deal with the effects of contaminant elements? 

Besides improved scrap sorting, techniques for advanced casting techniques including flow 

optimization and more rapid cooling are gaining momentum. For instance, high solidification 

rates in near-net-shape casting lead to reduced through-thickness compositional gradients, 

higher dispersion of contaminant-affected precipitates, reduced Scheil segregation profiles, 

and smaller grain and dendrite sizes, and thus generate greater homogeneity in the cast 

material overall. The extreme case here is additive manufacturing, where high solidification 

rates allow the use of high concentrations of typical impurity elements (e.g. Fe) to further 

improve the property portfolio. Later procedures in the process chain such as heat treatments 

may also require adjustment (e.g. advanced homogenization for fragmentation of intermetallic 

phases). 

It is also worthwhile in general to consider being less reliant on thermally induced 

precipitation to make high-strength aluminum alloys. The reason these alloys are so sensitive 

to compositional variation is because the thermally induced precipitation process is also very 

sensitive to composition. What if we did not need to use thermally induced precipitation but 

could instead force the decomposition of the solid solution by external means? We could, 

instead, consider forcing precipitation via a “driven system”. One example of such external 

forcing is seen in the recently published approach of deploying cyclic plasticity to continually 

inject vacancies into the material to drive the decomposition of the solid solution by dynamic 

precipitation at room temperature [85]. This approach is very effective and much less 

sensitive to impurity effects. While industrializing such new processes is a challenge, they 

should definitely be considered in making alloys more composition-robust. High-powered 

ultrasonics or forms of irradiation might be interesting sources for such excitation. These and 

other different approaches to processing may completely change precipitation sensitivity to 

impurities [296,936]. 

 

(xi) What measures and approaches promise to be the most effective in improving the 

sustainability of secondary synthesis? 

In processing, a significant impact is to be expected from scrap avoidance, streamlined scrap 

collection and improved scrap sorting, including the associated producer and downstream 

manufacturer workflows. These things will clearly have the greatest effects. The origin of 

scrap also matters: when expressed as global warming potential (GWP, in kgCO2eq per metric 

ton), primary smelters where the material is synthesized from ores have a GWP footprint of 

12.2, production from old (post-consumer) scrap have a GWP footprint of only 1.4, and 

production from new (in-production) scrap have a GWP footprint as low as 0.4. Further 

effects come from replacing all fuels used for furnace heating with renewable electrical and/or 

green hydrogen sources. Generally, electrification of processes should have high priority. In 

casting, rolling and heat treatment efforts should be directed at enhancing the dispersion of 

dispersoids and precipitates, including intermetallic particles that can occur when a higher 
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impurity content enters the alloys. Incentives for establishing some of these measures might 

be tax regulations and/or sustainability labels that make them, and improved scrap streams, 

visible to customers. Ideally, high market prices would result. On the metallurgical side, all 

measures that enhance alloy tolerance to impurity elements have a significant effect, 

particularly in alloys traded in large quantities. One example is the increase in the Fe content 

of 6xxx sheet alloys used for vehicles. For more examples see the bulk text. 

 

In the context of all these measures it is important to calibrate metallurgical and processing 

adjustments to the scrap-based alloys which are the most sustainable. 

From a conceptual perspective it would surely be desirable in the future to reduce the number 

of alloy variants on the market, and even to develop certain standards to govern which alloys 

should be used for certain parts so as to avoid the often-observed wide variation in alloy types 

used in the same product, which makes subsequent scrap separation a challenge. Also, 

microstructure tuning should generally be preferred over composition tuning when adjusting 

and developing materials for new products. Microstructure tuning requires state-of-the-art 

processing equipment and both knowledge-based and machine-learning-based access to the 

underlying processing-structure-property relationships of alloys which contain impurities. 

Another very promising avenue lies in developing multi-purpose and crossover alloys. These 

could generally help to reduce the number of alloy variants on the market. 

Product design will also have to be adjusted on the customer side where sustainable alloys 

made from scrap are involved. In the future, customers who use alloys with a high recycling 

content will more frequently have to adjust downstream processing instead of sticking to 

established operations. It follows that their awareness of the issues which arise when they use 

alloys made from scrap needs to be improved. In any case, the best results of all will generally 

be achieved by improving scrap separation and establishing closed producer-customer scrap 

cycles. 

 

 

Author contributions 

Dierk Raabe, Stefan Pogatscher, Helmut Antrekowitsch, Christopher Hutchinson und Peter J. 

Uggowitzer designed the article’s concept. 

Content dealing with scrap-based aluminum alloys was contributed mainly by Dierk Raabe, 

Stefan Pogatscher and Chad W. Sinclair, and was revised by all other authors. 

The discussion of the sustainability of aluminum alloys was conceptually designed by Dierk 

Raabe, Stefan Pogatscher, Helmut Antrekowitsch, Peter J. Uggowitzer and Chad W. Sinclair 

and was revised by all other authors. 

The sections dealing with scrap-related production steps and their sensitivity to tramp 

elements, types and flows of aluminum scrap, secondary synthesis, recycling rates and their 

consequences for alloys, advanced aluminum scrap sorting, pre-treatment methods, process 

technology and plant technology were authored mainly by Helmut Antrekowitsch, Stefan 

Pogatscher and Dierk Raabe and were revised by all other authors. 

The sections on near-net-shape, thin-strip, belt and chain conveyor casting methods were 

contributed mainly by Dierk Raabe, Stefan Pogatscher and Mario Paolantonio. 



198 
 

The sections on sheet-forming challenges for scrap-contaminated alloys were authored mainly 

by Christopher Hutchinson, Dierk Raabe, Stefan Pogatscher, Peter J. Uggowitzer, Chunhui 

Liu and Zhiming Li. 

The section on joining scrap-contaminated alloys was authored by Philip Prangnell and 

Joseph Robson. 

The sections on thermodynamics simulation tools for the study of scrap-related impurities and 

intermetallic phases and simulation methods for the study of scrap-related impurity effects on 

precipitation kinetics and microstructure evolution were authored mainly by Chunhui Liu, 

Zhiming Li, Chad W. Sinclair, Mario Paolantonio, Christopher Hutchinson, Pratheek 

Shanthraj, Samad Vakili, Philip Prangnell and Ernst Kozeschnik. 

The section on combinatorial metallurgical methods for studying the effects of tramp 

elements was developed and written by Alexis Deschamps, Mario Paolantonio, Dirk Ponge 

and Dierk Raabe. 

The section on advanced analysis tools related to the highly-resolved characterization of 

tramp elements was written mainly by David Seidmann, Baptiste Gault, Frédéric De Geuser, 

Alexis Deschamps and Laure Bourgeois. 

The section on machine-learning approaches for the development of sustainable aluminum 

alloys was developed by Dierk Raabe and Chad Sinclair. 

The sections on powder metallurgy, additive manufacturing and recycling-friendly and 

contaminant-tolerant near-engineering Al-alloys was written by Moritz Roscher, Stefan 

Pogatscher, Peter J. Uggowitzer and Dierk Raabe. 

Reflections on all of these different aspects and discussions, and summarizing thoughts on a 

wide range of aluminum alloys, were contributed by all authors. 

 

 

 

Acknowledgments 

C.H.L. acknowledges financial support from the National Natural Science Foundation of 

China (No. U2032117). Z.L. would like to acknowledge special funding from the 

Construction of Innovative Hunan Province of China (2019RS1001). D.N.S. acknowledges 

the support of the Northwestern University Center for Atom-Probe Tomography (NUCAPT). 

The LEAP tomograph at NUCAPT was purchased and upgraded with grants from the NSF-

MRI (DMR-0420532) and ONR-DURIP (N00014-0400798, N00014-0610539, N00014-

0910781, N00014-1712870) programs. NUCAPT received support from the MRSEC program 

(NSF DMR-1720139) at the Materials Research Center, the SHyNE Resource (NSF ECCS-

2025633), and the Initiative for Sustainability and Energy (ISEN) at Northwestern University. 

The research on aluminum alloys was supported by the Office of Naval Research, Dr. 

William M. Mullins, grant officer. D.N.S. is grateful to D. Isheim for managing the atom 

probe tomography center at Northwestern University. P.B.P. and J.D.R. thank the EPSRC, 

LightForm Programme grant, (EP/R001715/1) for supporting aspects of this work. S.P. 

gratefully acknowledges financial support from the Austrian Federal Ministry for Digital and 

Economic Affairs, the National Foundation for Research, Technology and Development and 

the Christian Doppler Research Association. E.K. gratefully acknowledges financial support 



199 
 

from the Austrian Federal Government (in particular from Bundesministerium für Verkehr, 

Innovation und Technologie and Bundesministerium für Wissenschaft, Forschung und 
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