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ABSTRACT 

This thesis addresses the critical strength/ductility trade-off in aluminum alloys, particularly in the context 

of automotive applications. Traditional 5xxx series alloys offer good formability but lack sufficient strength, 

while 7xxx series alloys offer high strength but poor formability. To overcome these limitations, 5/7 

crossover alloys have been developed that combine the best of both series. The resulting alloys achieve high 

elongation and significant hardenability, with yield strengths exceeding 400 MPa after industrially feasible 

thermo-mechanical treatments, making them ideal for advanced automotive and aerospace applications. 

This thesis includes a detailed study of the effects of heating and cooling rates, the simulation of industrial 

heat treatment processes and the unique properties of 5/7 crossover alloys. It also examines the acceleration 

of quality control measurements. 

The sustainability aspects of the aluminum industry are examined, highlighting the potential of the crossover 

alloying concept to accommodate higher recycled content and support a circular economy. Increased use of 

recycled materials in the production of these alloys introduces higher levels of impurities, particularly iron 

and silicon, which can adversely affect mechanical properties. Studies are therefore being undertaken to 

investigate the phase formation, nature and modifiability in the system of 5/7 crossover alloys. The goal is 

to develop advanced alloy design and processing techniques to counteract and mitigate their detrimental 

effects. 

The development of 5/7 crossover alloys represents a significant advance in aluminum metallurgy, providing 

a sustainable solution to the strength/ductility trade-off with unique possibilities in the area of rapid plastic 

and superplastic forming. This innovation paves the way for a shift from multi-material to single-material 

car bodies, enabling closed-loop recycling of vehicles in the future.



KURZFASSUNG 

Diese Arbeit befasst sich mit dem kritischen Kompromiss zwischen Festigkeit und Verformbarkeit von 

Aluminiumlegierungen, insbesondere im Zusammenhang mit Automobilanwendungen. Herkömmliche 

Legierungen der Serie 5xxx bieten eine gute Umformbarkeit, aber keine ausreichende Festigkeit, während 

Legierungen der Serie 7xxx eine hohe Festigkeit, aber eine schlechte Umformbarkeit aufweisen. Um diese 

Einschränkungen zu überwinden, wurden 5/7 Crossover Legierungen entwickelt, die das Beste aus beiden 

Serien vereinen. Die daraus resultierenden Legierungen erreichen eine hohe Dehnung und eine signifikante 

Härtbarkeit mit Streckgrenzen von über 400 MPa nach industriell durchführbaren thermomechanischen 

Behandlungen, was sie ideal für fortschrittliche Anwendungen in der Automobil-, Luft- und 

Raumfahrtindustrie macht. Diese Arbeit umfasst eine detaillierte Untersuchung der Auswirkungen von 

Erwärmungs- und Abkühlungsraten, der Simulation industrieller Wärmebehandlungsprozesse und der 

einzigartigen Eigenschaften von 5/7 Crossover Legierungen. Zudem werden die Nachhaltigkeitsaspekte der 

Aluminumindustrie untersucht, wobei das Potenzial des Crossover Legierungskonzepts für einen höheren 

Recyclinganteil und die Unterstützung einer Kreislaufwirtschaft hervorgehoben wird. Der verstärkte Einsatz 

von Recyclingmaterial bei der Herstellung dieser Legierungen führt zu einem höheren Anteil an 

Verunreinigungen, insbesondere Eisen und Silizium, was sich negativ auf die mechanischen Eigenschaften 

auswirken kann. Daher werden Studien durchgeführt, um die Phasenbildung, die Beschaffenheit und die 

Modifizierbarkeit dieser Phasen im System der 5/7 Crossover Legierungen zu untersuchen. Die 

Entwicklung von 5/7 Crossover Legierungen stellt einen bedeutenden Fortschritt in der 

Aluminummetallurgie dar, da sie eine nachhaltige Lösung für den Kompromiss zwischen Festigkeit und 

Verformbarkeit mit einzigartigen Möglichkeiten im Bereich der schnellen plastischen sowie superplastischen 

Umformung bietet. Diese Innovation ebnet den Weg für eine Umstellung von Mehrstoff- auf 

Einstoffkarosserien und ermöglicht so das Recycling von Fahrzeugen in einem geschlossenen Kreislauf. 
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1 INTRODUCTION 

The pursuit of carbon neutrality has become a global imperative, driving industries to adopt more 

sustainable practices and materials. Aluminum, known for its lightweight potential, is a crucial material in 

various applications, especially in the transportation sector. However, its primary production is highly 

energy-intensive, contributing significantly to CO2 emissions. Recycling of aluminum offers a more 

sustainable alternative, as it requires substantially less energy. Despite the benefits, due to the current use of 

a multi material car body, recycling introduces higher levels of impurities, presenting significant challenges 

in maintaining the materials quality and performance. 

One of the main obstacles in reducing the multi material car body for transportation applications is the 

strength-ductility trade-off present in the state-of-the-art aluminum alloys system. Aluminum alloys, 

particularly those used for lightweighting in the automotive industry, must possess both high strength and 

good ductility. Traditionally, achieving this balance has been difficult. For example, 5xxx-series aluminum 

alloys are known for their good formability but lack the high strength needed for demanding applications. 

On the other hand, 7xxx-series alloys offer excellent strength but suffer from poor formability. 

To address this trade-off, 5/7 crossover alloys are introduced, which combine the beneficial properties of 

both 5xxx and 7xxx series. These crossover alloys leverage the high magnesium content from 5xxx-series 

for good formability and the precipitation hardening characteristics of 7xxx-series for enhanced strength. 

The resulting material achieves high elongations and significant hardening responses, with yield strengths 

exceeding 400 MPa after industrially feasible thermo-mechanical treatments. This makes them promising 

candidates for advanced automotive and aerospace applications where both high strength and good 

formability are required. 

However, an increased use of recycled materials in the production of these alloys introduces higher levels 

of impurities, particularly iron and silicon, which can adversely affect the mechanical properties. In order to 

effectively manage these impurities, it is essential to have a comprehensive understanding of their phase 

formation, nature and modifiability. With that knowledge, advanced alloy design and processing techniques, 

determinantal impacts of increased impurity concentrations can be countered and mitigated or even turned 

into an advantage. 

The development of 5/7 crossover alloys represent a significant advancement in aluminum metallurgy, 

providing a sustainable solution to the strength-ductility trade-off while accommodating higher levels of 

recycled content. This not only reduces the environmental impact associated with aluminum production but 

also supports the circular economy by maximizing the use of end-of-life scrap. This might allow a shift from 

a multi material car body to a single material car body allowing a closed-loop recycling of vehicles in the 

future. 
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1.1 Aim of this work 

The primary aim of this research is to achieve a deeper understanding of 5/7 crossover alloys and to support 

as well as accelerate their industrial implementation. This advanced material present unique challenges and 

opportunities. The aim is to identify both their potential and their inherent weaknesses, by investigating its 

fundamentals. Recognizing the potential is important to optimize these alloys and find suitable industrial 

applications, ensuring peak performance. Identifying weaknesses enables the development of strategies to 

mitigate or eliminate these drawbacks, which can go as far as to reengineer the alloys composition. 

This research combines fundamental scientific investigation with practical feedback from customers and 

industry stakeholders. Integrating basic research with customer requirements, allows to create a responsive 

framework for heat treatment development with near industrial parameters. This dual focus ensures 

accelerated adaptability to changing situations and evolving industry needs. 

The major goal is to bridge the gap between theoretical research and practical application. Understanding 

the fundamental properties of crossover alloys such as phase formation, their dependence on 

heating/cooling rates as well as the interplay of different elements in the matrix, allows the development of 

a more effective, versatile and sustainable material.  

1.2 Document structure 

To effectively establish and utilize a close laboratory/industrial framework for the development of new 

alloys as discussed in section 1.1, it is first necessary to understand the current trade-offs involved in the 

application of aluminum. Consequently, Section 2 concentrates on the investigation of market requirements, 

thereby facilitating a more profound understanding of the leverages given by material physics for the 

tailoring of alloys to a particular use case. Furthermore, a summary of the work done in the field of crossover 

alloying, with a particular focus on 5/7 crossover alloys, is provided to illustrate the outstanding 

performance of this innovative alloying approach. Section 4 assesses the environmental and economic 

aspects of aluminum primary production and recycling and highlights the necessity for the development of 

new alloys from a sustainability perspective. Sections 5 to 8 present a summary of the major findings 

acquired during this research, which have been published in peer-reviewed journals or peer-reviewed 

conference proceedings. Section 9 gives a summary of the work and provides an outlook on further research 

to be conducted in the field. 
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2 STATE OF THE ART 

In order to support the industrial implementation of novel alloys, it is essential to understand and specify 

the market gap which is driving such a development, as well as the fundamentals of materials technology 

associated with the targeted material properties. The following chapter summarizes knowledge essential for 

this understanding and provides valuable insight into the work published in the field of crossover alloying.  

2.1 Aluminum alloys and the transport sector 

Aluminum has been replacing wood for lightweight construction since 1920 [1]. By 1987, it had become 

widely acknowledged as an important material in the automotive industry [2]. Although the primary 

production remained at around 20 million tons annually from 1980 to 2000, it has almost quadrupled over 

the past twenty years and is expected to reach 70 Mt by the year 2025. This tremendous increase is further 

underlining its success and acceptance in society [3]. It is no surprise that nowadays aluminum continues to 

be recognized as a significant winner in the transportation sector, accounting for 24% of the total aluminum 

consumption [4], as it is utilized for lightweighting, resulting in weight reductions of more than 30% [5–7]. 

Since 2010, the aluminum usage in vehicles has grown from 130–160 kg to around 208 kg per vehicle in 

2020 with a forecast weight of around 260 kg in 2030 [8–10]. The ongoing transition from internal 

combustion engine (ICE) vehicles to battery electric vehicles (BEV) is changing the requirements for the 

materials used, creating additional new challenges and opportunities for aluminum. [11] 

The addition of alloying elements to aluminum results in a wide range of alloys with tailored properties for 

different purposes. These alloys can be divided into two groups: wrought and cast alloys. Wrought alloys 

are further divided into age hardenable and non-age hardenable (or natural hard) alloys, depending on 

whether the alloy can form re-dissolvable precipitates that contribute to the alloys strength. A list of the 

classification system of aluminum alloys is given in Table 2-1. [12,13]  

Each class comprises several alloys that exhibit unique properties suitable for specific applications. In the 

automotive industry, alloys from the 1xxx to 7xxx series (mainly 5xxx and 6xxx) are prevalent, along with 

cast alloys from the 2xx.x and 3xx.x group. While the alloying content of cast alloys can reach up to 30 wt.-%, 

it is limited to approximately 5 wt.-% in wrought alloys. [6,9,14–16] 

However, aluminum in the transportation sector is not limited to the automotive industry. It has been the 

primary structural material for aircraft applications for almost 90 years, accounting for 60–80% of the total 

material used (nowadays highly challenged by composite materials). All types of Al wrought alloys are used 

in aerospace applications, with the highest proportion of 2xxx series alloys, followed by 7xxx series alloys. 

[17–19] 
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Table 2-1: Classification systems of aluminum wrought alloys and cast alloys (after American standard) [12,13,20] 

Wrought alloys 

Group Main alloying elements Hardenability 

1xxx Pure Al Natural hard 

2xxx Al-Cu Hardenable by Θ-Al2Cu or S-Al2CuMg 

3xxx Al-Mn Natural hard 

4xxx Al-Si Natural hard 

5xxx Al-Mg(Mn) Natural hard 

6xxx Al-MgSi Hardenable by β-Mg2Si 

7xxx Al-ZnMg Hardenable by η-MgZn2 or T-Mg32(Al,Zn)49 

8xxx Al-FeSi Natural hard 

Cast alloys 

Group  Main alloying elements 

2xx.x Cu 

3xx.x Si+Cu, Si+Mg, Si+Cu+Mg 

4xx.x Si 

5xx.x Mg 

7xx.x Zn 

8xx.x Sn 

 

The cast aluminum alloys most utilized in the aerospace industry are typically of the types of Al-Si, Al-Cu 

and Al-Mg. These are employed for the manufacture of baggage compartments, cabin castings, engine parts 

and non-structural components of mechanical and hydraulic systems. [19]. In the automotive industry, cast 

alloys such as 319.0 (AlSi6Cu3.5Zn) and A380.0 (AlSi9Cu3.5FeZn) are employed as engine blocks and 

cylindrical heads. With a usage volume of > 80% of all casting alloys, these are the most commonly used 

alloys and additionally represent the highest scrap sink due to their high impurity tolerance [21]. The 

distribution of cast and wrought aluminum alloys in the automotive industry is approximately 44% and 56%, 

respectively [22]. 

Wrought alloys are constrained by specific composition boundaries in order to guarantee the desired 

properties. In particular, elements such as Fe, Si and, depending on the alloy class, Cu are regarded as 

detrimental, as they result in the formation of coarse primary particles with a deleterious impact on the 

mechanical and chemical properties. [23] 

The single alloys used in a car body are often welded together or joined in a way, that separation during 

recycling is nearly impossible. Furthermore, joining methods still used today are itself a source for Fe 

impurities [24]. As a result, the alloys used, in combination with the current possibilities for separation and 

recycling, are leading to an increase in the impurity content of end-of-life (EOL) material. The expected 

elemental composition of scrap derived from the automotive industry between the years 2030–2050 is 

expected to be 4–5 wt.-% Si, 0.6–0.7 wt.-% Fe and 0.2–0.3 wt.-% Cu [25]. Table 2-2, displays the maximum 

allowed content of Fe, Si and Cu in the individual wrought alloy classes as well as the average permitted 

content of each class. This demonstrates, that the chemical composition limits are too tightly bound to allow 

an exclusive use of End-of-life material in the production of wrought alloys [12]. The highest scrap sink 
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currently known are engine blocks made from aluminum cast alloys [21]. However, the availability of this 

scrap sink is diminishing as the transition from ICE vehicles to BEVs continues. 

Yet, the utilization of recycled materials in the production of aluminum alloys, especially wrought alloys is 

a crucial factor for a sustainable development of our society. There is an urgent need for recycling of 

aluminum which is closely related to the CO2 emissions associated with its production.  

This topic, as well as potential methods for the removal of impurities and other mitigation techniques 

designed to counter the detrimental effects of elevated Fe and Si levels, is addressed by Samberger et. al [26] 

which is presented in chapter 4.  

Table 2-2: Maximum content of the elements Fe, Si and Cu per wrought alloy class, as well as the mean value for all 

alloys in each class in weight percent [wt.-%]; created with data from [12] 

Alloy class 

Max. (mean) 

content Fe 

[wt.-%] 

Max. (mean) 

content Si 

[wt.-%] 

Max. (mean) 

content Cu 

[wt.-%] 

2xxx 1.4 (0.5) 1.2 (0.5) 6.8 (4.3) 

3xxx 0.8 (0.7) 0.6 (0.5) 0.3 (0.2) 

4xxx 0.8 (0.7) 13 (7) 0.5 (0.3) 

5xxx 0.7 (0.4) 0.45 (0.3) 0.5 (0.2) 

6xxx 0.8 (0.4) 1.5 (0.7) 1.1 (0.3) 

7xxx 0.5 (0.2) 0.5 (0.2) 2.6 (1.4) 

8xxx 1.3 (0.9) 0.8 (0.4) 0.1 (0.075) 

 

The existence and utilization of the wide range of aluminum alloys is a consequence of the drastically 

changing properties resulting from the addition of different elements. Each element imparts a unique set of 

characteristics to the alloy, making it suitable for specific applications within a vehicle. This effect is not 

solely limited to the addition of an element, but also on the amount and ratio with other elements. Therefore, 

each alloy class consists of multiple subclass alloys, which have been designed to serve a specific purpose. 

A comparison of the mechanical properties of selected age hardenable alloys of the 2xxx, 6xxx and 7xxx 

series, as well as non-age hardenable alloys such as the 1xxx and 5xxx series, is presented in the following 

section see Figure 2-1. The strain and strength of the alloy varies according to the heat treatment conditions 

and the ability to harden. While age-hardenable alloys are categorized according to their ageing process (T4, 

T6, T7...), non-age-hardenable alloys are categorized according to their work-hardening condition, with "O" 

being soft-annealed and "H" being work-hardened. [12] 
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Figure 2-1: Mechanical properties of selected classes of natural-hard and age-hardenable commercial alloys under 

different heat treatment conditions [27] 

6xxx series alloys are widely used for exterior body panels and extrusions [5,15] as they offer a high ductility 

and a reasonable softness during the forming process. They also offer the possibility for hardening [28].  

5xxx series alloys are the second most commonly used wrought aluminum alloy in automotive applications. 

These alloys achieve the highest strength of all non-heat treatable alloys while retaining good formability, 

and they have a good corrosion resistance and weldability [29]. They are used for parts that require deep 

drawing, such as door inner panels, and can be used for structural components [28]. However, the alloys are 

only usable for non-visible parts as the occurrence of Lüders elongation [30] and the Portvein-Le Chatelier 

(PLC) [31] effect leads to undesired surface quality. In terms of surface quality, 6xxx series alloys are 

superior. Therefore, doors are usually a combination of a 5xxx series inner panel with 6xxx series outer 

surface. [28] 

As an alternative to 6xxx series alloys, 2xxx series alloys could be considered as they achieve higher strength. 

With a reduced Cu content, they even achieve the formability requirements and still retain the peak strength 

to allow replacement of heavier steel plates [32,33]. However, as Cu is a slow diffusing element, it is difficult 

to achieve peak hardness during automotive manufacture. Therefore, 6xxx series alloys are chosen over 

2xxx series alloys as they are more formable and achieve a better hardening behaviour during standard 

manufacturing processes [34]. In addition, Cu segregations in 2xxx series alloys lead to susceptibility to 

filiform corrosion and minimal weldability, properties that are better in 6xxx series alloys. [29,35] 

7xxx series alloys offer highest strength and could replace steel even in crash management applications. 

However, the alloy is highly unstable in the solution annealed (soft) condition, meaning the hardness 

increases immediately after heat treatment resulting in a loss of cold formability. [29]  

Although they can achieve yield strength values > 600 MPa, they are prone to stress corrosion cracking and 

show minimal weldability, which limits their use in the automotive industry to special circumstances. There 
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are, several techniques to mitigate the negative effects. However, these increase the complexity of the 

manufacturing process and reduce the strength of the alloy. [28] 

Due to the complexity of manufacturing, 2xxx and 7xxx series alloys are used sparsely in automotive 

applications but are used extensively in aerospace applications. The 2xxx series alloys are primary aluminum 

alloys used in airframe structural applications and the 7xxx series alloys with the highest strength are used 

in upper wing skins, stringers and stabilisers. The development of alloys in this sector is driven by the trade-

off between high strength and low fatigue resistance, as 2xxx series alloys have good resistance to damage 

and fatigue cracking, but their low yield strength limits their use in components subjected to high stress, 

where 7xxx series alloys are applied. A step forward in aerospace applications has been the introduction of 

Al-Li alloys as they offer lower density, high strength and high fatigue resistance [17,19,36,37].  

All these manufacturing implications and alloy properties lead to the conclusion that the automotive industry 

suffers from a strength-ductility trade-off present in aluminum alloys, necessitating the use of a multi-

material car body. Also in aerospace applications, there is a trade-off between ductility and strength, even 

though the limiting design parameter here is the fracture toughness [38] and corrosion resistance of the 

alloys. 

To overcome this strength/ductility trade-off, and in the long term to enable better recycling of vehicles, 

future development of alloys will need to increase strength and formability to allow greater design freedom 

and the manufacture of more complex parts [28].  

2.2 Strengthening mechanisms 

Among the various requirements for materials, strength and ductility have been identified as two of the 

most important. As there is a known trade-off between strength and ductility in aluminum alloys, particularly 

for those used in the automotive sector, it is important to understand the mechanisms that increase the 

strength of materials and how they affect ductility. There are four main strengthening effects used in 

commercial aluminum alloys, namely solid solution strengthening, second phase particle strengthening, grain 

size effects and work hardening. The strengthening mechanisms, except work hardening are described in 

the following. As most commercial alloys are annealed during automotive processing, dislocations are 

removed from the system and thus the contribution of work hardening is negligible [39] 

• Solid solution strengthening 

Solid solution strengthening is the main strengthening mechanism in non-heat treatable alloys such as 3xxx 

Al-Mn and 5xxx Al-Mg alloys. In the Al-Mg alloy system, both yield stress and ductility increase with 

increasing Mg content. As Mg has a decreasing solubility in Al, β-Al3Mg2 precipitates are formed during 

ageing at Mg levels > 10 wt%, which subsequently reduce the ductility of the material. [40,41] 

The main mechanism responsible for the increase in strength due to solid solution strengthening arises from 

the elastic interaction between the solute and the solvent atom due to the difference in size of the two atoms 

creating a strain field around the atom and a difference in elastic modulus leading to a 'hard' or 'soft' spot in 

the matrix [42]. Early work on the effect of solute elements on the strength of aluminum alloys was carried 
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out by Dorn et. al. [43]. They found, that an increasing amount of solutes not only increase the flow stress 

(Rp0.2) but also lead to an increase in the work hardening rate. This is caused by the effect of solutes on the 

thermal component of the flow stress, the athermal storage rate of dislocations and their dynamic recovery 

effect [44]. There are several models to predict the work hardening rate such as the model by Nes and 

Marthinsen [45,46] or Kocks and Mecking [47].  

The strengthening effect on the flow stress caused by atoms in solid solutes can be described as shown by 

equation (2-1) [42]: 

σ=σpure+Hcn (2-1) 

Here, σpure is the flow stress of the pure metal and c is the concentration of the solute. H and n are constants 

with n in the range of 0.5–0.75 for pure fcc solid solutions.  

• Strengthening by second phase particles 

In general, strengthening by second phase particles is described as the interaction of dislocations with an 

array of point obstacles [39]. The second phase particles referred to in this section are in the range of 0.1–

1 µm [48] and can be further divided into two categories: dispersoids and hardening precipitates. 

In aluminum alloys, dispersoids refer to a second phase precipitated during a thermal treatment like 

homogenization. Those particles are thermally stable and cannot be dissolved back into the matrix. These 

dispersoids are intermetallic phases like Al6(Fe,Mn) or Alx(Fe,Mn)3Six, which are formed through the 

addition of Mn [49]. In the case of Mn, the addition is made to suppress, to some extent, the detrimental 

impact of Fe and Si-bearing intermetallics and to increase the strength of the alloy at the same time [50]. 

Other elements such as Zr, Cr and Sc are added to form thermal stable trialuminides (Al3X) [51,52] which 

act as obstacles for dislocation movement. 

Thermally unstable intermetallic particles can be dissolved into the matrix and re-precipitated in a desired 

form during heat treatment at the end of the processing cycle, which is also known as age-hardening [53]. 

This allows for a tailored hardening process, whereby alloys are initially soft and malleable during the 

manufacturing process, but achieve a high hardness during the use phase. 

The commercial aging process involves the following steps: (i) solutionizing and quenching, resulting in a 

supersaturated solid solution (SSSS); (ii) forming of small accumulations of atoms, known as Giunier-

preston zones (GP-Zones) [54] or phase precursors, either by natural ageing (NA) or a pre-aging (PA) 

treatment; (iii) formation of the hardening phase during a commercial paint-bake (PB) treatment. [12] 

For example the precipitation sequence in 7xxx series alloys is usually given as: [55,56] 

SSSS→GP zones →metastable η´→stable η (MgZn
2
) 

The strengthening mechanism of secondary particles is dependent on the hardness of the particle in 

comparison to the matrix, as well as its fit with it. Depending on the particle composition and structure, it 

can be coherent, partly coherent, or incoherent with the matrix. At the start of the strengthening process, 

the movement of dislocation is hindered by the particle. As the stress increases, the dislocation has two 

options to interact with the obstacles, which are schematically displayed in Figure 2-2. In the case of 

relatively soft, small, and coherent or semi-coherent particles, the dislocation can cut the particle, leading to 
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a shear deformation. This deformation strains the surrounding matrix, and the new surfaces created by the 

steps increase the amount of work required to generate the corresponding surface energy. In contrast, in 

the case of incoherent, hard particles, the dislocation is unable to "cut" the particle. The dislocation line 

bows around it until it collapses, forming dislocation rings around the particle. This process is also known 

as the Orowan mechanism. [57–59] 

 

Figure 2-2: Interaction of dislocations with particles in the matrix. Particles can either be sharable (a) creating new 

surfaces or non shearable (b) leading to Orowan-dislocations rings or loops around the particles [60] 

The strengthening that occurs as a result of cutting particles involves a number of different effects, including 

the stress required for the deformation of the particle, the work needed for surface generation and the 

increase in internal energy due to the alteration of the dislocation line. A consideration of all of the factors 

involved leads to the strengthening effect given in equation 2 (2-2): [57,61] 

σ≈σpure+const∙fv

1

2 ∙ rp

1

2  (2-2) 

Where fv is the volume fraction of small particles and rp is their radius given as perfect sphere. It should be 

noted that equation (2-2) is only valid for particles approx. ≤ 10 nm. Coarser particles lead to an increase in 

particle spacing and at this size coherent particles behave like incoherent once leading to Orowan-

strengthening [61]. The stress increased caused by the Orowan strenghening mechanism is given by equation 

(2-3): [59]  

σ≈σpure+
KOrowan

(
L

Dp
)√Dp

 (2-3) 

KOrowan combines multiple empirical factors into a single value, Dp is the particle diameter and L the mean 

interparticle free path. Even though particle strengthening is the most pronounced strengthening 

mechanism in aluminum alloys, it is important to note, that secondary particles, even when they are <1 µm, 

lead to a decrease in possible elongation of the material resulting decrease in ductility. This is due to the 
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particles acting as sites for cavity formation, leading to cavity growth and cavity coalescence, ultimately 

resulting in tough fracture of the material. [62] 

• Strengthening by grain size 

As the slip plane is interrupted at a grain boundaries they behave like obstacles for the dislocation 

movement. Consequently, dislocations can accumulate at grain boundaries leading to a increase in stress. 

More grain boundaries, meaning more thus smaller grains, leading to a greater number of obstacles, thus 

necessitating a greater amount of work for the successful movement of dislocations through the matrix. The 

strengthening mechanism by grain size is described by the Hall-Petch relationship, which is shown in 

equation (2-4): [63] 

σ=σpure+kd
-
1

2 (2-4) 

The factor k is a material specific constant known as the Hall-Patch constant. For example, k has a value of 

68 MPa∙m-1/2
 [13] for Al99.99, 161 MPa∙m-1/2

 for AlMg1 and 236  MPa∙m-1/2
  for AlMg5 [12]. The factor d 

refers to the grain size. It is to note, that the positive slope of the Hall-Petch relationship has a limit at a 

grain size of about 10–40 nm, where the slope of the curve changes from positive to negative. [64] 

Strengthening by grain size is the only known strengthening mechanism that not only has no detrimental 

impact on the ductility of the material but is also able to increase it. The enhancement of ductility is a well-

documented phenomenon in commercial alloys, such as the peak-aged 7xxx series alloys [65,66], as 

illustrated in Figure 2-3.  

 

Figure 2-3: Engineering stress-strain curves of an industrial peak aged (T6) 7055 alloy showing the effect of grain 

reduction on the ductility of the material; redone after [66] 

A small and stable grain size does not only allow strengthening and enhancement of ductility at room 

temperature. A grain size < 10 µm is a key requirement for commercial aluminum alloys to show 

superplastic properties [67–71]. Superplastic forming is a process in which a polycrystalline material can 

undergo elongations of several hundred percent without failure. Commercially, such processes are 

conducted at low strain rates of 10-4–10-2 s-1 at temperatures in the range of ≥ 0.5Tm (solidus temperature) 



 

11 

[68]. Industrial, superplastic forming is applied for 5xxx series alloys via superplastic forming (SPF) and 

quickplastic forming (QPF) at elevated temperatures and varying strain rates. [72–74] 

In commercial alloys, a combination of the previously mentioned hardening mechanisms occurs in 

dependence on the alloy type (age-hardenable, non-age-hardenable). The yield strength of an alloy can be 

calculated with good agreement with experimental values through the addition of all contribution 

mechanisms. Figure 2-4 demonstrates this for an Al-4Cu alloy with varying Zn and Mg content. [75] 

 

Figure 2-4: Theoretical contributions to the yield strengh of an Al-4Cu-xZn-yMg alloy compared to experimental 

values; Contributors to the yield strength are: σ0(pure Al = 35 MPa), σpre (precipitates), σgb(grain boundaries), σss(solid 

solution) [75] 

2.3 Grain refinement techniques 

In order to enhance the universal applicability of alloys, it is necessary to strive for an increase in both 

ductility and strength. As shown in chapter 2.2, a simultaneous increase in strength and ductility can be 

achieved by reducing the grain size. Therefore, the following section considers the various options for grain 

refinement and their industrial applicability. 

Guan and Tie [76] describe four grain refinement techniques that can be carried out during or after the 

solidification process. During solidification the grain size is influenced by the solidification speed, addition 

of grain refiners or vibration and steering.  

Vibration and steering technique aim for the destruction of the dendritic arm structure during solidification 

and thus decreasing the grain size [76]. The addition of grain refiners is done to increase the number of 

nucleation particles. As more particles nucleate, they are constrained to a maximum achievable size within 

a given volume. Commonly employed grain refiners in the aluminum industry include those derived from 

the systems Al-Ti-B [77] and Al-Ti-C [78]. Another possible path for grain refinement is through dendrite 

disintegration. This phenomenon is caused by the combination of high undercooling and subsequent 

remelting due to constitutional superheating effects, which results in the refinement of the solidified 

structure [79,80]. Rapid solidification methods include twin-roll casting [81], high-pressure die casting [82] 
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and melt spinning [83] However, rapid solidification techniques are not yet on an industrial mature level or 

are designed to produce cast alloys rather than wrought alloys. An interesting approach for accelerated 

solidification is the Nexcast technique which utilizes a horizontal block caster with a plant currently planned 

in the US. [84,85]  

Following solidification severe plastic deformation (SPD) operations can further refine the grain structure. 

These include techniques such as high-pressure torsion (HPT) [86,87], friction stir processing (FSP) [88], 

equal-channel angular pressing (ECAP) [89] and accumulative roll-bonding (ARB) [90]. A comprehensive 

overview of SPD techniques can be found elsewhere [91]. However, it is important to note that SPD 

techniques are not yet suitable for the large scale production of aluminum sheet alloys.  

Yet, there is a fifth option for grain refinement, which can be utilized in wrought alloys via deformation 

introduced by cold rolling. It is essential to view this as a fifth option, as cold rolling on an industrial scale 

is not often severe enough to be considered a severe plastic deformation process. During deformation, the 

free energy of the material is raised by the presence of dislocations and interfaces, which makes the 

microstructure thermodynamically unstable. Two processes are known to restore the material to a stable 

condition: recovery and recrystallisation. These processes are significantly influenced by particles present in 

the matrix, which interact with dislocations and interfaces, thereby affecting the stability and size of the 

subgrain structures. This interaction can be exploited to tailor the microstructure to a fine-grained condition. 

[92] 

During recovery, two processes can occur. Either dislocations with opposite burgers vector annihilate or 

the dislocations rearrange into stable structures. The stable structures, also known as subgrains have a cell 

structure usually in the range of about 0.5–1 µm. Subgrains tend to coalesce and grow, thereby reducing the 

overall energy of the system. However, if small particles < 1 µm are present in a uniformly distributed 

manner in the matrix they exert a pinning effect on the subgrain structure limiting its size. Furthermore, 

small particles stabilizing the subgrain structure also hinder the initiation of recrystallization. The schematic 

process of annealing involving recovery and recrystallization as well as the effect of different small particles 

on the grain structure is displayed in Figure 2-5. The pinning pressure (Psz) on the grain boundaries is 

described by the Smith-Zener drag as given in equation (2-5): [92,93] 

PSZ= 
3Fvγ

s

2r
 (2-5) 

Where Fv is the volume fraction and of the particles, r is their radius and γs the grain boundary energy per 

unit area. One must note that several assumptions are made for equation (2-5). Consequently, there exist 

multiple modifications of this equation to account for differing circumstances, such as particle shape, 

coherence with the matrix, grain shape, and particle size distributions. [94] 
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Figure 2-5: Schematic of an annealing process. The deformed structure (a) recovers with the formation of a subgrain 

structure (b); The microstructure further partially recrystalizes to new dislocation-free grains (c) that grow and 

consume the whole structure (d); Small particles in the matrix can hinder recrystallization and subgrain growth; the 

effect varies with different particle size and distribution (e) redone after [92,95] 

Recovery is followed by recrystallization which involves the formation of new strain-free grains in certain 

parts of the microstructure. The strain-free grains subsequently consume the deformed or recovered 

microstructure. This process can involve normal or abnormal grain growth, resulting in an undesired coarse 

microstructure. Commercial alloys typically comprise secondary particles with both closed-packed 

dispersoids and coarse particles (> 1 µm). While closed-packed dispersoids impede recrystallisation, coarse 

particles facilitate recrystallisation, as they can act as nuclei for new grains via a particle-stimulated nucleation 

(PSN) process. In commercial alloys, the size at which a particle is able to act as a nucleus (dg) is given by 

equation (2-6): [92] 

𝑑𝑔= 
4γ

𝑏

𝑃𝐷 − 𝑃𝑆𝑍
=

4γ
𝑏

𝜌𝐺𝑏2

2
−

3Fvγ
s

2r

 (2-6) 

Where γb is the interfacial energy of the matrix, ρ is the dislocation density, G is the shear modulus and b 

the burgers vector. For a bimodal particle distribution, the driving pressure for recrystallization PD is offset 

by the pinning effect of small particles.  

The PSN effect offers the possibility for grain size reduction in commercially available alloys by solely cold 

working and heat treatment. When thermal non-stable phases are employed for the effect, they can be 

dissolved into the matrix after grain refinement, thereby avoiding detrimental effects on the mechanical 

properties, as demonstrated by Wert et al. [96] for the 7xxx series alloys. This effect is also applicable to 

novel 5/7 crossover alloys. [97] 
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2.4 Crossover alloying concept 

State-of-the-art aluminum alloys are designed to fulfill a specific purpose requiring narrow composition 

limits. Furthermore, in accordance with the classification standard for alloys, it is not possible for an alloy 

that contains magnesium as the main alloying element to be age hardenable. This is because alloys with 

Mg as the main alloying element belong to the 5xxx class, which by definition are non-age hardenable. A 

similar argument can be made with regard to a 6xxx alloy, which would exhibit increased Fe and Si 

contents. By definition, the maximum permitted content of Fe is limited to 0.8 wt.-%, thereby precluding 

any further increase (see Table 2-2). [12] 

The crossover alloying concept challenges the conventional classification system, as it introduces an 

innovative fit-the-need system by combining advantageous properties from different alloy classes. This 

approach offers greater design freedom and flexibility, while representing an innovative approach to 

metallurgical design. It aims to overcome the limitations inherent in traditional aluminum alloys by 

integrating beneficial properties from distinct alloy classes [98]. The strategic combination of the 

advantageous formability of AlMg(Mn) alloys with the superior strengthening capabilities of 

AlZnMg(Cu,Ag) alloys, known as 5/7 crossover alloys, has the potential to overcome the strength-ductility 

trade-off present in the automotive industry. [99] 

A further implementation of the crossover concept was conducted by Trink et. al. [100,101], who combined 

the ductility of 6xxx series alloys with the high Fe content of 8xxx series alloys. This 6/8 crossover alloy 

concept has the potential to mitigate the effects of increasing Fe and Si content in future automotive scrap 

as predicted by [25]. The higher fraction of Fe is leading to an increase in the formation of primary 

intermetallic compounds (IMCs). By deploying advanced thermomechanical processing, the Fe- and Si-

bearing IMCs can be fragmented into a fine dispersed particle. These particles no longer exert a detrimental 

effect on the mechanical properties and can be utilized to form a fine-grained structure trough a PSN effect. 

This results in a number of beneficial effects, including increased strain hardening, high achievable 

elongation, and an increase in yield and tensile strength in the alloy in comparison to the base 6061 alloy. 

The 6/8 crossover approach allows for an increase in Fe levels of up to 1.5 wt.-% and Si levels for 2.3 wt.-

%, leading to a yield strength level of 254 MPa in the T6 condition. This represents an increase of 

approximately 40 MPa compared to the base alloys with an Fe and Si content of 0.19 and 1.09 wt.-%, 

respectively. Furthermore, the elongation to break is not negatively influenced [101]. Despite the alloys 

impressive ability to withstand the predicted increase in Fe and Si levels in automotive scrap, making it an 

interesting option for a future scrap sink, it is important to note that its strength is significantly lower than 

that of 2xxx or 7xxx alloys in their fully age-hardened condition. This makes a potential implementation of 

the alloy for structural applications questionable. 

Another type of crossover alloys are AlCuZnMg 2/7 crossover alloys, which combine the effects of 2xxx 

and 7xxx series alloys. In these alloys hardening is achieved by multi-phase strengthening through the 

interplay of Cu, Zn an Mg, with the goal of reducing the lengthy and complicated deformation process of 

2xxx series alloys [75,102]. Nevertheless, an increase in the Zn content in 2xxx series alloys has been found 
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to give rise to new problems concerning the corrosion resistance of the alloys. The addition of 0.67 wt.-% 

Zn to 2024 series alloys has been demonstrated to result in a widening of the precipitation-free zone (PFZ) 

at the grain boundaries, thereby increasing the alloys sensitivity to intergranular corrosion [103]. Tan et. al. 

[104] demonstrated that a suitable addition of Zn to the alloy increases the resistance to intergranular 

corrosion (IGC). They found that the addition of Zn promotes the formation of S-phase (Al₂CuMg), as Zn 

can replace Cu in Cu–Mg clusters. The accelerated grain boundary precipitation of S-phase by Zn addition 

leads to a widening of the precipitation-free zones (PFZs) as solutes are consumed from the surrounding 

matrix, which then decreases the resistance to IGC. However, if the Zn content is increased beyond 2 wt.-

% the precipitation of a η-phase (MgZn2) is favoured over S-phase due to the higher diffusion rate of Zn. 

The η-phase is limited in amount due to the limited Zn content and the precipitates consume Mg, leading 

to a decrease in nucleation sites for S-phase. This interplay of precipitation sequences is resulting into a 

discontinuous distribution of grain boundary precipitates and a decrease in PFZ width. Consequently, the 

IGC resistance in 2xxx series alloys with Zn addition of > 2 wt.-% is elevated as the grain boundary 

precipitates are tailored to a non-continuous form. However, the susceptibility to pitting corrosion is 

concomitantly augmented. [104] 

The utilization of the hardening potential given by the addition of Zn to a 6xxx series alloy could be 

considered as a 6/7 crossover alloy. The effect of Zn additions to an Al-0.48Mg-1.03Si alloy was studied 

by Jiao et al. [105] by the addition of 2.98 wt.-% Zn to the base alloys. Solution annealing at 565°C for 

30 min with quenching in cold water is followed by aging at 180 °C. The hardness evolution of the alloy 

with Zn addition compared to that observed in the base alloy, was with 120 HV about 10 HV higher. Zn 

was also found to modify the precipitation morphology and interface between the precipitates and the 

matrix. This is because Zn can enter the structure of all phases, without altering the precipitation sequence, 

yet it does result in precipitate disorders. [105,106]. When the Zn level in an Al-1Mg-0.5Si alloy is raised to 

approximately 3 wt.-%, the coexistence of β-Mg2Si and η-MgZn2 is observed following aging at 170 °C for 

120 h. It has been demonstrated that the addition of Zn is found to accelerate the age hardening response, 

resulting in the precipitation of the η-phase and a peak Vickers hardness of approximately 125 HV. [107] 

The impact of Zn addition on the corrosion resistance of Al-Mg-Si alloys was examined by Gou and 

colleagues [108] who observed an increase in intergranular corrosion (IGC) susceptibility up to an Zn level 

of 1 wt.-%, which then decreased when the Zn level exceeded this value. The IGC resistance can be 

attributed to the evolution of the microstructure during the ageing process as schematically illustrated in 

Figure 2-6. When the Zn content is low (<1 wt.-%), a continuous film of Zn is present on the grain 

boundary. During further ageing treatment this film slowly transforms into discontinuous coarse grain 

boundary precipitates. This results in a wide PFZ, as the Zn film is able to consume a high fraction of solid 

solution elements from the surrounding matrix, thus implying a high susceptibility to IGC. If the Zn content 

is increased, the driving force for the formation of Mg-Zn precipitates sufficiently high to suppress the 

formation of a Zn-rich grain boundary layer. Further heat treatment also leads to the formation of coarser 

grain boundary precipitates, yet they cannot grow to the same size as in the case with a Zn film, leading to 

a more narrow PFZ and better resistance to IGC. [108] 
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Figure 2-6: Schematic diagram of the grain boundary precipitation behaviour in Al-Mg-Si-Cu alloys with different Zn 

additions: low Zn content (a-c) in under aged condition (a) peak aged condition (b), and over aged condition (c); 

high Zn content (d-f) in under aged condition (d) peak aged condition (e), and over aged condition (f). Reprinted 

from [108] 

Another potential approach for crossover alloying is the 5/2 crossover alloy combination. This involves 

merging the high formability of the 5xxx base material with the age-hardening response of 2xxx series alloys. 

When Cu is added to 5xxx series alloy hardening is allowed by precipitation of S-phase (Al2MgCu) with a 

similar precipitation sequence as found in 2xxx series alloys which is as follows: [109,110] 

SSSS→Cu/Mg clusters (GPB zones) → S''-phase→S'(S) 

Although the Cu/Mg ratio is considerably lower than that observed in 2xxx series alloys, 5/2 crossover 

alloys still exhibit an accelerated hardening response. Medrano et al. [111] demonstrated that the addition 

of 0.12 wt.-% Cu is sufficient to form stable Mg-Cu clusters after 20 minutes of aging. The clusters are of a 

similar size and geometry to those found in 2xxx series alloys, although incorporating a smaller amount of 

Cu. [111] 

Ratchev et al. [112,113] investigated the effect of the Cu/Mg ratio on the hardening response. The alloys 

utilized in this study exhibit Cu/Mg ratios that span a range from 0.14 (alloy X) to 0.29 (alloy Z). The 

expected phases as well as the hardening response during ageing are displayed in Figure 2-7. During the 

aging process at 180 °C, all alloys demonstrated an initial increase in yield strength of 20–40 MPa, followed 

by a linear progression towards the peak hardness value. The highest yield strength is observed for alloy Z, 

which reaches approximately 205 MPa, representing a hardening response of approximately 120 MPa. The 

hardening is attributed to the precipitation of the S-phase (Al₂MgCu). Despite the fact that the T-phase 

(Mg₃₂(Al,Cu)₄₉) was predicted by thermodynamic calculations, it was not observed. Furthermore, in addition 

to the high age-hardening response, the detrimental effects of natural aging, such as the deterioration of 

hardenability or limitations to formability, which are known from the AlMgSi system, were not observed 

for 5/2 crossover alloys. [99,112,113] 
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Figure 2-7: Equilibrium phase diagram Al-Cu-Mg at 190°C (a). Evolution of yield strength in dependence of the 

Cu/Mg ratio during aging at 180 °C (b). Reprinted from [99] after [113] 

The addition of copper to 5xxx series alloys has been shown to inhibit magnesium diffusion towards grain 

boundaries, thereby reducing the formation of Al3Mg2 at these boundaries. This is due to the consumption 

of magnesium into Mg-Cu clusters, which then form the hardening phase. This results in 5/2 crossover 

alloys exhibiting enhanced resistance to intergranular corrosion (IGC) when subjected to an appropriate 

solutionizing treatment [114]. While the susceptibility to pitting corrosion remains unaltered when compared 

to a Cu-free alloy, the addition of Cu has been observed to decrease the resistance to filiform corrosion 

[115]. 

2.4.1 AlMgZn(Cu,Ag) 5/7 crossover alloys 

These alloys represent the most advanced crossover alloys available today, having been scaled up to 

industrial size and made commercially available under the brand name Crossalloy.57 by AMAG [116]. Its 

composition allows for excellent adhesive bonding, resistance spot welding, and self-pierce riveting, 

outperforming traditional alloys such as 5182 and 6016 in these areas. Additionally, Crossalloy displays 

remarkable surface properties, maintaining a high-quality appearance after clear anodizing, which is essential 

for consumer electronics and specialty products. The alloys uniform grain distribution is leading to 

consistent performance across different thicknesses. Furthermore, industrial prototyping trails of 2 mm 

material via superplastic forming (SPF) [117] and hot form quenching (HFQ) [118] demonstrate the high 

forming and hardening potential given by this alloy, even under non ideal laboratory conditions. [119] 

By keeping the Zn/Mg ratio < 1, hardening takes place by precipitation of the T-phase instead of the η-

phase, which is known as the hardening phase in the 7xxx system [120,121]. The T-phase (Mg32(Al,Zn)49) 

[122] has a bcc-like structure with 162 atoms per unit cell and a wide range of compositions depending on 

alloy composition and heat treatment [123–125]. Compared to other hardening phases such as Mg2Si, 

Mg2Zn or Al2Cu, T-phase has the highest negative value of formation enthalpy, which means that the driving 

force for T-phase precipitation is high [126]. Xue et al. [127] calculated and simulated the structural 

properties of T-phase. They found that the formation enthalpy is further decreased by increasing the Zn 

content in the phase. The addition of Cu and Ag are also decreasing the formation energy, leading to an 
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increased number density of GP-zones during the precipitation process and thus higher achievable 

hardening response. Due to deeper orbital hybridization, this effect is expected to be more pronounced for 

Ag than for Cu [127]. These simulation results are affirmed by various researches which find an enhanced 

hardening potential by the addition of Ag [128,129] or Cu [99,129,130] due to the increased number density 

of Guinier-Preston(GP)-zone formation during early-stage clustering. The addition of Cu also prevents or 

supresses Lüders elongation and the Portevin-Le-Chatelier (PLC)-effect [131,132]. It should be noted that 

the kinetics of T-phase precipitation is also influenced by the grain size of the alloy, as precipitation has 

been found to be accelerated in ultra-fine grained alloys. [133] 

The high formation enthalpy and stability of the T-phase allows applications in extreme environments. The 

T-phase and thus the hardening potential, is retained even when exposed to high doses of irradiation. This 

irradiation is present in space weather and destroys other hardening phases, making space applications of 

aluminum alloys currently challenging. [126,134] 

The hardening potential of novel A-Mg-Zn-(Cu) crossover alloys is strongly influenced by the heat 

treatment. Cao et al. [135] investigated the effect of a pre-aging treatment on the ageing behaviour of novel 

5/7 Crossover alloys. They found that without pre-aging treatment, the T-phase formed during aging is of 

a coarse lath like structure. With pre-aging treatment (in this case 80 °C for 12h) the microstructure has a 

higher density of finer equiaxed T-phase particles. This results in a better age hardening response during 

subsequent aging at 180 °C with a peak hardness value of about 125 HV, which corresponds to a hardening 

potential of about 30 HV. Without the pre-aging treatment, the hardening potential is in the range of 15 

HV with the peak hardness shifted to longer aging times. The phase formation with and without pre-aging 

treatment is shown schematically in Figure 2-8. [135] 

 

Figure 2-8: Schematic of the precipiation behaviour of 5/7 crossover alloys without (a) and with pre-ageing 

treatment (b) reprinted from [135] 

The exact sequence of precipitation is still under investigation. Several authors propose different paths for 

T-phase precipitation, which are often closely related to the precipitation of Mg2Zn-η-phase precipitation. 

Some proposed precipitation sequences are summarized in Table 2-3.  
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Table 2-3: Proposed precipitation sequences for T-phase in the Al-Mg-Cu system, reprinted from [98] 

SSSS → GP (Guinier-Preston) zone → intermediate η’ →equilibrium η → equilibrium T [136] 

SSSS → solute–vacancy-complex → GP zone → intermediate η’ or T’ →equilibrium η or T [137] 

SSSS → GP zone → intermediate η’ or T’ →equilibrium η or T [138] 

SSSS → GP zone → intermediate T’ →equilibrium T [139] 

SSSS → GPI zone → GPII zone (T’’) → intermediate T’ →equilibrium T [140] 

SSSS → GPI zone →(transient η’ →) intermediate T’ →equilibrium T [99] 

 

Stemper et. al [99] applied a pre-ageing treatment to achieve yield strength values above 400 MPa in an Al-

4.5Mg-3.5Zn-0.5Cu alloy. They combined a pre-ageing treatment at 100 °C for 3 h (PA) with a 2 % pre-

strain prior to bake-hardening at 180 °C/20 min (TMT2). The tensile testing data in Figure 2-9 show the 

effect of thermomechanical treatment on the aging response of the alloy, where the blue line (TMT1) 

represent a hardening process without the application of 2% pre-strain for comparison. In addition, the 

hardening potential due to the alloying of Zn (Figure 2-9b) and the enhanced precipitation by Cu addition 

(Figure 2-9c) are visible. 

 

Figure 2-9: Age hardening response with different aging treatments and alloying elements [99] 

The increased hardening potential after applying pre-strain prior to bake hardening could be due to an effect 

known as "strain induced clustering". It describes the increased diffusivity of elements during forming due 

to strain-induced formation of excess vacancies. Due to this effect, the volume fraction of clusters in 5/7 

crossover alloys increases by about 20% at 5% strain compared to the undeformed state. [141]  

In addition to the enhanced hardening kinetics allowing highest strengths, good formability and irradiation 

resistance of these alloys, they also exhibit outstanding corrosion properties. The intergranular corrosion 

resistance (IGC) is enhanced by the formation of narrow precipitation free zones (PFZ) [142,143]. 

Furthermore, 5/7 crossover alloys are also reported to have improved stress corrosion cracking (ICC) and 

exfoliation resistance properties [144,145]. 
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4 UPCOMING CHALLENGES FOR ALUMINUM ALLOYS 

The success story of aluminum, with its potential for lightweighting and fuel savings, is overshadowed by 

the high energy consumption of primary production and the associated high CO2 emissions. The high energy 

consumption in primary aluminum production is largely due to the electrolytic reduction process, which is 

energy-intensive and results in substantial CO2 emissions, making aluminum production a significant 

contributor to industrial greenhouse gas emissions. Recycling, on the other hand, requires only a fraction of 

the energy used in primary production and reduces greenhouse gas emissions. Despite these benefits, the 

recycling of aluminum presents some challenges due to the high affinity of aluminum for oxygen and its 

low standard electrode potential. 

Therefore, the potentials and limitations of primary aluminum production in terms of energy requirements 

and CO2 emissions have been investigated. The study explores the energy requirements and CO2 emissions 

associated with primary aluminum production, evaluates current recycling practices, and presents strategies 

to mitigate impurity content in recycled aluminum. As the removal of elements from aluminum is 

challenging, the crossover alloying concept is also reviewed as a possibility for a future scrap sink. 

The findings offer valuable insights into improving the sustainability of aluminum production and recycling. 

Understanding these challenges and potential solutions is crucial for developing more sustainable aluminum 

production practices, which can significantly contribute to global efforts to reduce industrial carbon 

footprints. 

The main part of this review has been published in the Japanese Journal of Light Metal Welding. 
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Abstract 

The aluminum industry is witnessing a transformation towards sustainable practices and reduced CO2 

emissions, primarily in the primary sector. However, achieving this goal necessitates a significant shift in the 

electricity mix, and even then, the emissions remain higher than those in secondary production. To embrace 

a greener future, there is a growing drive towards secondary aluminum, supported by horizontal and 

upcycling processes. Despite these promising developments, certain challenges, such as the readiness of 

some technologies, need to be addressed through focused research in the areas of sorting, pre-casting, and 

post-casting. The successful recycling of aluminum for applications, such as in electric vehicles (EVs), 

demands an expansion of the state-of-the-art alloy classification scheme. Embracing this fit-the-need 

approach is crucial for integrating higher levels of recycled material, promoting circular economy principles, 

and driving innovation in the use of aluminum alloys across diverse industries. 

  

 

1 S. Samberger, P. von Czarnowski, S. Pogatscher, J. Hirsch, New strategies to improve Recycling and reduce CO2-emission of 
Aluminum production and processing, Journal of Light Metal Welding, 2024, Volume 62, Issue 3, Pages 119-132, Released on J-
STAGE March 29, 2024, Online ISSN 2186-618X, Print ISSN 0368-5306, https://doi.org/10.11283/jlwa.62.119, 
https://www.jstage.jst.go.jp/article/jlwa/62/3/62_62.119/_article/-char/en 
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4.1 Introduction 

Aluminum is one of the most important metals due to its specific versatile properties, suitable for various 

applications. However, the success story of Aluminum is overshadowed by its high energy consumption 

and critical CO2 emission rate in its primary production process when the electricity needed for electrolysis 

comes from non-regenerative sources like coal or gas. This be reduced by implementing recycling strategies, 

which shifts the balance towards higher sustainability, also since much less (< 10 %) energy is needed to 

melt Aluminum from scrap. The amount of primary Aluminum produced is illustrated in Figure 4-1 and is 

expected to reach 70 million tons (Mt) in 2025 after the IAI 2022 reference scenario. About the same slope 

can be observed for recycled Aluminum about 20 to 30 years shifted. Due to its high metal value, the global 

recycling efficiency rate (RER) is high (76 %) [1] and the amount of recycled Aluminum available for 

recycling is estimated to double by 2050. High scrap utilization (pre- and postconsumer scrap) will partially 

substitute the use of primary produced Aluminum. It is predicted that in the year 2030 the final product 

shipment increases by 26 %. It is estimated that the global annual scrap usage will increase by about 20 Mt 

(+54 % according IAI) while the production of prime aluminum continues to rise, exceeding 100 Mt by 

2050, as can be seen in Figure 4-1. 

 

Figure 4-1: World-wide production of primary and recycled Aluminum according to the 2022 IAI estimation [2] 

Figure 4-2 illustrates the life-cycle of Aluminum. The increased usage of recycled material creates the 

problem of high levels of elemental contamination which can be divided into 3 categories: 

1. Downcycling: resulting alloys are used in “secondary” (lower quality) alloys than the original one. 
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2. Horizontal Recycling: (about) the same quality is achieved and can be applied in the same product 

range: e.g., can recycling or production scrap recycling, so called alloy-to-alloy recycling. 

3. Upcycling: Run suitable processes to reduce contaminations and provide alloys of higher quality 

than the original source. 

A “green Aluminum” trend has already triggered new grades for low-carbon Aluminum alloy variants at 

most of the Aluminum producers, traded also at the London Metal Exchange. The shift from primary 

synthesis (alumina reduction) to secondary synthesis (scrap melting) requires R&D investigations to better 

understand how multiple scrap-related undesired elements act on Aluminum alloys and how future alloys 

can be designed upfront to become scrap-compatible and composition-tolerant.  

 

Figure 4-2: Life cycle of Aluminum reprinted from [3] 

In the “Progress in Materials Science” overview paper: “Making sustainable Aluminum by recycling scrap: 

The science of “dirty” alloys” Raabe and colleagues [4] describe and discuss in some detail the main 

metallurgical effects involved: 

1. The influence of scrap-related impurities on the thermodynamics and kinetics of precipitation 

reactions and their mechanical and electrochemical effects.  

2. Impurity effects on precipitation-free zones around grain boundaries.  

3. 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. 

The global Aluminum flow (2022) with application according to sectors is displayed in Figure 4-3. It shows 

the scrap origins and states construction and transport sectors as the most important industries for 

Aluminum usage.  



 

35 

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. Despite major technological evolution, todays 

primary production consumes 190 MJ/kg  ±17 % from mining to ingot (coming from 300 MJ/kg in 1970) 

[5]. The most energy consuming production step during primary production is smelting. With a maximum 

of green energy and best practice, it can be as low as 51.12 MJ/kg [6]. The theoretical minimum for Al 

smelting is 22.43 MJ/kg [7]. The energy needed for smelting is composed of 85 % electrical energy [8]. It is 

hence of great interest to determine the source of energy from which the electricity is obtained. Data from 

the International Aluminum Institute (IAI) [9] show, that in 2021, coal was used for 53 % of primary 

aluminum smelting worldwide, with hydro sources accounting for 31.2 % and natural gas for 9.7 %. 

Excluding China from the perspective (which is the biggest producer of primary aluminum [10]), hydro 

sources are the dominant energy source, accounting for 55.8 % of primary Aluminum smelting, with natural 

gas at 25.3 % and coal at 16.4 % [9]. Besides the energy intensive primary production, Aluminum is highly 

recyclable, and the energy needed for production of 1 t of Al via recycling is drastically lower. [11]  

 

Figure 4-3: Global aluminum flow for the year 2022 (2022 IAI reference scenario) with usage of semi-finished 

Aluminum products made with data from [2,12] 

4.2 Greenhouse Gas Emissions associated with Primary 

Metal Production  

The corresponding life cycle impact assessments (LCIA) [13] helps to identify, quantify and control 

emissions along manufacturing value chains taking into account material and metallurgical sustainability. 
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The model is using the tool for reduction and assessment of chemicals and other environmental impacts 

(TRACI). The global warming potential (GWP), ozone depletion (OD), carcinogenic effects (CE) and 

acidification potential (AP) shown in Table 4-1 are an excerpt of the whole LCIA. 

Table 4-1: LCIA after TRACI method for each production step redone after [13]; values represent the production of 

1 Kg Al 

Impact category Bauxite Alumina Smelting Refining 

GWP (kg CO2 eq.) 0.08 1.23 10.91 0.28 

OD (kg CFC-11 eq.) 3.02∙10-12 1.21∙10-08 1.48∙10-10 4.32∙10-12 

CE (CTUh) 1.01∙10-09 9.23∙10-09 1.53∙10-08 1.61∙10-09 

AP (kg SO2 eq.) 1.3∙10-03 9.3∙10-03 75∙10-03 2.16∙10-03 

 

The global warming potential depends to a major extent on the type of energy sources used. The different 

energy mix scenarios shown in Table 4-2, reveal possible reduction leverages. The German (GER) scenario 

represents a grid mix consisting of lignite (24 %), hard coal (18 %), nuclear (14 %), wind power (12 %) and 

natural gas (10 %). The China (CN) scenario is a mix of hard coal (69 %) and hydropower (19 %). In the 

Norway/Canada (NO) scenario hydropower is used for 96 % of electrical grid mix. [14] 

Table 4-2: LCIA for different energy mix, redone after [14]; Values for 1 kg of produced Aluminum. 

Impact category GER CN NO 

GWP (kg CO2 eq.) 11.53 18.12 4.07 

AP (kg SO2 eq.) 2.29∙10-03 7.97∙10-03 2.62∙10-03 

 

Depending on the source of energy, the GWP of primary Aluminum production fluctuates strongly. By the 

usage of 96 % of the power from hydro sources, the GWP potential of electricity is close to zero, while it 

is accountable for over 12 kg CO2 emissions in the CN and 8 kg CO2 emissions in the GER mix scenario. 

The rest of the GWP is split into transport, processes, thermal energy, and raw materials. [14] 

The various forms of greenhouse gases (GHG) are relevant for global warming, including the gas’s long 

atmospheric lifespan. Over the next century, at least 68.4 Mio tones CO2 equivalent/per year (taking the 

todays average of 18.3 kg CO2 eq./kg Al [15] and a production of 68.4 Mt Al (2021) [2]) of GHG (CO, 

CO2, SO2, fluorocarbon and polycyclic aromatic hydrocarbon) are associated with primary Al production. 

This number is highly volatile depending on the production rate, electricity mix and technological adaptions. 

As an example: the market for Aluminum is growing so the accompanying environmental problems will 

grow as well. To reduce greenhouse gas emissions, one needs to develop more environmentally friendly 

industrial processes with qualified metallurgy, with very high potential leverage to combat global warming. 

In the production of aluminum, electrolysis accounts for 70 % of the cradle-to-gate GHG [15]. Replacing 

carbon anode with an inert anode would eradicate, or at least significantly reduce, the direct emissions of 

greenhouse gases from Aluminum electrolysis. By doing so a reduction of the carbon footprint of aluminum 

production by up to 10 % is feasible, which is small proportion compared to the savings potential through 
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decarbonization of electricity generation. Because the direct emissions are not the main driver for the high 

GHG of aluminum production, changes in smelting technology are not enough to decrease the GHG to a 

satisfactory level. [15,16] 

The dataset [17] for alumina refining has been revised retrospectively to reflect a change in modelling 

assumptions for the process. Under the 1.5 °C Paris agreement scenario of IAI [18], thermal energy 

emissions from alumina, aluminum casting and mining would need to reduce by 94 % – vs 59 % for 

“Beyond 2 Degrees’ Scenario (B2DS) – from 2018 levels. Under both the 1.5 °C and B2DS, the carbon 

intensity from electricity would need to be reduced by at least 98 % compared to 2018. [18] 

The International aluminum Institute has launched a new scenario, with supporting data, that is consistent 

with limiting global warming to 1.5 °C [18]. The data of this scenario is shown for the whole aluminum 

sector in Figure 4-4 and compared to a business-as-usual case. The data complements the existing work 

which includes:  

• Detailed historical emissions 

• A ‘Business as Usual’ scenario (BAU) to 2050 

• A ‘Beyond 2 Degrees’ Scenario (B2DS).  

Both the 1.5 °C and B2DS are consistent with the Paris agreement. Under the 1.5 °C, carbon intensity of 

direct emissions would need to reduce by 93 % – vs 58 % for B2DS – compared with 2018 levels. These 

scenarios will guide the industry’s efforts and need to be considered. [18] 

 

Figure 4-4: Global Carbon emission forecast for the aluminum sector after a business as usual and the target 1.5 °C 

scenario [18] 

When the aluminum industry continues business-as-usual the CO2 emissions will continue to increase from 

about 1.000 Mt to 1.500 Mt in 2050, as indicated in Figure 4-4 (blue curve). To meet the targeted reduction 

of CO2 and reach the 1.5 °C limit, aggressive actions across the entire value chain are required, i.e., in its 
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upstream and downstream processes. Their contribution to the targeted CO2 reduction accumulates to 

roughly 70 % upstream and 30 % downstream (see Table 4-3).  

Table 4-3: Contribution of Upstream and Downstream processes to CO2 emissions 

Upstream Downstream 

Low CO2 Power (nuclear & CCS) ≈55% Higher design efficiency (process & production) ≈10% 

Low CO2 smelters (anodes &CCS) ≈10% Improved recycling rates and recovery ≈10% 

Low CO2 refiners (boilers & calcination) ≈5% Low CO2 electricity or H2 across value chain ≈10% 

 

In 2018, the production of 82 million tons of aluminum products relied heavily on primary aluminum, 

accounting for approximately 80 % of the total global shipment volume. To achieve the CO2 emission goal 

associated with the 1.5 °C target, it is necessary to decrease the high proportion of primary aluminum to 

around 50 %. Therefore, forecasts for scrap utilization given by the IAI reveal an extraordinary increased 

utilization of accumulated End-of-Life (EoL) scrap. Moreover, the data show that the industry is actively 

striving to minimize new scrap generation, takes place especially in two critical areas: In the production of 

aluminum components, specifically customer fabrication scrap, and the aluminum manufacturing process, 

particularly mill runaround scrap. [2]  

To achieve a scrap content of 50 % in aluminum, it is essential to address every step in the value chain. This 

includes collecting products, sorting components, separating alloys, and implementing processes that can 

tolerate higher levels of impurities commonly found in scrap materials, and last but not least a compatible 

alloy concept to promote material efficiency.  

Block casting technology concepts like “Nexcast” [19] may support more aggressive targets in the field of 

improved scrap recovery technologies. It has the capability to make significant contributions to both targets, 

namely increased scrap utilization and reduced energy consumption in the recovery of both old and new 

scrap materials. Additionally, the compact MiniMill concept in Flat rolled products (FRP) production 

promotes environmental consciousness by minimizing resource usage, concrete, buildings, and soil sealing, 

thus reducing the ecological footprint. The block cast process is not bound to casting limitations from alloy 

families and lead to improved alloy properties through enhanced cooling conditions. In terms of 

sustainability an innovative MiniMill can have energy savings of more than 25 % in comparison to an 

conventional DC Hot rolling mill [20]. Therefore, such technologies could also contribute to a reduction in 

CO2 emissions associated with the production of aluminum sheet.  

MiniMill concept, one of which is shown in Figure 4-5, brings molten Metal directly to the Hot Coil in a 

continuous process with significantly less equipment to install, operate, and maintain.  
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Figure 4-5: Dimension of Nexcast-Technology compared to a conventional sheet-production route leading to a 

lower carbon Footprint also by more efficient plant design [19] 

In the long term, the most significant factor in reducing CO2 emissions is the substitution of prime materials 

with scrap. However, at present, the most substantial potential for CO2 emissions reduction lies within the 

smelter industry. 

Pedneault et. al [15] indicate the role of three key factors in the mitigation of CO2 emissions associated with 

primary Al production:  

• the change of electricity mix,  

• the improvement of energy intensity of the smelting process,  

• the progressive deployment of inert anode. 

The Figure 4-6 shows a forecast for the Greenhouse gas emission with focus on those key factors. With an 

primary production forecast for 2050 of 83 Mt Al (IAI 2022 ref. scen.) [2], the CO2 emissions could sink 

from about 1518 Mt to 1328 Mt CO2 eq. per year in a baseline scenario. With an assumption of stagnant 

primary demand from 2050 to 2100 and best practice, the CO2 emission could sink further to a value of 

996 Mt CO2 eq. per year. The sooner a change in the electricity mix is achieved, the faster a reduction in 

GHG is feasible. Looking at a 1.5 °C scenario a reduction of CO2 emissions down to a value of 498 Mt CO2 

equivalent per year seems feasible. Nevertheless, one has to note that even in a best case scenario the CO2 

emissions from primary production will exceed those of recycling which are as low as 0.6 kg/kg Al [21]. 
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Figure 4-6: GHG emissions and avoidable potential with focus on smelting of primary Aluminum for a 1.5-degree 

scenario and a baseline scenario. Redone with data from [15] 

4.3 Challenges and Opportunities for sustainable 

Aluminum 

3 % of all industrial greenhouse gas emissions and 8 % of the global industrial electricity consumption 

[15,22] are related to the production of Aluminum. Additionally every year 380 million tons of minerals are 

mined [23], and several million tons of by-products are exploited. Therefore, Aluminum and its production 

and processing must become more sustainable.  

The influence of metal production and processing on global warming needs to be considered with respect 

to mitigation strategies and socio-economic factors and the fundamental aspects to make Aluminum more 

sustainable. These aspects are being addressed by almost all Aluminum producers and their customers 

worldwide. The huge challenge and its environmental effects, caused by almost 70 million tons of Aluminum 

being produced every year, make its sustainability an essential research topic from a technological point of 

view and also from a basic materials research perspective. This is exemplified by the challenges and 

opportunities of Al for automotive applications in Figure 4-7.  

The critical aspects are the energy-intensive upstream and downstream processing. It is a key mechanism to 

help to reduce CO2 emissions and finally render metallurgy environmentally safe and fossil-free, addressing 

– and even exceeding - the current discussion. The potential role of Aluminum alloys is mainly focused on 

their low specific weight and special properties. Figure 4-7 shows the challenges and requirements for 

Aluminum alloys in the automotive industry as well as the possible direct and indirect sustainable influence 

light-weighting inflicts. Utilizing improved aluminum alloys, such as formable non-heat treatable 5xxx series 

or high-strength 6xxx or 7xxx series alloys, can provide car body structures with a weight advantage of over 

30 % and cost savings of up to 7.8 €/kg when employing suitable technologies for high-volume assembly 
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cycles. [24]. Ever since aluminum suffers from a high strength-good formability trade-off, limiting the 

applications of single alloys. Recent approaches are addressing this issue by combing the beneficial 

formability of AlMg(Mn) alloys with the high hardening potential of AlZnMg(Cu) alloys in so called 

crossover alloys. [25] 

The traditional automotive structure, known as the Body-in-White (BIW), has been in use for decades as a 

monocoque body design. However, in the case of Battery electric vehicles (BEV) using skateboard 

structures, a different approach is taken. The subcomponents in these structures serves multiple purposes, 

including containing the battery safely, absorbing crash energy and protect the battery from thermal 

runaways, rightsizing vehicle stiffness, and accommodating the other vehicle components [26]. Moreover, 

Aluminum components play a critical role in acoustic, electrical, and thermal management [27]. To 

accommodate various demands in battery structure and cell design, Aluminum alloys from the 1xxx to 8xxx 

families are employed, encompassing thicknesses ranging from 10 microns to a few millimeters. 

Ensuring sustainability in product design necessitates the alignment of material innovations and engineering 

considerations. This holds true for various components in the battery skateboard design, including 

lightweight wheels designed for Electric Vehicles (EVs). With the increasing prevalence of EVs, there is a 

growing importance placed on EV-battery protection and aerodynamic lightweight wheels [26,28]. This 

highlights the need to prioritize both safety and sustainability in their development. High-strength alloys, 

e.g., a Cu-free 7020 based alloy or potentially a tailored 5/7 crossover alloy, applied in wheels may offer 

advantages in terms of radial and corner fatigue strength, as well as crash performance. However, it is 

important to note that high-strength aluminum alloys are also susceptible to crack propagation. To enable 

the utilization of high-strength alloys, it is beneficial to engineer a product in the way that it primarily bears 

tension and compression forces rather than bending forces. 

EVs are about 20 % heavier than internal combustion engine (ICE) vehicles due to heavy battery weight, 

requiring weight reduction to improve the driving range on a single battery charge [29]. Lightweighting goals 

are similar for both ICE and EV, but the unique product architecture of EVs necessitates a specific 

lightweighting approach. BEVs have a distinct architecture, primarily focused on securely accommodating 

large and heavy battery packs at the vehicle's bottom and enabling platform versatility for multiple vehicles. 

This prompts the automotive industry to reconsider frame design for BEVs. A 10 % weight reduction in an 

EV typically leads to about a 14 % increase in range [30]. But not only weight reduction, also aerodynamic 

and rolling resistance play a crucial role in the range of BEVs. With enhanced wheel design and grip, range 

increases of over 20 % are feasible [30,31].  

Besides driving performance and comfort, car buyers and OEMs (original equipment manufacturers) now 

pick the sustainability trends, demanding more sustainable and transparent production methods and lower 

CO2 footprint of the metals delivered. However, proper sustainable approaches for material development 

and processing must take into consideration both the indirect benefit of advanced materials, e.g. through 

weight reduction, and the direct ones, by producing the same or better materials as before, but with lower 

energy consumption and reduced CO2 emissions. The first step of the approach is referred to as “indirect 
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sustainability” (sustainability gain through material properties) and the second one as “direct sustainability” 

(sustainability gain through less harmful material production). [32] 

 

 

Figure 4-7: Challenges and opportunities for aluminum alloys in the automotive industry redone after [33–35] 

4.4 Recycling, Downcycling and Upcycling of Metals and 

Alloys  

The undoubtedly best approach now being established legally in the EU is to reuse and repair parts instead 

of scrapping according to the European waste Hierarchy Framework Directive [36]. This is, however, not 

always possible so recycling is the 2nd best option. Recycling drastically increases the availability of metals, 
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as some specific metal supplies become more and more limited on the market, when only taken from mineral 

resources [32]. Another way now being pursued is to develop re-integrative market elements, also referred 

to as re-mining, where old, deposited industry waste is retuned back into the recycling stream and used as 

feedstock. This can be profitable for some materials. In the case of electronic waste a total of 53.6 Mt of E-

waste with a value of 57 Billion $ worth in raw materials was generated in 2019 [37]. However, recycling 

often inherits some loss in material quality called “downcycling”.  

In conventional recycling, products are re-introduced into the processing cycle from which they once left. 

In this respect, waste products are reprocessed and transformed into new raw materials, thus acquiring a 

new use, and re-entering the cycle. However, the material never reaches a full reuse, i.e. the same amount 

of material. The recycling processes itself can have in part substantial losses and require multiple types of 

resources to bring the material back into new products. Recycling now is an industry branch of its own, also 

including aspects of material losses, energy consumption and greenhouse gas emissions.  

Since Al2O3 has one of the lowest Gibbs energies of all species and Al has a very low electrochemical 

potential, and a solubility for most elements, as shown in Figure 4-8, it is challenging to remove impurity 

elements. Since almost all scrap streams inherit impurity elements like Fe, Si, Cu Mn or Mg, feasible and 

sustainable methods for dealing with scraps streams need to be explored. [38] 

 

Figure 4-8: Solubility of different elements in aluminum [4] 

Due to the fact that the current alloying limits are very tightly bound (especially for wrought Aluminum 

alloys), innovative concepts are needed to deal with the alloying elements. Taking the automotive sector as 

the largest source of aluminum scrap and its highest consumer reveals the dramatic need for enhanced alloy 

processing. While the iron level in applications like cast wheels or nodes used in space frames is limited to 

a value below 0.2 wt.-%, models predict an iron content from automotive scrap in dependence of the 

dismantling degree between 0.6 and 0.7 wt.-% [39]. Since the allowed chemical compositions for wrought 

alloys are narrow most scrap is used for cast alloys. This is leading to a downcycling of alloys, a problem 

that will become more prominent with the rise of E-mobility. Due to the growing proportion of electric 

vehicles, the need for ICE-engine blocks is falling and thus also the need for the cast alloy 319 
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(AlSi6Cu3.5Zn), A380 or A226 (AlSi9Cu3). The alloys represent the largest sink for mixed scrap to date, 

with a mass of over 80 % of all die-cast alloys [4]. Not only for this a surplus of scrap is predicted in the 

automotive industry for the years 2025 to 2033, depending on the dismantling degree of car bodies. That 

event can be further delayed to 2048 by the use of advanced sorting techniques. [39] 

First efforts to address this issue are already made by industry. The first step and most effective one is the 

recycling of aluminum alloys in closed-loop recycling systems for End-of-life (EOL) products. For example: 

Audi implemented a closed-loop system in 2017 in one of its pressing plants saving 350.000 t CO2 in three 

years by using recycled Aluminum [40]. They are also extending this closed loop system currently to other 

sites [41]. The U.S. car manufactured Ford claims to recycle over 9000 metric tons of using a closed-loop 

recycling system each month [42]. Nissan even stated a recovery ratio for End-of-life vehicles (ELV) in 

Japan of 99.4 % in 2021 which contributes to their plan to reduce the amount of virgin material in new 

vehicles by 30 % [43]. Technology companies like Apple trying to collect the end-of-life products from their 

costumers and already manufacture the enclosure of all iPads, MacBook’s, and apple watches of 100 % 

recycled Aluminum. They also continue to extend this list [44]. There are also national efforts to combat 

the scrap surplus. The Japanese NEDO feasibility study program is a framework of industry-academia 

collaboration addressing the need for new technologies for the fabrication of wrought Aluminum ingots 

from recycled scrap [45].  

With state-of-the-art wrought alloy specifications there are primarily three levers (sorting, pre-casting and 

post-casting) to deal with the upcoming scrap wave. First, sorting needs to be improved. Simulation of 

modified dismantling and sorting indicates, that by optimal processing the production of primary Aluminum 

can be reduced up to 30 % till 2050 [46]. Separation of Iron, Aluminum and plastic scrap can be enhanced 

through better dismantling, but the separation of different Aluminum alloys with/without coating, surface 

attachments and especially the separation into wrought and cast alloys is more complicated. Therefore, 

research is moving towards advanced sorting techniques including Eddy current separators, laser-induced 

breakdown spectroscopy (LIBS) or X-ray fluorescence (XRF) sorting. By using artificial intelligence during 

the sorting process, more alloys can be separated at a higher speed. Deep learning algorithms are reported 

to effectively separate cast and wrought aluminum scrap from RGB and 3D images with an accuracy of up 

to 98 %. Those algorithms can be integrated into advanced sorting systems in combination with LIBS and 

XRF. Although these approaches are promising in better dealing with scrap, there are still some issues that 

need to be addressed in order to employ them completely. Furthermore, for being industrially relevant, the 

economic gap due to the scrap selling has to be greater than the expenses (OPEX & CAPEX) [45,47,48] 

The second possibility to deal with scrap according to state-of-the-art alloy specifications, is pre-casting. 

There, the impurity content can be reduced by suitable melt treatment. During the melt treatment, the 

elements Fe, Si and potentially Mn are primarily precipitated as intermetallic compounds (IMC) and 

removed from the melt. From those elements Fe is considered to be the most precise and detrimental 

impurity element [49]. Removal of Fe can be, for example, achieved by the addition of a flux containing 

Na2B4O7 and the formation of an Fe2B-phase. This phase is removable from the melt with sludge formed 
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on the surface leading to a reduction in Fe content from 0.33 to 0.17 wt.-% shown in reference [50]. Also, 

a removal of elements by fractional crystallization is feasible. In high Mg-melts Fe and Mn show an enhanced 

primary IMC formation with increasing Mg-content. By cooling the melt close to the liquidus temperature, 

Fe and Mn intermetallic phases are formed. Those can be removed from the melt by centrifugation, 

squeezing or filtration [51]. With this procedure a reduction of Fe and Mn down to values of 0.1 and 0.13 wt-

% respectively are achieved in an Al-16.8Mg melt at 560 °C [52]. These values can be further decreased to 

0.007 wt.-% by increasing the Mg content to 38.5 wt.-% [53,54]. Also, Si is reported to be removable in 

combination with high Mg-contents through the precipitation of Mg2Si. According to a patent filed by L. F 

Mondolfo in 1944 [55] the silicon content can be lowered to values as low as 0.08 wt-.% by the addition of 

up to 70 wt.-% Mg and cooling of the liquid to a temperature of 500 °C. Another approach for Si 

removement was conducted by the NEDO study [45]. There, the Si content could be reduced by advanced 

fractional. They found that the crystallized α-Al fraction was increased by the application of electric stirring. 

The amount of Silicon could be reduced by pressing and the application of a ceramic filter from 10.7 wt.-

% down to 4.9 wt.-% with a Si content of 1.7 wt.-% observed in the primary crystals. These findings suggest 

the usage of aluminum alloys with high Si content as a component of commercial 6xxx series alloys [45,56]. 

However, these approaches usually need energy and are therefore cost intensive. Additionally, the issue of 

the filtered material remains to be solved. 

The removal of impurities is also achievable using melting technologies, which work differently from the 

established methods for scrap melting. Utilizing a solid-state electrolysis process with a liquid salt electrolyte 

a decrease in impurity concentration from over 10 wt.-% down to 0.1 wt.-% is feasible. Elements like Si, 

Cu, Fe etc. move to the anode slime, while Al is deposited at the cathode. With this process 99.9 % Al is 

produced with an estimated energy consumption of 65 MJ/Kg [57]. Here as well the further use of the 

anode slime needs to be addressed.  

Another option for decreasing the impurity level in scrap is dilution with primary Al. This is also referred 

to as “sweetening” and should not be considered to be a long-term sustainable approach for Aluminum 

recycling. [4,58] 

The shown examples demonstrate that a removal of impurity elements from aluminum is technically 

possible. Nevertheless, some of the methods mentioned above are not yet industrially mature or are 

extremely energy-, cost- and time intensive. Therefore, a shift from the stiff state-of-the art alloy 

classification scheme to a dynamic fit-the-need system is required. By opening the narrow classification 

scheme for wrought Aluminum alloys, the possibilities for dealing with impurity concentrations might be 

extended by casting and post-casting technologies, because higher impurity concentrations can be allowed 

without loss of material quality. 

The main objective of those technologies is to maintain the properties of the alloy even with increased 

impurity levels. There are more than 20 different iron containing intermetallic compounds (IMCs) reported 

to exist in Al. Common types include β-Al5FeSi (needle like shape) and α-Al15(Fe,Mn)3Si2 (compact, Chinese 

script morphology), Al3Fe and Al6(Mn,Fe). The formation and morphology of those phases depend on the 
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elemental composition (Si, Fe, Mn ratios) and cooling rates [59–61]. Iron, in combination with Silicon, often 

occurs in the form of the brittle the AlFeSi-phase. A needle shaped morphology is extremely harmful for 

the mechanical performance of the Al alloys, especially for the ductility and fatigue properties. This effect 

is more pronounced with increasing in size of IMC´s. Hence, research activities try to decrease the size of 

the intermetallic and modify the morphology towards the less harmful α-AlFeSi modification [61]. During 

casting, the IMC`s can be broken up and modified by, for example, ultrasonic vibration, electromagnetic 

stirring or melt shearing [61,62]. The detrimental effect of primary IMC´s is further mitigated by faster 

cooling, hence smaller precipitates. With direct chill (DC) casting technologies cooling rates are limited 

around 10 K/s leading to limitation in IMC modification [63–65]. This limitation can be overcome by twin-

roll casting technologies where cooling rates of up to 103 K/s are reported [66]. Such high cooling rates do 

not only lead to a finer grain size compared to DC casting but also to finer IMC´s in the finished product 

[67]. Novel approaches in high-speed vertical twin-roll casting allow conventional 6xxx series alloys with Fe 

values of up to 1.5 wt.-%. The so produced material exhibits increased strength without major losses in 

ductility. [45] 

Post-casting technologies are focusing on thermal modification and fractioning of IMC´s. By applying a 

homogenization treatment between 530 °C and 600 °C a transformation from β-phase to α-phase can be 

achieved. This modification is accompanied by a fragmentation of the phases [68–70]. During hot rolling, 

the IMC´s can be fragmented as well. This crushing of the particles can happen in different ways depending 

on the chemical composition and brittleness of the particles and the surrounding matrix material. It was 

found, that on average the particle size can reduce by more than 10 times during rolling. The reduced 

particles can further act as nuclei for particle stimulated nucleation [71]. Other post casting techniques for 

crushing and fragmentation of IMC´s are severe plastic deformation (SPD) techniques like Equal-channel 

angular pressing (ECAP), High pressure torsion (HPT), Friction stir processing (FSP), Accumulative roll-

bonding (ARB) [72], which, however, are not used industrially on a large scale. Also, heavy cold working is 

leading to fragmentation and alignment of IMC´s in rolling direction. The successful application of post-

casting techniques is shown by Trink et. al [73] for an industrial grade 6016 alloy with a high content of 

impurity elements (1.9 wt.-% Si, 1.4 wt.-% Fe, 1.1 wt.-% Mn). By the application of an optimized 

homogenization and thermomechanical treatment, the tensile strength could be improved by about 80 MPa 

without major losses in elongation [73]. 

Opening alloy classification scheme 

Opening the alloy classification scheme is beneficial in many ways. By the introduction of uni-alloys and 

“crossover alloys” a combination of various desired properties is feasible by simultaneous tolerance of more 

recycled content in the alloy. By the introduction of 5/7 crossover alloys (combination of 5xxx series alloys 

and 7xxx series alloys) the longstanding trade-off between the good formability of 5xxx series alloys and the 

high strength of the 7xxx series alloys could be overcome [74]. This novel research area of crossover alloys 

already revealed that this alloy class exhibits outstanding hardening and forming potential [75] and good 
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corrosion resistance [76–79]. 5/7 crossover alloys are also reported to be suitable for conventional welding 

operations [80] and superplastic forming operations [81]. Also space applications seem feasible [82].  

The change of the state-of-the-art stiff classification scheme to a fit-the-need dynamic model is gradually 

making its entrance into the industry. For example, Ford already took actions to support the Ford F150 

with a new family of aluminum sheet specifications focused on recyclability. They analysed scrap streams 

and defined separation ways to produce high and low scrap tolerance alloys [83,84]. The Austrian Aluminum 

producer AMAG took further action towards the introduction of novel crossover alloys. Recently they 

reported two crossover alloys named AMAG CrossAlloy.57 [25] and AMAG CrossAlloy.68 [85]. The alloys 

need to prove themselves on an industrial scale. 

Opening the alloy classification scheme also inherits the potential to improve almost any commercial alloy. 

NanoAl, a company based in Boston [86], has developed a material and processing concept that integrates 

minor to moderate amounts of alloying elements capable of forming thermally stable nano-scale precipitates 

that are coherent with the Aluminum matrix [87,88]. Those precipitates allow microstructural designing to 

further enhance the properties of alloys. An achievable microstructure is shown Figure 4-9 using an 8000 

series alloy as an example. By introducing nano-precipitates, a grain size of <1 µm is attainable. Based on 

this innovative approach, processes with high solidification rates successfully retain ultrafine nano-

precipitates. This retention leads to enhanced mechanical properties, electrical and thermal conductivity and 

thermal stability, expanding the range of alloys suitable for various EV components. Furthermore, this 

innovative approach contributes to the broader goals of industrial electrification. 

 

Figure 4-9: Microstructure of an 8000-series Aluminum alloy, processed with NanoAL alloying concept, having a 

refined grain structure (< 1 um), and a dispersion of thermally stable nano-precipitates (inset atom-probe 

tomographic pictures) [86] 
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4.5 Conclusion 

The aluminum industry is witnessing a transformation towards sustainable practices and reduced CO2 

emissions, primarily in the primary sector. However, achieving this goal necessitates a significant shift in the 

electricity mix, and even then, the emissions remain higher than those in secondary production. To embrace 

a greener future, there is a growing drive towards secondary aluminum, supported by horizontal and 

upcycling processes. Despite these promising developments, certain challenges, such as the readiness of 

some technologies, need to be addressed through focused research in the areas of sorting, pre-casting, and 

post-casting. The successful recycling of aluminum for applications e.g. in EVs demands an expanded of 

the state-of-the-art alloy classification scheme. 

The discussed alloys show considerable benefits from high solidification rates, achievable through 

innovative processes like Nexcast or Twin roll casting. Especially when dealing with products containing 

high alloying content, these high solidification rates become crucial to ensure even distribution of alloying 

elements and other constituents in the cast strip, thus enabling optimal further processing with reduced 

segregations. Emphasizing these essential steps will significantly advance research in the field, enabling the 

industry to handle the growing wave of scrap more effectively. To achieve the ambitious goals for CO2 

emissions, a comprehensive approach is required, encompassing efforts at every stage of the aluminum 

production process, supported by the expansion of the alloy classification scheme and the introduction of 

Uni-alloys and crossover alloys. By adopting these measures, a surplus of scrap can be avoided, and 

sustainability objectives in the aluminum industry can be realized. 
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5 SIMULATION OF INDUSTRIAL HEAT TREATMENT 

PROCESSES 

To ensure the successful industrial implementation of 5/7 crossover alloys, enhancing the accuracy of 

simulating industrial processes is crucial. Since solution annealing followed by water quenching is not always 

feasible for most forming operations, industrially applicable cooling rates were evaluated. In collaboration 

with our industrial partner, we designed systems with customized heating and cooling rates to accommodate 

various feasible industrial scenarios. The response of 5/7 crossover alloys to these changing conditions was 

then tested, providing valuable insights into the quenching sensitivity and remaining hardening potential of 

the alloy. These insights are vital for optimizing its industrial applications. The key findings, published in 

the conference proceedings of EMC 2023, are detailed in the following section. 
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Abstract 

Today’s design of aluminum alloys requires the material to show an enhanced recyclability and sustainability 

but still fulfil the requirements for strength and ductility. Higher recycling content results in increased 

amounts of trace elements which leads to detrimental effects on the material properties. Therefore, more 

and more sophisticated production routes are required to fit the needs of future alloys. The development of 

aluminum alloys does not only require an optimization of the elemental composition but also in-depth 

knowledge about an alloy’ behaviour under different heat treatments. As the heating and cooling rates of 

different processes have a high impact on the materials properties it is – to some extent – possible to tailor 

the ductility and strength of the material with the applied heat treatment to please the needs of the industry. 

In this study we investigate material properties of sheet samples manufactures by different lab-scale 

production routes via tensile testing. Heat treatment in different medias is applied to show the effect of the 

heating rate on the materials properties. Different cooling rates (quench rates) are applied via multiple lab-

scale customized aggregates and media. The effects are demonstrated by observing the aging behaviour of 

a crossover alloy (Al-Mg-Zn-Cu). Results show the low quench rate sensitivity of the investigated alloy and 

the possibility for tailoring the mechanical properties by optimized heat treatment, when utilizing advanced 

laboratory equipment.  

 

2 S. Sambegrer, L. Stemper, F. Schmid, S. Pogatescher, in: GDMB (Ed.), Proceedings of EMC 2023, GDMB Verlag GmbH, 2023. 
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5.1 Introduction 

The development of aluminum alloys toward a more sustainable society has been spurred by rising CO2 

emissions. Therefore, lightweighting approaches are intensified, particularly in the automotive industry [1,2]. 

However, commonly used alloys are being compromised by a trade-off in strength and formability [3]. This 

trade-off is addressed by the utilization of various different alloys in current automobiles – the majority of 

which are age-hardenable aluminum alloys – which results in a limited recyclability at the end of the vehicles 

life [4,5]. 

Age-hardenable aluminum alloys are a class of aluminum alloys that are strengthened by a precipitation 

hardening process, also known as age hardening. This process involves the precipitation of a specific type 

of particles within the alloy, which leads to an increase in the strength and hardness of the material [6]. One 

way to overcome the trade-off between good formability and strengthening is the introduction of age-

hardenable aluminum crossover alloys. Such alloys are combining the high magnesium content of 5xxx-

series alloys (for good formability) with the precipitation hardening capability of 7xxx-series alloys (5/7 

crossover) [7]. By keeping the Mg/Zn ratio < 1 hardening is achieved by T-phase (Mg32(Al,Zn)49) 

precipitation [8,9]. 

The most essential processes in the manufacturing of age-hardenable aluminum alloys are heat treatments, 

as they enable the manipulation of the microstructure and mechanical properties. The key factors that 

determine the outcome of the heat treatment process are the heating and cooling rates. In industrial 

production, heating and cooling rates during warm forming and solution annealing are crucial in terms of 

i.e. controlling material distortion. The distortion is caused by the internal stress that is generated during the 

heating and cooling process. The internal stress is a function of both the heating and cooling rates, as well 

as the temperature at which the material is held during the treatment. In order to minimize distortion, it is 

essential to control the heating and cooling rates, as well as the temperature, during the warm forming 

process [10]. 

In addition to its effect on internal stress both heating and cooling rates also play a crucial role in the age 

hardening process. The rate at which the alloy is heated and cooled can significantly influence the size, 

shape, and distribution of the precipitate particles, as well as the kinetics of the precipitate formation and 

growth. Faster heating and cooling rates tend to result in smaller and more uniformly distributed precipitates 

resulting in higher strength and hardness of the material. On the other hand, slower heating and cooling 

rates tend to result in larger and more irregularly distributed particles leading to lower strength and hardness 

[11–13]. 

The quench rate sensitivity and its impact in the heat treatment of age-hardenable aluminum crossover alloys 

is examined in this study. The relationship between heating and cooling rates, as well as the mechanical 

properties of this good formable and age-hardenable aluminum alloy is demonstrated on laboratory heating 

and cooling methods. The heat treatments are carried out utilizing different heating media in conjunction 

with a variety of industrially relevant, lab-scaled cooling processes. The goal is to provide a better knowledge 
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of the significance of heating and cooling rates in the heat treatment of age-hardenable aluminum alloys, as 

well as how they can be employed to improve these materials' properties for various applications. 

5.2 Experimental methods 

The investigated alloy is an industrial produced aluminum crossover alloy supplied by AMAG rolling GmbH 

(AMAG CrossAlloy™.57) with a composition shown in Table 5-1. The 1 mm sheet is produced by hot and 

cold rolling and was obtained in the T4-FH condition (solution annealed and pre-aged). This condition is 

most suitable for this study since the sheet does not exhibit excess-dislocations from prior cold rolling, 

which allows to neglect potential recovery or recrystallization effects. 

Table 5-1: Measured chemical composition of the investigated industrially produced sheet 

AMAG 

CrossAlloy™.57 

[wt.-%] 

Mg Zn Cu Si Fe Mn Cr 

4.9 3.5 0.5 0.1 0.2 0.4 0.1 

Nine different heat treatment strategies were investigated in this study which are displayed schematically in 

Figure . They contain two different heating options – air circulating furnace (AF) and a contact press (CP) 

– followed by four separate cooling methods. A third heating strategy followed by water quenching is done 

in salt bath (SB) for reference as it contains the most beneficial heating/cooling combination. 

The time at temperature for the first two heating methods were chosen to 480 °C/5min. Heat treatment in 

SB was done at 480 °C for 1 min. The tested holding times represent the time at temperature. Subsequent 

cooling was done using a water quench (WQ), pressured air quench (PQ), ventilated air quench (VQ) and 

static air quench (AQ). 

After solution annealing (LSG) and cooling the effect on the age-hardenability was measured along a 

standard heat treatment route. Subsequent to quenching the alloy was pre-aged (PA) at 100 °C for 5h in an 

oil bath. Pre-aging is followed by seven days of natural aging and final paint-bake (PB) treatment at 

185 °C/20 min. 
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Figure 5-1: Schematic of the applied heat treatment strategies 

The effect of the cooling rate on the age-hardenability of the alloy was studied via the mechanical properties 

in tensile testing. Three samples were tested in each condition for sufficient statistics. Testing was done on 

a Zwick/Roell BT1-FR100THW.A2K tensile testing machine equipped with a 50 kN load cell. Sample 

preparation was carried out in accordance with DIN EN ISO 6892-1 [14]. 

Heating and cooling rates were measured by inserting a 0.5 mm Type-K thermocouple into a 0.55 mm hole 

drilled into the middle of the 1 mm thick sheet. Data acquisition was conducted using a MC-Measurement 

Computing USB-2408-2AO data acquisition module. A data acquisition frequency of 50 Hz has shown the 

lowest noise at highest acquisition rate. Data readout and processing was performed using LabView and 

OriginPro 2021. To deduce the heating and cooling rate from temperature-time plots, the raw data was first 

manually adjusted from strongly deviating signals. After smoothing the signal, the first derivative of the 

temperature was formed. The result represents the heating and cooling rate. 

Figure 5-2 shows a selection of aggregates used for heating and cooling. The pressured air-cooling system 

cooling system utilizes Lechler nozzles on both sides of the sample to ensure that both sides are subjected 

to the same cooling conditions. The same approach is applied for ventilation air quenching because both 

sample sides must have the same cooling environment. Contact press heating was performed within a pre-

heated steel plate construction (Figure 5-2c). At treatment temperature, the salt shown in the steel container 

(Figure 5-2b) is liquid.  
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Figure 5-2: Used aggregates for cooling: Pressured air quench (a) and ventilated air quench (b); Aggregates for 

heating: Contact press (c) and Salt bath with sample holder (in solid form, not heated to temperature) (d) 
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5.3 Results & Discussion 

The obtained heating and cooling rates throughout the conducted experiments can be found in Figure 5-3. 

The corresponding numeric values are displayed in Table 5-2. It has to be noted, that K-If the temperature 

variation is not taken into account, incorrect conclusions might be drawn in the case of time-critical 

processes etype-thermocouples exhibit a drift in the Seebeck coefficient caused by atomic structure 

fluctuation during temperature changes [15]. As a result, it is necessary to consider the detected temperature 

value with a standard deviation. According to EN 60854-1:2013 [16] the deviation of class 2 Type-K 

thermocouples is ± 0.75 %. As this is only valid for unused thermocouples, a value of ± 1 %  is chosen in 

this study. Therefore, the time-at-temperature is considered to start as soon as the measured temperature 

comes in the range of ± 1 % of the desired temperature, which is 475 °C if 480 °C is the intended holding 

temperature. 

Table 5-2: Heating times and rates of the used aggregates 

Aggregate 
Time to 475 °C 

[s] 

Time to 480 °C 

[s] 

Maximum heating rate 

[K/s] 

Salt bath 15 21 430 

Contact press 74 147 130 

Air circulating furnace 164 243 18 

As shown in Figure 5-3a, the consideration of temperature deviation results in deviating heating times. This 

effect is negligible for heating in SB as the time deviation is about 6 s, but more pronounce for slower 

heating methods. When heating in the contact press, the time to overcome the last 1 % (5 °C) temperature 

increment is 73 s, which is similar to the time for the first 99 %. 

When heated in the air circulation furnace the time to overcome the last 1 % of heating is 79 s. This is about 

1/3 of the time to reach 480 °C. If the temperature variation is not taken into account, incorrect conclusions 

might be drawn in the case of time-critical processes especially if the evaluated features are pronounced at 

shorter times (e.g., less than 10 min). The heating rate changes during the process as seen from Figure 3b 

and maxima occur at different temperatures depending on the heating method. This is most probably a 

result of the media in contact with the aluminum sample. The maximum heating rate for SB is 430 K/s 

followed by CP with 130 K/s and AF with 18 K/s. Those values are significantly different from each other 

and can be used to simulate a variety of industrial processes. 

The cooling curves and cooling rates are displayed in Figure 5-3c and d, respectively. The corresponding 

cooling time values and maximum cooling rates are shown in Table 5-3. The cooling rate for WQ is fully 

displayed in the insert of Figure 5-3d. With a maximum cooling rate of about -800 K/s measured during 

WQ is approximately 25 times higher than PQ and even 80 times higher than cooling by AQ, which results 

in cooling times down to 35 °C between 2 s (WQ) and 400 s (AQ). 
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Table 5-3: Cooling time and maximum cooling rate of the used aggregates 

Aggregate Time to 35 °C [s] Maximum cooling rate [K/s] 

Water quench 2 -800 

Preassured air quench 53 -31 

Ventilated air quench 203 -13 

Stationary air quench 411 -8 

 

Figure 5-3: Time to temperature (a) and corresponding heating rates (b); Cooling time from treatment temperature 

(b) and corresponding cooling rates (e) for the used aggregates 

5.3.1 Effect of heating rates 

The influence of the heating rate on the mechanical properties of the investigated alloy in different heat 

treatment conditions is shown in Figure 5-4 for the fastest (WQ, Figure 5-4a) and slowest (AQ, Figure 5-4b) 

cooling rate. In a certain condition the mechanical properties show similar values independently of the 

heating rate but a strong effect of the cooling rate after quenching. 
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This behaviour occurs due to the selected initial state of the alloy. Generally, the yield strength of an 

aluminum alloy is linked to the Hall-Patch relationship and is therefore dependent on the grain size [6]. The 

initial state of the investigated material (T4-FH) is already recrystallized, and no dislocations are left in the 

material. Further annealing may result in grain growth and therefore effect mechanical properties. However, 

this is not the case for the applied solution annealing times, temperatures and heating rates as the mechanical 

properties are independent of the heating method. Therefore, the initial state can be seen as stable one with 

respect to the grain structure as no differing recrystallization or growth occurs. [17] 

 

Figure 5-4: Influence of heating rate on the mechanical properties (yield strength YS, ultimate tensile strength UTS 

and elongation at fracture A) in different aging stages shown by at the example of two the cooling rates extrema 

quenched in water (a) and quenched in stationary air (b). 

5.3.2 Effect of cooling rates 

The effect of the cooling rate on the age-hardenability of the alloy is shown by Figure . The mechanical 

properties YS, UTS and A are displayed after heating in the contact press and quenching in different media. 

Since the material properties are independent of the heating rate, the data shown in Figure  is also valid for 

the other heating methods. The corresponding yield strength values in the different heat treatment stages 

are displayed in Table 5-4. The water quenched samples are used as reference since these samples are 

expected to exhibit the strongest supersaturation of solute elements and excess vacancies and therefore the 

most beneficial precipitation conditions. 

After solution annealing the influence of the quenching condition seems to be neglectable. All samples show 

the same YS value of about 162 MPa except for WQ, which is about 10 MPa lower, but still within the same 

range. In contrast, the elongation to fracture shows a pronounced dependence on the cooling rate with a 

sinking value from WQ (22 ± 0.6 %) to PQ and VA (both 20 ± 0.5 %) and AQ (19 ± 0.6 %). This effect is 

compensated during pre-aging, where the A values are almost evened out with respect to the standard 

deviation. 

During pre-aging the quench rate sensibility of the alloy becomes more perceptible. While the PQ samples 

achieve nearly the same YS values as WQ, VQ and AQ show strong declines in strength. Compared to the 
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WQ sample, the yield strength is lower by 18 MPa and 45 MPa for VA and AQ, respectively. This effect 

can be explained as follows: During pre-ageing, the elements start to form Guinier-Preston (GP) zones as 

shown by Stemper et al. [18] and Cao et. al [19]. Since the slow quenched alloy is expected to exhibit more 

precipitation during the cooling [20], less solutes are available for GP-zone formation during the pre-ageing. 

Therefore, the YS and UTS is lower compared the WQ sample. This observation is in good agreement with 

findings by Tang et al. [21] who identifies slower cooling as a reason of reduced GP-zone formation in an 

Al-Zn-Mg-Cu alloy with a high Zn/Mg-ratio during aging. Additionally, the absence of GP zones limits the 

hardenability of the alloy, as the GP zones cannot act as nuclei for phase formation. 

This effect can be indirectly observed upon comparison of the mechanical properties in PB condition. The 

strength increases during paint bake (paint-bake response PBR) ranges from 123 MPa for the WQ sample 

to 76 MPa for the AQ samples. Also notable is the still high PBR of 108 MPa and YS after paint-bake for 

the samples with intermediate quench rate (PQ and VQ). The deviation in PBR between WQ, PQ and VQ 

might be minimized by longer natural aging times. As proposed by Strobel et al. [22] the microstructure is 

dominated by vacancy annihilation and clustering at longer natural aging times.  

Compared to other alloys the variation in mechanical properties is quite low for the investigated crossover 

alloy. Choi et al. [23] investigated the effect of quenching on the mechanic properties in 7xxx series alloys 

and found a difference in YS of about 40 MPa in as-quenched condition, while the herein investigated 

crossover alloy shows almost no difference. The findings of this study are in good agreement with 

observation made by Graf et al. [24]. They compared the precipitation behaviour of a 7xxx series alloy (high 

Zn/Mg ratio) with a crossover alloy (low Zn/Mg ratio). They found a quench rate, where no precipitation 

occurs during quenching, of 100 K/s for 7xxx series alloys and 1 K/s for crossover alloys. This 

demonstrates that the crossover alloy has a very low quench sensitivity and explains the significant decrease 

in the paint-bake response for the AQ sample. 
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Table 5-4: Yield strength (Rp0.2) of the different aging stages and sole paint bake response after heating in contact 

press at 480 °C for 5 min in dependence of the quenching condition 

Rp0.2 [MPa] WQ PQ VQ AQ 

SA 154 ± 2 164 ± 0 162 ± 0 163 ± 0 

PA 246 ± 2 238 ± 2 228 ± 2 201 ± 6 

PB 369 ± 2 345 ± 11 335 ± 1 277 ± 7 

PBR [MPa] 123 108 108 76 

 

 

Figure 5-5: Influence of cooling rates (water quench (WQ); pressured air quench (PQ); ventilated air quench (VQ); 

static air quench (AQ)) on the mechanical properties in different aging stages (solution annealed (LSG); pre-aged 

(PA); paint-baked (PB)) after heating the samples in contact press at 480 °C for 5 min. 
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5.4 Conclusion 

In this study the heating and cooling rates in different media have been measured and their effect on the 

age hardenability of a crossover alloy was studied. The main findings can be summarized as followed: 

• The temperature needs to be considered as a value with standard deviation. Therefore, the dedicated 

holding temperature is considered to be reached when measured temperature is within ± 1 %. This 

deviation is hardly affecting fast heating rates but eventually leads to excessively long holding time 

at temperature and misinterpretation when the heating rate is lowered. 

• Since the starting condition of the herein investigated alloy is T4-FH (solution annealed and pre-

aged), the heating rate has no effect on the mechanical properties. This behaviour implies, that the 

T4-FH condition is stable with respect to the grain structure and no differing recrystallization or 

growth occurs during the heating. 

• In the solution annealed temper, the cooling rate has no influence on the YS and UTS of the alloy. 

With subsequent aging the effect of the cooling rate is more pronounced resulting in declining yield 

strength if low cooling rates are applied. 
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6 PROPERTY EXPANSION OF 5/7 CROSSOVER ALLOYS 

The study of the effect of heating and cooling rates on 5/7 crossover alloys revealed their low quench rate 

sensitivity, which allows the potential use of hot forming with subsequent age hardening treatment. 

Additionally, an examination of the grain structure in the cold-rolled state revealed µm-sized T-phase 

particles. These particles could be used via a particle-stimulated nucleation mechanism to form a fine-grained 

microstructure suitable for superplastic forming operations. The results of this study were published in the 

journal Acta Materialia and paved the way for the first prototyping of an industrial Crossalloy.57. The 

findings of the study are presented in the following section. 
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Fine-grained aluminum crossover alloy for high-
temperature sheet forming3 
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Abstract 

This study presents age-hardenable, fine-grained AlMgZnCu crossover alloys intended for superplastic and quick 

plastic forming processes. The study utilizes T-phase (Mg32(Al,Zn)49) for both grain refinement and age-

hardening. It deploys a uniform distribution of µm-sized T-phase particles, which can be dissolved upon final 

solution annealing, and which is utilized for heavy particle stimulated nucleation (PSN) during industrial 

processing of sheets, in order to reach an equiaxed grain size as low as 4 µm. This fine grain size is advantageous 

for high-temperature forming of aluminum alloys. Elongations above 200% and 400% are achieved when 

deformed at strain rates of 10-2 s-1 or 5*10-5 s-1 at 470 °C, and interestingly, the fine grain structure is highly stable 

even when held at that temperature for one day. Moreover, the material reached yield strength values of more 

than 380 MPa after a paint-bake heat treatment for quenching in water or compressed air. The study demonstrates 

the importance of PSN using electron microscopic and texture measurements and describes it by simple 

modelling of T-phase particle grain refinement. It explores the high stability of the fine grain assembly in terms 

of the random grain boundary misorientation distribution in combination with high solute content observed, 

provided via the dissolved T-phase, and Smith-Zener pinning. The simple, commercially available grain 

refinement strategy demonstrated using the dissolvable T-phase, and the resulting unique property profile, make 

the crossover alloy in question a promising candidate for high-temperature sheet forming processes.  

 

3 S. Samberger, I. Weißensteiner, L. Stemper, C. Kainz, P.J. Uggowitzer, S. Pogatscher, Fine-grained aluminium crossover alloy for 
high-temperature sheet forming, Acta Materialia 253 (2023) 118952. 
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6.1 Introduction 

To facilitate further light-weighting and decrease the weight of automobiles, increasing the use of aluminum 

alloys would be beneficial. However, aluminum alloys’ trade-off of good formability and high strength must 

be addressed if they are to be suitable for advanced applications [1–3]. Crossover alloys [4] can greatly help 

to solve this problem. They overcome the need for trade-off by combining the high magnesium content of 

5xxx-series alloys (for good formability) with the precipitation hardening capability of 7xxx-series alloys 

(5/7 crossover). By keeping the Mg/Zn ratio < 1 hardening is achieved by T-phase precipitation [5]. The 

T-phase (Mg32(Al,Zn)49) [6] has 162 atoms per unit cell and a wide range of compositions, depending on the 

alloy composition and the heat treatment applied [7–9]. Precipitation can also be enhanced by adding Ag 

[10,11] or Cu [11–13] which increase the number density of Guinier-Preston(GP)-zone formation. The 

precipitation sequence of novel 5/7 crossover alloys has not yet been fully explored. However, it is proposed 

that while precipitation is not yet fully clear, it proceeds over GP-zones and precursors of T-phase or η-

phase, as summarized by Stemper et. al [4]. 

High strength levels in 5/7 crossover alloys are achieved by using a 2-step heat treatment and adding Cu. 

Pre-ageing at around 100 °C and paint-baking (or bake-hardening) for 20 minutes at 185 °C results in a 

paint-bake response (PBR) of more than 150 MPa, to a total yield strength level of over 400 MPa [13–15]. 

For 5/7 crossover alloys with added Cu, Lüders elongation and the Portevin-Le-Chatelier (PLC)-effect can 

be prevented or suppressed [16,17], and an enhancement of intergranular corrosion resistance (IGC) due to 

narrow precipitation-free zones (PFZ) has been reported [18,19]. 5/7 crossover alloys are also reported to 

exhibit improved stress corrosion cracking (ICC) and exfoliation resistance properties [20,21]. Crossover 

alloys have been shown to be suitable for friction stir processing (FSP) [22] and conventional welding 

operations [23]. Even dedicated applications in space seem feasible [24]. Because 5/7 crossover alloys 

feature a number of promising properties, it is of great interest to explore their potential areas of application. 

High-temperature forming processes such as superplastic forming (SPF) or quick plastic forming (QPF), 

for example, would be of commercial interest, as the 5xxx-series alloys most often used, such as EN-AW 

5083 [25–27], cannot be age-hardened. 

Superplastic forming is a process in which a polycrystalline material can undergo very high elongation 

without failure. Commercially, such processes are conducted at low strain rates of 10-4–10-2 s-1 at 

temperatures in the range of ≥ 0.5Tm (melting point) [28]. There are two main requirements if materials are 

to exhibit superplastic behaviour: first, a high strain rate sensitivity to limit necking; and second, a low rate 

of damage accumulation (e.g. cavitations) to prevent premature material failure [29]. Because strain rate 

sensitivity increases with decreasing grain size, it is commonly accepted that a key requirement for 

commercial superplastic aluminum alloys is a stable grain size of < 10 µm [28,30–33].  

The deformation mechanism for superplastic forming is discussed thoroughly in literature. The potential 

mechanism controlling superplastic forming is grain boundary sliding (GBS) [34]. While it is accepted that 

GBS is the principal mechanism for superplastic forming at low strain rates and high temperatures, high-
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temperature forming processes are often accompanied or even fully controlled by solute-drag controlled 

slip creep (SDC). This is more pronounced at higher strain rates of �̇� ≥ 10-2 s-1 and lower temperatures, 

being more relevant for quick plastic forming [35–37]. While plastic deformation by GBS is characterized 

by a high strain rate sensitivity exponent (m ≥ 0.5), deformation by SDC is characterized by lower m values 

of ≈ 0.25–0.33 [29,30,38].  

Because a small, stable grain size is essential, various grain refinement techniques have been deployed. 

Vibration and stirring, rapid solidification and the addition of grain refiner can proceed during the 

solidification process [39]. Ultra-fine grains can be generated by severe plastic deformation (SPD), i.e. high-

pressure torsion [40,41], friction stir processing [42], equal-channel angular pressing [43] or accumulative 

roll-bonding [44]. However, commercial use of SPD products is still rare due to high costs and small sample 

sizes [45]. Subsequent grain growth during recrystallization can be supressed by the Zener pinning effect via 

dispersoids [31,34,46,47]. 

An interesting refinement technique was reported by Wert et. al [48] for the alloy 7075, where a long 

overageing treatment is applied to precipitate coarse η-phase prior to rolling. After heavy medium 

temperature rolling at 200 °C with a thickness reduction of 90 % they achieved a grain size after 

recrystallization at 482 °C/30 min of about 10 µm in rolling and transverse direction and of 6 µm in the 

normal direction. However, this requires a complex and unconventional manufacturing route. In the usual 

case the particle stimulated nucleation (PSN) applied above is found at µm-sized constituent particles [49]. 

This study presents a 5/7 crossover alloy with an equiaxed fine-grained microstructure (≤ 5 µm grain size) 

which is perfectly suitable for SPF and QPF operations and is produced with no additional manufacturing 

steps or chemical modifications. Grain refinement during processing is achieved by a unique distribution of 

µm-sized T-phase particles, which are dissolved in a final solution annealing. The study shows that the fine 

grained microstructure obtained by T-phase-induced PSN during recrystallization is very stable even at 

temperatures of 470 °C for 24 h, with no additional elements such as Zr or Sc to form dispersoids. It also 

demonstrates that the alloy possesses the usual high age-hardening potential even when cooling with air is 

performed after hot forming. 
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6.2 Experimental 

The study is based on an industrially produced sheet material with the chemical composition shown in Table 

6-1, measured by optical emission spectroscopy (Spectromaxx spark spectrometer). The rolling process 

involved hot and cold rolling stages. The final steps of hot rolling were carried out at temperatures below 

400 °C. The finished 1 mm sheet was delivered in the cold-rolled state with a cold-rolling degree (CRD) of 

58 %. For investigations with 85 % CRD the 1 mm sheet was processed further in a lab-scale mini rolling 

mill. 

Table 6-1: Measured chemical composition of the industrially produced 5/7 crossover alloy sheet investigated 

  Mg Zn Cu Si Fe Mn Cr Ti 

5/7 
crossover 

alloy 

[wt.-%] 4.91 3.46 0.46 0.10 0.13 0.33 0.06 0.01 

[at.-%] 5.56 1.46 0.20 0.10 0.07 0.17 0.03 0.01 

 

Heat treatment strategies for microstructure evolution investigations are shown in Table 6-2. While Route 

1 (R1) represents recrystallization where no dissolution of T-phase occurs, Route 2 (R2) is a solution 

annealing treatment. By comparing R1 and R2, an idea of the interplay between recrystallisation and phase 

dissolution is obtained. To limit recovery prior to recrystallization, the heat treatment was best performed 

in a salt bath (Route 1-3) to enable a high heating rate (approx. 400 K/s). For reference, the heat treatment 

of Route 4 (R4) was carried out using an air circulation furnace with a lower heating rate (approx. 18 K/s). 

Route 3 and Route 5 simulate a hot forming process after recrystallization (R3) and solution annealing (R5), 

with long exposure times at high temperatures to evaluate the stability of the grain assembly. A second 

recrystallization heat treatment step was conducted in a plate press during R3 to simulate a slower heating 

rate, comparable to industrial hot forming processes. The second stage in R5 simulates the thermal load 

applied during slow high-temperature forming. Quenching of all samples during the first heat treatment 

step was performed in water to suppress any cooling effects on the microstructure. Quenching after the 

second heat treatment stage was carried out in air. 

Table 6-2: Parameters for the recrystallization heat treatment procedures applied to samples with 58% and 85% CRD 

Route 1st step heat treatment 2nd step heat treatment CRD [%] 

Route 1 (R1) 380°C/5min + WQ - 58/85 

Route 2 (R2) 480°C/1min + WQ - 58/85 

Route 3 (R3) 380°C/5min + WQ 480°C/10min + AQ 58/85 

Route 4 (R4) 480°C/35min + WQ - 58/85 

Route 5 (R5) 480°C/1min + WQ 470°C/≈24h + AQ 58 

WQ: Water quenching; AQ: Air quenching 

 

To finally test age hardenability, recrystallized alloys were solution annealed (480°C/1min) in a salt bath and 

subsequently pre-aged at 100°C for 5h. Natural aging at RT for 14 days followed, after which the alloys were 
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subjected to a paint-baking treatment at 185°C for 20 min. After solution annealing the samples were 

quenched using both water and compressed air; this was because water quenching after hot forming is not 

always feasible, particularly due to distortion issues [50]. 

Microstructure and texture investigations were conducted with a scanning electron microscope (SEM) 

(JEOL 7200F FEG-SEM, Tokyo, Japan) equipped with a Symmetry S2 electron backscatter diffraction 

(EBSD) detector and an energy dispersive X-ray (EDX) detector (XMax-80, Oxford Instruments, 

Abingdon, UK). This included the option of automatic particle (“feature”) analysis of backscattered electron 

images using threshold limits. 

The parameters for EBSD measurement were chosen as 20 kV with a 16 mm working distance (WD). 

Measuring was performed using a 70° pre-tilt specimen holder. For grain reconstruction, a misorientation 

tolerance of 5° was chosen in accordance with ASTM E2627-13 [51]. The EBSD data was smoothed using 

the auto smoothing option of Oxford Instruments “AZtec” software [52]. This software removes pixels 

that are significantly different from surrounding ones (wild spikes) and performs an iterative removal of 

zero solutions. The grain size was estimated from EBSD data using the average equivalent circle diameter 

(ECD) [53,54]. Grain size measurement was carried out on ground and oxide polished or electropolished 

samples using EBSD techniques. The grain boundary misorientation distribution was calculated using 

“AZtecCrystal” software by considering the disorientations between neighbouring datapoints with a 

threshold limit of 5° [55]. All EBSD measurements for grain size determination were performed at the same 

magnification to produce non-normalized comparable data sets. 

For more detailed data evaluation of partially recrystallized structures and for texture analysis, the Matlab-

based toolbox mtex was deployed [56]. For the maps showing local misorientations, a grain tolerance angle 

of 5°, a step size of 10 nm and an average of 5th-order misorientations were applied. For texture analysis, at 

least 2 mm2 over the complete sheet thickness were analysed, and the orientation distribution functions 

(ODF) were calculated via a kernel density estimation as explained in [57]. 

Automated SEM/EDX feature analyses were used to determine the density of coarse particles. The 

threshold limits for particle detection were set to select particles brighter (heavier) than the surrounding 

matrix. The size limit for particle detection was set at > 9px and an ECD of > 0.5 µm. Parameters for these 

measurements were chosen as 15 kV, 10 mm WD and 3 s measuring time [58–60]. The area fraction of 

coarse particles was calculated by dividing the area covered by particles (obtained by automated feature 

analysis) by the area covered by total structure. The area fraction of particles was assumed to be the same 

as per unit volume, which is considered a valid estimation for coarse particles [61]. The volume fraction and 

size of particles of < 0.5 µm in diameter were characterized using the method of J. Österreicher et. al. [62]. 

For the X-ray diffraction (XRD) measurement, a Bruker-AXS D8 Advance diffractometer, which operates 

with CuKα radiation, was used. The measurement was performed in Bragg-Brentano geometry, where a θ 

range of 20-85° was probed. Using the software package Topas 6 by Bruker, Rietveld refinement allowed 

to quantify the phase fraction of the T-phase [63]. 
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High angle annular dark field (HAADF) and EDX scanning transmission electron microscope (STEM) 

measurements were carried out using a Thermo Fisher Scientific™ Talos F200X instrument. Samples were 

prepared for STEM by grinding the alloys to a thickness of approx. 100 µm. Punched-out 3 mm discs were 

processed further by twin jet electro-polishing using a solution of 25 % nitric acid in methanol in a 

temperature range of -16 °C to -20 °C and a voltage range of 10 V to 20 V. 

Tensile testing at room temperature (RT) was performed on a Zwick/Roell BT1-FR100THW.A2K tensile 

testing machine equipped with a 50 kN load cell. Sample preparation was carried out in accordance with 

DIN EN ISO 6892-1 [64]. High-temperature tensile tests were conducted in accordance with DIN EN ISO 

6892-2 [65] at strain rates (ε̇) of 1*10-2
, 5*10-4

 and 5*10-5 s-1 respectively. The temperature of high-

temperature tensile testing was chosen as 470 °C. Three samples were tested in each condition. 

6.3 Results 

6.3.1 Microstructure development 

Figure 6-1 displays the microstructure of the cold rolled sheet with 58 % CRD. The SEM-BSE micrographs 

and the corresponding EDX maps of the coarse particles (Figure 6-1b) refer to T-phase, as the particles 

mainly consist of Mg, Zn, Cu and Al. This assumption is supported by XRD-analysis (Figure 6-1c). In 

addition to face-centered cubic Al [66], also reflections stemming from the T-phase (Mg32(Al,Zn)49) [67] can 

be identified. A quantitative Rietveld refinement of the recorded diffractogram reveals around 5 wt.-% T-

phase in the cold rolled sheet. The high amount of small angle grain boundaries as a result of cold rolling is 

shown by the grain boundary misorientation distribution displayed in Figure 6-1d. The high number density 

of µm-sized particles and their homogenous distribution in the matrix, in combination with the high 

dislocation density due to cold working, offers the advantage of particle stimulated nucleation (PSN) during 

subsequent recrystallisation heat treatment [68].  
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Figure 6-1: SEM-BSE micrograph of cold-rolled 5/7 crossover alloy (a); EDX mapping of found particles indicating 

T-phase (b), which can be verified by the XRD-analysis diffractogram (c); distribution of grain boundary 

misorientation compared to random after Mackenzie (d) [69] 

Figure 6-2 demonstrates that in addition to the T-phase, dispersoids are also present in the alloy. The 

measurement was made after R2 (480°C/1min/WQ) to dissolve T-phase and to avoid overlapping effects 

with T-phase particles. This approach is suitable because the dispersoids are unaffected by the relatively low 

temperatures during the heat treatment. The element composition of the dispersoids present and 

thermodynamic calculations [70] indicate a mixture of E-Phase Al18Mg3Cr2 (with incorporated Zn, Cu and 

Mn), Al11(Cr,Mn)2, Al6(Mn,Fe), Al9Mn2Si and Al7(Mn,Fe,Cu). No further investigation of the exact nature 

of the dispersoids was conducted as this is beyond the scope of this study. The volume fraction and size 

distribution were calculated from SEM/BSE micrographs according to the method of Österreicher et. al 

[62], with the average composition of the dispersoids obtained from STEM/EDX measurements. Because 

a high fraction of the STEM/EDX measurements show an element composition close to E-Phase, this 

phase is considered the main dispersoid phase in all further investigations. The average radius of the 

dispersoids was measured as 58 nm, deduced from SEM/BSE images with a calculated volume fraction of 

0.6 %. 
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Figure 6-2: STEM/EDX mapping of dispersoid in the alloy after R2; the scale bar of the HAADF image also applies 

for the EDX images 

Figure 6-3 shows the effect of the heat treatments on the T-phase. After R1 (380°C/5min/WQ) the BSE 

micrograph (see Figure 6-3a) displays the particles remaining. These particles are comparable in size to those 

found in the cold rolled sheet. Feature analysis of the material after R1 reveals that the particle density is 

somewhat lower than in the cold rolled state (see Table 6-3) (note that thermodynamic calculations revealed 

the solvus temperature of the T-phase to be about 415 °C [70]). Table 6-3 summarizes the results of 

automated feature analysis of particles in the cold rolled state and after R1 and R2. The area fraction of 

particles was assumed to be the same as per unit volume, which is considered a valid estimation for coarse 

particles [61]. The calculated volume fraction of 6.55 % is in good agreement with the weight fraction 

determined by Rietveld refinement as the theoretical density of the T-phase is reported to be 2.736 g/cm3 

[67]. The mean roundness was calculated by dividing the perimeter of a circle with the same area by the 

measured perimeter of the particle. 

While the number of constituent particles containing Fe, Si, Mn, and Cr (primary phases or large dispersoids) 

is at the same level as in the cold rolled state after all conducted heat treatments, the number of particles 

without those elements is somewhat lower. After the R2 solution treatment (480°C/1min/WQ), which is 

above the solvus temperature of the T-phase (Figure 6-3b), the number of particles drops drastically. In the 

solution annealed condition, some porosity is perceptible (Figure 6-3b). This can either have been caused 

by the thermomechanical treatment or be an artifact of the polishing process. 
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Figure 6-3: SEM/BSE microstructure images of the sheet after recrystallization annealing (380°C/5min/WQ) (a) and 

solution annealing (480°C/1min/WQ) (b) 

Table 6-3: Particle properties from feature analysis after different heat treatments of sheets with 58% CRD 

Condition 
Measured particles 

[particle/mm2] 

Mean 
ECD 
[µm] 

Mean 
roundness 

Volume 
fraction 

[%] 

Particles 
with Fe, Si, 

Mn, Cr 

[%] 

Particles 
without Fe, 
Si, Mn, Cr 

[%] 

Cold-rolled 
58% CRD 

38348 1.4 0.84 ± 0.1 6.55 13 87 

R1 28071 1.4 0.85 ± 0.2 5.31 15 85 

R2 3567 1.3 0.77 ± 0.22 0.75 100 0 

6.3.2 Grain size evolution 

Figure 6-4 displays the grain size of samples after heat treatment routes R1–R4 in the 58 % CRD sheet 

investigated. Table 6-4 presents the corresponding grain analysis values for ECD and grain roundness. 

Figure 6-4a illustrates the homogeneously fine grain size after recrystallization and solution annealing, 

respectively, using inverse pole figure (IPF) colour maps. Figure 6-4c displays the normalized distribution 

of grain size classes for divisions starting from 0.5 µm with a class range of 1 µm. Heat treatment at 380 °C, 

i.e. below the solvus temperature of the T-phase (R1), results in a large number of small grains with a sharp 

peak at around 3.5 µm. A subsequent heat treatment at 480 °C in a plate press (R3) does not shift the peak 

but lowers its height due to slight coarsening. While grains after R1 have a size of 4.7 ± 2.4 µm, the peak 

increases with subsequent heating by 0.44 µm to a grain size of 5.1 ± 2.6 µm (R5). As this coarsening is 

within the standard deviation of the whole assembly, it is considered stable. When the first heat treatment 

step is performed at 480 °C, i.e., above the solvus temperature of the T-phase, a slight peak shift from 

3.5 µm (R1) to 4.5 µm (R2) is observed and the average grain size increases from 4.7 ± 2.4 µm to 

5.0 ± 2.3 µm. Besides the stability of the grain assembly for longer holding times, even at higher 

temperatures, it is worth noting that the roundness of the grains (0.8 ± 0.1) is independent of the heat 

treatment route. 

The effect of the low heating rate in the air circulation furnace can be seen in Figure 6-4b and the line for 

R4 in Figure 6-4c. Compared to a high heating rate in a salt bath (Figure 6-4a), the grain distribution is not 

as uniform at a lower heating rate (Figure 6-4b): coarser grains are occasionally visible. While almost no 
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grains are observed for classes >11.5 µm for routes conducted in a salt bath, R4 shows a significant number 

of grains up to 14.5 µm. The deviation is probably due to recovery effects prior to recrystallisation, meaning 

that particles have been less successful in serving as nucleation sites for new grains. 

Figure 6-4d displays the grain boundary misorientation distribution after the various heat treatment routes. 

(Note that Humphreys et al. [71] links the effect of solutes on the grain boundary mobility to the randomness 

of the grain boundary misorientation distribution. For this reason all EBSD datasets were evaluated for the 

grain boundary misorientation distribution with respect to the random distribution after Mackenzie [69], 

which is indicated as blue dotted lines). 
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Figure 6-4: SEM-EBSD IPF mapping and >5° grain boundaries of material with 58 % CRD after heat treatment: 

recrystallization annealing in a salt bath R1 (380/5min) (a); solution annealing in air furnace R4 (480°C/35min) (b); 

points not indexed as fcc aluminum phase displayed in white; histogram of normalized grain size distribution (c); 

distribution of grain boundary misorientation compared to random after Mackenzie (d) [69] 

Table 6-4: EBSD measurements showing morphological parameters of grains after different heat treatment routes, 

for samples with 58 % CRD 

Condition ECD [µm] Roundness 

R1  4.7 ± 2.4 0.8 ± 0.1 

R2 5.0 ± 2.3 0.8 ± 0.1 

R3 5.1 ± 2.6 0.8 ± 0.1 

R4 6.0 ± 3.2 0.8 ± 0.1 

R5 5.2 ± 2.5 0.8 ± 0.1 

Figure 6-5 shows the EBSD micrographs, grain size distribution and grain boundary misorientation plots 

for samples with 85 % CRD. Table 6-5 displays the corresponding average ECD and roundness values. The 

trends correspond to the findings for the sample with 58 % CRD. As expected, the grain size decreased 

with increased cold working and thus higher dislocation density. This effect is more pronounced for R1 and 

R2 than for R3 and R4. This can probably be attributed to grain growth due to high-temperature heating in 

R3 and the reduction of dislocation density through recovery in R4. The grain boundary misorientation 

distribution is close to random, which – as in samples with 58 % CRD – is also stable for long holding times 
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at higher temperatures. The overall grain assemblies for all heat treatment routes also exhibit a high degree 

of roundness. 

 

Figure 6-5: SEM-EBSD IPF mapping and >5° grain boundaries of material with 85 % CRD after heat treatment: 

recrystallization annealing in a salt bath (380/5min) (a); solution annealing in an air furnace (480°C/35min) (b); 

points not indexed as fcc aluminum phase displayed in white; histogram of normalized grain size distribution (c); 

distribution of grain boundary misorientation compared to random after Mackenzie (d) [69] 

Table 6-5: EBSD measurements showing morphological parameters of grains after different heat treatment routes, 

for samples with 85 % CRD 

Condition ECD [µm] Roundness 

R1  3.7 ± 1.7 0.8 ± 0.1 

R2 4.2 ± 1.8 0.9 ± 0.1 

R3 4.8 ± 2.2 0.9 ± 0.1 

R4 5.2 ± 2.4 ± 0.1 

6.3.3 Texture development 

The processing routes described (R1–R5) generate very weak textures (mtex texture index <1.17 with a 

kernel halfwidth of 5° for the ODF calculation), as shown in Figure 6-11 of the appendix. Nevertheless, 

differences in characteristics can be observed. Material that is directly heated above the solvus temperature 

of the T-phase (R2) tends to develop an increased fraction of grains with rotated cube orientations (10°–
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25° in normal direction), with slightly higher intensities after greater cold rolling reductions. Keeping the 

samples at 470 °C for 24 h (R5) weakens the rotated cube orientations, and S and Bs orientations emerge. 

In contrast, samples that recrystallize while T-phase is present (R1) still tend to form new grains in rotated 

cube orientation closer to CubeND45 ({001}<110>). After cold rolling to 85 %, CubeND45 dominates 

and spreads towards Q {013}<231>. 

6.3.4 Behaviour at elevated temperatures 

To determine the superplastic forming potential of the material, high-temperature tensile testing was carried 

out.  

Figure 6-6a displays the true stress-strain diagram of a 1 mm thick sheet with 58% CRD after solution 

annealing (R2). Testing was performed at three different strain rates of 1*10-2, 5*10-4
 and 5*10-5 s-1, after 

reheating the samples to 470 °C and holding the temperature for 10 min prior to testing. The strain rate of 

1*10-2 s-1 represents the QPF regime [36], while the others are typical of SPF processes [72]. In the QPF 

strain rate regime a true elongation to fracture of 1.21 ± 0.04 was achieved, corresponding to a technical 

elongation to fracture of 235 ± 17 %, while elongations to fracture of 1.69 ± 0.02 (445 ± 10 %) and 

1.64 ± 0.05 (417 ± 25 %) were measured in the SPF regime at strain rates of 5*10-4 and 5*10-5 s-1, 

respectively. Figure 6-6b displays a sample before and after testing at a strain rate of 5*10-5 s-1, where an 

elongation to fracture of 1.64 (417 %) was achieved.  

 

Figure 6-6: True stress-true strain curves of sheets with 58% CRD after solution annealing in a salt bath 

(480°C/1min). Test conducted at a temperature of 470 °C and constant strain rates of 1·10-2 s-1 (gray), 5·10-4 s-1 

(blue) and 5·10-5 s-1 (yellow) (a). Sample before and after tensile testing at a strain rate of 1·10-5 s-1 with locations for 

sampling shown in red. The grid cell size is 1 cm (b) 
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Figure 6-7 presents the undeformed and deformed zones of the samples after high-temperature testing (see 

areas marked in red in Figure 6-6b). The IPF colour map in Figure 6-7a displays the undeformed zone of a 

sample drawn with 5*10-5 s-1. After 24 h at 470 °C (R5) the average grain size is 5.2 ± 2.5 µm, with a 

roundness of 0.8 ± 0.1. The average misorientation of the grain bond has remained nearly unchanged at 

39.8 ° (Figure 6-7b) and is still close to random. This indicates the enormous stability of the grain structure 

even for long periods at high temperatures. Figure 6-7c-e shows the band contrast in the strongest deformed 

area close to the fracture surface. No grain elongation or coarsening can be observed in the specimen drawn 

at a high strain rate (see Figure 6-7c): the average grain size is measured as 5.6 ± 3.9 µm. At lower strain 

rates the grains start to elongate slightly and to coarsen. The grain sizes observed are 6.1 ± 5.3 µm and 

9.7 ± 7.2 µm for strain rates 5*10-4 and 5*10-5 s-1 respectively. The grain elongation can be displayed as the 

mean grain roundness, which decreases from 0.8 ± 0.1 to 0.7 ± 0.1 with increasing strain rate. All specimens 

display voids that are sparse at high strain rates and become coarser and more frequent at lower strain rates. 

 

Figure 6-7: SEM-EBSD IPF mapping and >5° grain boundaries of material with 58 % CRD after heat treatment: 

solution annealing in a salt bath and (480°C/1min) and subsequent HT-tensile testing (470°C/24h) (a); points not 

indexed as fcc aluminum phase displayed in white; distribution of grain boundary misorientation compared to 

random after Mackenzie (b) [69]; EBSD Band contrast micrograph of the deformed area close to fracture surface; 

test temperature 470°C with strain rates of 10-2 s-1 (c), 5*10-4 s-1 (d) and 5*10-5 s-1 (e); load direction is horizontal 

6.3.5 Ageing behaviour 

Figure 6-8 shows the yield strength (YS), ultimate tensile strength (UTS) and elongation to fracture (A) of 

samples after solution annealing and after paint-bake treatment. The colours distinguish between samples 
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quenched in water (WQ) and compressed air (CAQ) after solution annealing. As the purpose of this 

treatment is to evaluate hardening potential after forming, it must again be pointed out that solution 

annealing corresponds to the hot forming step because both take place at the same temperature level. In the 

following, the term ∆ is used to describe the difference between WQ and CAQ samples in the same 

condition. 

After solution annealing the YS and UTS are mostly unaffected by the cooling conditions (∆YS=2.9 MPa, 

∆UTS=9.2 MPa), while A is 4.9 % lower for CAQ than WQ. The elongation at fracture after the PB is 

about 5 % higher for the WQ sample than for the CAQ sample, with absolute values of 12 % and 7 % 

respectively. At about 113 MPa, the paint-bake response (PBR) is independent of the cooling rate, resulting 

in a YS of 398 MPa for the WQ sample and 371 MPa for the CAQ sample. 

The variations in mechanical properties are quite minimal compared to other alloys. Liu Q. et al [73] shows 

the effect of quenching on mechanical properties in 7xxx series alloys (with high Zn/Mg-ratios), indicating 

the comparably low quench rate sensitivity of the crossover alloy with a low Zn/Mg-ratio used here. 

 

Figure 6-8: Mechanical properties of 1 mm 5/7 crossover sheet after solute annealing (SA) in a salt bath 

(480°C/1min) with water quenching (WQ) and compressed air quenching after SA and paint-bake (PB) 

(180°C/20min); pre ageing (PA) (100°C/5h) was conducted after SA and 14 days of natural ageing (NA) at 25 °C 

were deployed between PA and PB 
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6.4 Discussion 

This study reports on the process of obtaining a fine-grained crossover alloy and its suitability for 

superplastic and quick plastic forming. Its main results can be summarized as follows: 

• In the as-delivered cold rolled state, the alloy consists of a high fraction of coarse T-phase 

(Mg32(Al,Zn)49) precipitates and primarily fine E-Phase (Al18Mg3Cr2) dispersoids. The T-phase 

particles may act as nuclei for new grains during recrystallization, generating a fine grain size 

far below 10 µm and a randomization of the grain boundary misorientation distribution. By 

increasing the dislocation density through higher CRD, the grain size can be reduced further. 

• The grain size is exceptionally stable. It does not change even if the material is reheated to 

temperatures of 470°C (R5) and 480°C (R3), which are significantly higher than the 

recrystallization temperature of 380°C (R1) and lie above the solvus temperature of the T-

phase. Nor does the average grain boundary misorientation change if held at high temperatures, 

but always remains close to random. 

• Tensile testing at elevated temperatures of 470 °C demonstrates the suitability of the fine-

grained crossover alloy for SPD and QPF processes. In the regime of QPF at a strain rate of 

1*10-2 s-1 the alloy achieves an average elongation to fracture of 235 %. The highest elongation 

to fracture, 445 %, is seen at a strain rate of 5*10-4 s-1. 

• The hardenability potential of the crossover alloy is maintained after simulated high-

temperature forming. The alloy also exhibits low quench sensitivity. The YS value after a paint 

bake process deviates by only 18 MPa between air cooling and water quenching and nearly 

approaches 400 MPa. 

These results are discussed in detail in the following. 

6.4.1 Mechanism of grain refinement during recrystallization 

The presence of coarse T-phase particles after recrystallization treatment (R1) (see Figure 6-3a) is the first 

indication that particle stimulated nucleation (PSN) is the main grain refinement mechanism during 

recrystallization. This is supported by observations made in Figure 6-9. After a short heat impulse, the 

recrystallization tends to start near the T-phase particles. The high resolution EBSD analysis (in the RD-

TD plane) in Figure 6-9 shows this intermediate state after heating for 3 s to 380 °C. Figure 6-9a displays a 

common IPF map, showing the absence of preferred orientations in the RX grains. Figure 6-9b visualizes 

the local misorientations (indicative of a high density of geometrically necessary dislocations), which are 

significantly more numerous in the non-recrystallized areas which still exhibit deformation structures. The 

recrystallized grains show an even and low degree of local deformation. A comparison with Figure 6-9c also 

makes it apparent that the main deformed areas are near Brass {011}<112> and S{123}<624> orientations, 

which are typical orientations for cold rolled Al alloys. The newly formed grains often have a random 
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orientation, with a slight tendency to C, rotated C (ND22°, ND45°), P{011}<566> and Q. The appearance 

of recrystallisation around the T-phase particles (yellow) and the orientation of the new grains are clear 

indications of PSN. The flower-like recrystallization shape is also considered to indicate PSN in the literature 

[49,74,75]. 

 

Figure 6-9: EBSD micrographs of a cold rolled sheet after 3s at 380°C in a salt bath; map in RD-ND plane with IPF 

colouring of the Al-matrix T-phase (a); KAM map (5th order), with an overlay of Zn-rich datapoints (indicator of T-

phase) in yellow (b); relevant texture components with a tolerance angle of 10°; Zn-rich datapoints are again yellow 

(c) 

By assuming at least one successful grain nucleation per particle, the resulting grain size after recrystallization 

(Drxx) can be calculated using equation (6-1). It is directly related to the volume fraction Nv of particles with 

average diameter dPSN [76]: 

𝐷𝑟𝑥𝑥 = 𝑑𝑃𝑆𝑁̅̅ ̅̅ ̅̅ ∗ 𝑁𝑣
−
1

3 (6-1) 

As described by Nes [77], the cold worked microstructure of the alloy consists of three main structural 

elements: the bimodal particle distribution of coarse particles (see Figure 6-1) and fine dispersoids (see 

Figure 6-2), and the subgrain structure from cold working. The fine dispersoids stabilize the subgrain 

structure by Smith-Zener pinning [78] and exhibit a drag force on the migrating subgrain boundaries (PSZ). 

This retarding pressure counteracts the driving pressure for growth exerted by the dislocation density (PD). 

Therefore, the number of nucleation events shrinks with increasing dispersoid content. The minimum size 

of a particle to successfully act as a nucleation site during recrystallization also increases. Its required 

minimum diameter (dmin) is described in relation to the driving and retarding pressure by the Gibbs-

Thompson equation as [71,79]: 

𝑑𝑚𝑖𝑛 =
4𝛾𝐵

𝑃𝐷 − 𝑃𝑆𝑍
=

4𝛾𝐵
𝜌∗𝐺∗𝑏2

2
−

3𝐹𝑣∗𝛾𝐼𝐹

2𝑟

 (6-2) 

Table 6-6 lists the values for equation (6-2) relevant to the alloy. The interfacial energy of E-Phase particle 

was chosen as 500 mJ/m2 as it is reported to be semi-coherent or incoherent with relation to the matrix 

[80–82].  
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Table 6-6: Factors, their values and origin for equation (6-2) 

Factor Value Origin 

Grain boundary energy (γGB) 324 mJ/m2 [83] 

Dislocation density (ρ) 
58 % CRD: 8.97*1014 m-2 Interpolated from 

[84] 85 % CRD: 11.6*1014 m-2 

Shear modulus (G) 26*109 Pa [71] 

Burgers vector (b) 2.86*10-10 m [71] 

Volume fraction of small particles (Fv) 0.6 % 
Calculated after 

[62] 

Radius of small particles (r) 5.8*10-8 m 
Measured after 

[62] 

Interfacial energy (γIF) 500 mJ/m2 - 

 

By taking the particle parameters of the as-delivered material as constant, dmin is reduced to a function of 

the dislocation density. After calculating dmin, a new average dPSN and Nv is calculated in which only particles 

larger than dmin are considered. Therefore, Drxx can then also be calculated as a function of the dislocation 

density. The calculation provides dmin values of 1.48 µm and 1.13 µm for 58 % and 85 % CRD respectively. 

This raises the average particle diameter usable for PSN (dPSN)̅̅ ̅̅ ̅̅ ̅ to 2.07 µm and 1.81 µm, resulting in a 

volume fraction Nv of 6.24 % and 7.40 % for 58 % and 85 % CRD, respectively. Thus, a grain size of 5.2 µm 

can be calculated for CRD of 58 % and 4.3 µm for CRD of 85 %. These figures agree well with the 

experimental results, where the grain size after heat treatment was measured to be 4.7–5.2 µm and 3.7–

4.8 µm for 58 % and 85 % CRD, respectively. The grain sizes measured for R4 are not considered in the 

comparison because the calculation does not take into account the significant recovery effects upon slow 

heating prior to recrystallization. The effect of heating rate on recovery prior to recrystallization is addressed 

in various other publications [85–87]. 

6.4.2 Microstructure stability 

Comparing the grain sizes of R2 (5.0 µm) and R5 (5.2 µm) makes the extraordinary stability of the grain 

structure obvious. The following factors may be involved in reducing grain boundary mobility: 

• Solute drag at grain boundaries caused by the sizable content of main alloying elements, which 

tend to form grain boundary solute segregations 

• Increased stability caused by the high average misorientation degree of the grain assembly, which 

serves as a preferential site for solute segregations 

• Dragging force of the finely dispersed dispersoids 

The recrystallization and heat treatments above the solvus temperature of the T-phase increase the content 

of dissolved alloying elements in the Al matrix, which tend to segregate [88,89] and thus affect the dragging 

force acting on the grain boundaries [90,91]. According to Humphreys et al. [71] the effect of decreasing 
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grain boundary mobility with increasing solute segregation is particularly pronounced for random grain 

boundaries. This applies to the microstructure in this study. The almost perfect random misorientation 

observed in our samples is usually only observed in Al-Mg SPF alloys produced by SPD techniques [92–

94]. The effect of solutes on the grain boundary migration energy in Al was investigated by Gordon and 

Vandermeer [95]. The alloy investigated in their study, like ours, had a high solute content and a nearly 

random distribution of grain boundary misorientation after recrystallization. The authors concluded that the 

activation energy for grain boundary migration is greatly increased by the solute content, and that therefore 

the grain arrangement will remain unchanged even after long annealing times at high temperatures. 

A small grain size after primary recrystallization implies increased grain boundary energy, which is equivalent 

to a greater driving force for normal grain growth. However, the finely dispersed dispersoids present in the 

structure act as a retarding obstacle. This generates a balance equivalent to the Zener equation [96], which 

states that normal grain growth will be inhibited if the grain size reaches a critical value Rc: 

𝑅𝑐 = 𝐾
𝑟

𝑓𝑚
 (6-3) 

According to Manohar et al. [96,97], good agreement with experimental values is obtained if a value of 0.17 

is used for the constant K and a value of 1 for the exponent m of the volume fraction. This generates a 

grain size value of approx. 3.2 µm. From this it can be deduced that the critical grain size has already been 

exceeded after primary recrystallization and no normal grain growth can be envisaged. Therefore, the grain 

assembly can be considered stable. If the porosity shown in Figure 6-3b is caused by processing, it may also 

contribute to the stability of the microstructure. 

6.4.3 Hot forming 

It is generally accepted that grain boundary segregation of alloying elements affects GBS and thus 

superplastic properties [98–100]. A particularly interesting effect is generated by Zn. Experimental findings 

[99] and ab initio calculations [100] indicate that an increased Zn content in Al-Mg alloys causes the 

formation of Zn grain boundary segregations and thus generates a noticeable decrease in the barrier to grain 

boundary sliding and an increase in SRS. Recent findings [101] also link the formation of Zn layers at grain 

boundaries in the alloy Al-15 Zn (at.%) to enhanced room temperature GBS. In the 5/7 crossover alloy in 

this study we addressed the ideal case of high Zn content in Al-Mg, with the resulting increased Zn 

segregation level and positive effect on superplasticity. The initial grain boundary misorientation 

distribution, with its large amount of high angle grain boundaries (see Figure 6-4d), is also very beneficial 

for GBS [30]. 

Because the requirements for GBS have been fulfilled, one would expect grain elongation at fast strain rates 

due to solute drag creep and grain rotation, accompanied by grain growth at slow strain rates as reported by 

Pérez-Prado et. al. [102]. However, Figure 6-7c shows that the 5/7 crossover alloy behaves quite differently. 

The grains remain almost the same size (5.6 ± 3.9 µm) and shape as initially observed at high strain rates, 

and start to elongate at slower strain rates. 
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Mukhopadhyay et. al [103] demonstrate for an Al-Zn-Mg-Cu-Zr alloy tested at 475 °C at a strain rate of 10-

2 s-1 that the grains do not elongate as expected in the QPF region [35,104,105], but instead recrystallize and 

coarsen. They also link the decrease in stress over the experimental duration to the higher degree of 

recrystallization and the formation of voids. The same behaviour was observed in this study for a sheet 

tested at 470 °C and 10-2 s-1 (see Figure 6-6a, grey curve; and Figure 6-7c). Mikhalovskaya et. al [106] even 

see a decrease in grain size during tensile testing of an Al–(3.5–4.5)Zn–(3.5–4.5)Mg–(0.7–0.9)Cu–(1.0–

3.0)Ni–(0.25–0.30)Zr (wt.%) alloy. They observe a reduction in grain size with increasing recrystallization 

from 2.4 µm to 1.8 µm at a temperature of 440 °C and an SR of 3x10-3 s-1. These observations are quite 

consistent with those of this study. 

Ma et al. [107] describe the superplastic deformation behaviour of friction stir welded alloy 7075. They see 

evidence of GBS at a forming temperature of 490 °C with a strain rate of 3*10-3 s-1 and an m-value of 0.5. 

With increasing strain the evidence for GBS increases, as does the grain elongation. According to Li et al. 

[108] GBS is accompanied by intragranular dislocation creep and therefore by grain elongation. This is 

caused by grain rotation and grain growth due to grain coalescence. With growing grains, the amount of 

dislocation creep and grain elongation also increases. These observations are consistent with those made in 

this study for the low strain rates 5*10-4 s-1 and 5*10-5 s-1 (see Figure 6-7c and d). Because grains have more 

time to rotate and grow, the effect is more pronounced at lower strain rates. The latter consideration is even 

more evident if testing times are considered. At a strain rate of 5*10-4 s-1 the time required to reach an 

elongation of 400 % is 2 h, while it takes 22 h at a strain rate of 5*10-5 s-1 to achieve the same. 

6.4.4 Age hardenability 

The Al-Mg alloys of the 5xxx family often used for SPF processes are not age-hardenable and retain their 

modest yield strength after SPF forming. The situation is completely different for the 5/7 crossover alloy 

presented here. Figure 6-8 demonstrates the good age hardenability of the alloy, even at low quenching 

rates. Graf et. al [109] investigated the difference in precipitation behavior between a 7xxx series alloy (high 

Zn/Mg-ratio) and a crossover alloy (low Zn/Mg ratio). They found a critical quench rate where no 

precipitation during quenching occurs, of 100 K/s for 7xxx series alloys and 1 K/s for crossover alloys. 

This indicates the crossover alloy’s low quench sensitivity. It is a good explanation for the equal age-

hardening response observed at both cooling rates applied in this study, as the quench rate for the CAQ 

cooled sample is well above 1 K/s. 

6.5 Conclusion 

This study presents an industrially viable way to produce fine-grained crossover alloys with grain sizes of far 

below 10 µm for sheet forming operations. The study identifies the main grain refinement mechanism in 

the process as particle stimulated nucleation. Using coarse T-phase particles, Figure 6-10 displays a 

schematic illustration of the PSN grain refinement process in these crossover alloys. Because the phase is 

dissolved into the matrix during and after recrystallization it can no longer exert the same detrimental effect 
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on mechanical properties as would non-dissolvable phases of the same size (and leading to age-hardening 

at a later processing stage). 

 

Figure 6-10: Schematic illustration of the grain refinement process by PSN in 5/7 crossover alloys with subsequential 

stabilization by solute atoms 

The structure exhibits outstanding stability, showing minimal grain growth even after holding at 470 °C for 

24 h after solute annealing. The high stability of the grain assembly is due firstly to the increased effect of 

the solute content on grain boundary mobility caused by the close-to-random grain boundary misorientation 

distribution. Secondly, it can be clearly shown that the dispersoids present exhibit a Zener size limit of 

approx. 3.2 µm, meaning that after primary recrystallization the grain assembly has already exceeded the 

critical grain size and no normal grain growth can be envisaged. 

High-temperature tensile testing demonstrated the alloys’ suitability for superplastic and quick plastic 

forming processes. The alloys achieve elongation values of up to 445 % and 235 % respectively in these 

regimes, figures which are comparable to those featured by industrially established alloys. 

The study illustrates the alloys’ high preserved age hardening potential based on two different quench rates. 

Independent of either, the alloys showed an age-hardening response after a paint-bake cycle of close to 

400 MPa yield strength, and 500 MPa tensile strength. 

The properties demonstrated above, together with their potential for simple production and large-scale 

commercial use, make fine-grained 5/7 aluminum crossover alloys very promising for high-temperature 

sheet forming operations. 
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6.6 Appendix 

 

Figure 6-11: Sections of orientation distribution functions at phi2 = 0°, 45° and 65° for conditions after R1 for 
samples with 58 %(a) and 85 % (c) CRD; after R2 for samples with 58 %(b) and 85 % (d) CRD; and after R5 for 

samples with 58 % CRD (e) 
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7 ACCELERATION OF QUALITY CONTROL 

MEASUREMENTS 

The fine grain size of industrial 5/7 crossover alloys presents a significant challenge for microscopic etching 

in the solution annealed or pre-aged condition. Electron backscattered diffraction (EBSD) methods 

represent an alternative for grain size investigations, but they require trained personnel and are not practical 

for industrial quality control due to high costs and time consumption. Various etchants were tested without 

success until a pivotal advancement was made by modifying the grain boundary chemistry. This modification 

enhanced the potential differences between the matrix and the grain boundary, enabling etchability without 

changing the grain size. The relationships between etchability and grain boundary chemistry, as well as the 

accelerated manufacturing process, represent a significant advancement in quality control for these alloys. 

These findings were published in the journal Advanced Engineering Materials and are detailed in the 

following section. 
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Metallographic etching of Al-Mg-Zn-(Cu) crossover alloys4 
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Abstract 

Various alloys demand customized etchants due to their diverse chemical compositions, particularly in the realm 

of aluminum alloys. Consequently, this study proposes a technique for metallographic visualization of small grain 

structures within Al-Mg-Zn-(Cu) crossover alloys. The method relies on a thermal pre-treatment combined with 

an etching process. The study primarily seeks to comprehend how grain boundary precipitation affects etchability, 

addressing the complexities of characterizing these alloys. The demonstrated approach facilitates the swift 

assessment of grain sizes <10 µm using light optical microscopy. Exploring the etchability of Al-Mg-Zn-(Cu) 

crossover alloys across a standard heat treatment pathway identifies the optimal treatment and suitable etchant 

for grain visualization. Through process refinement, a reduction in processing time is achieved by employing a 

single-step preheat treatment lasting 20 minutes at 180 °C post solution annealing. Transmission electron 

microscope analysis reveals continuous occupancy of the grain boundary with T-phase as the key factor 

influencing the alloy's etchability. Grain size assessment involves line intercept counting and equivalent circle 

diameter (ECD) measurement for precise characterization.  

 

4 Samberger, S., Kremmer, T., Stemper, L., Tourey, S., Uggowitzer, P.J. and Pogatscher, S. (2024), Metallographic Etching of Al–
Mg–Zn–(Cu) Crossover Alloys. Adv. Eng. Mater. 2400576. 
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7.1 Introduction 

Light optical microscopy is a fast, reliable and cost-effective technique for the visualisation of many 

microstructural features and plays a central role in the characterisation of industrially produced alloys. As 

aluminum alloys have a wide range of chemical composition and mechanical properties, the metallographic 

preparation varies greatly depending on the alloy. For each commercial aluminum alloy, several polishing 

and etching methods with adjusted parameters are known to reveal different features such as phases or grain 

structures. [1,2] 

Visualisation of the grain structure is not straightforward for all alloys. At minor alloying content, relief 

effects resulting in ”steps” at the grain boundaries dominate. In these cases, it is necessary to apply an anodic 

layer and observe the microstructure with polarised light using an analyser. The anodic layer is usually 

applied by electrochemical etching utilizing, for example, Barker's reagent [2]. However, structures with very 

fine grains (< 10 µm) require high magnification and the colour or grey value contrast provided by anodising 

becomes so low that measuring grain structures is almost impossible [3]. In systems with high alloying 

content, grain boundaries precipitates can be utilized by chemical etching to contrast the grain boundary 

and reveal the grain size of the alloy [1,3]. As there is a wide range of etchants and parameters that are 

tailored to each alloy system, suitable parameters need to be determined for novel alloy systems such the 

Al-Mg-Zn-(Cu) crossover alloys or sometimes 5/7 crossover alloys (combination of 5xxx and 7xxx series 

alloys) to enable rapid light optical microscopy investigation. 

Al-Mg-Zn(-Cu) crossover alloys are a new class of alloys that overcome the strength/ductility trade-off, for 

example for the automotive industry [4], by exhibiting good formability after pre-aging, combined with 

improved hardening responses up to yield strength levels in excess of 400 MPa [5]. In addition, these alloys 

exhibit a low quench rate sensitivity [6], good weldability [7] and improved resistance to intergranular 

corrosion [8,9], exfoliation corrosion [10] and stress corrosion cracking [11]. Age hardening is achieved by 

precipitation of T-phase (Mg32(Al,Zn)49) or its precursors [12], where Zn can be replaced by Ag [13,14] or 

Cu [5,14,15], which additionally increases the hardening potential. These promising properties are driving 

the alloy´s development towards industrialization and commercialization [16]. The precipitation sequence 

for age hardening in this system is proposed by Hou et al. [17] as: supersaturated solid solution (SSSS) → 

GPI zone → GPII zone (intermediate phase T') → intermediate phase T' → equilibrium phase T-

(Mg32(Al,Zn)49). The first step in the age hardening process is solution annealing (SA), where elements 

dissolve into solid solution. Since the temperature of SA is higher than the recrystallization temperature, the 

matrix also tends to recrystallize in this process step. Previous studies [18] have shown that at this stage 

dislocations – which have been previously introduced by cold working – in combination with coarse 

precipitates can be utilised to produce a fine grained crossover alloy suitable for quickplastic and superplastic 

forming operations. Once the coarse precipitates have dissolved into the matrix and sufficient 

supersaturation is established by quenching, T-phase precursors begin to form within the grains upon 

subsequent heat treatment. Additionally, precipitate forming elements also diffuse towards the grain 

boundary leading to grain boundary segregation and precipitation. Increased solute concentration at the 
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grain boundary reduces its mobility and shifts the grain growth temperature to higher values, leading to an 

increased stability of the grain size. [19] 

In the solution annealed state, the supersaturated matrix, the absence of precipitates, and the fine-grained 

structure create a condition that is extremely unfavourable for light optical microscopic grain structure 

studies in these new materials. Therefore, this study investigates the suitability of thermal pre-treatment 

strategies and various etchants to improve grain visibility in Al-Mg-Zn-(Cu) crossover alloys. A prerequisite 

for the use of a suitable pre-treatment is the assurance that the annealing treatment will not result in a change 

in grain size, which is also invested in the study. Moreover, the basic mechanisms behind the contrast 

formation in the metallography of Al-Mg-Zn-(Cu) crossover alloys are discussed. 
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7.2 Experimental 

The Al-Mg-Zn-(Cu) crossover alloy used in this study is a sheet material industrially produced by the 

company AMAG rolling GmbH with the composition shown in Table 6-1. The composition of the 1 mm 

sheet material is measured by optical emission spark spectroscopy (Spectromaxx spark spectrometer).  

Table 7-1: Measured chemical composition of the industrially produced Al-Mg-Zn-(Cu) crossover alloy sheet 

investigated 

  Mg Zn Cu Si Fe Mn Cr Ti 

5/7 
crossover 

alloy 

[wt.-%] 4.91 3.46 0.46 0.10 0.13 0.33 0.06 0.01 

[at.-%] 5.56 1.46 0.20 0.10 0.07 0.17 0.03 0.01 

 

Optical visualisation tests are carried out along a heat treatment route as shown in Figure 7-1a., which is 

suitable for precipitate formation. As known from previous studies [18], the solution annealing (SA) process 

is also the recrystallization step. After recrystallization at 480 °C/1min the alloy has a grain size of 

5.0 ± 2.5 µm measured by electron backscatter diffraction (EBSD). The grain size is given as the mean of 

the equivalent circle diameter (ECD) measured. Since the study shows that the grain size does not change 

during subsequent heat treatment at elevated temperatures [18], it can be assumed that no grain growth will 

occur during heat treatment procedures in the temperature range of precipitate formation. Thermal pre-

treatments can therefore be used perfectly for modifying the grain boundary composition to enable 

metallographic grain size measurements. 

For grain visualisation, samples were tested in the SA condition, in the pre-aged (PA) condition after soaking 

for 5 h at 100 °C, and after paint baking (PB), which brings the alloy close to peak hardness at 180 °C for 

20 min. 

Given that a heat treatment exceeding 5 hours is impractical for industrial analysis, an optimised heat 

treatment was employed to streamline the process. This optimisation, outlined in Figure 7-1b, involves 

subjecting the recrystallised sheet material to a single-stage heat treatment at 180 °C after the solution 

annealing (SA) step. Grain visualisation tests are then performed after 5, 20 and 40 min of heat treatment 

to identify the most efficient treatment duration. 
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Figure 7-1: Heat treatment strategies applied for grain visualization in Al-Mg-Zn-(Cu) crossover alloys. The heat 

treatment strategies applied are a standard heat treatment route including pre-aging and paint bake (a) and an single 

step treatment for shorter analysis times (b). 

The samples underwent grinding with a maximum grit size of 4000 and were then polished with a diamond 

suspension to a minimum of 1 µm. Prior to etching, the final surface preparation involved polishing with 

an oxide polishing suspension (OP-S) for 45 seconds. This step ensured a good surface finish, minimizing 

the presence of scratches for optimal etching results. 

Etchants were selected based on the etching process for 5xxx series alloys and age-hardenable alloys, 

especially 7xxx series alloys. The composition of the etchants and the application parameters of the etching 

methods are given in Table 7-2. Keller, Dix-Keller and Weck are non-electrolytic etching methods which 

were used at room temperature with immersion times between 30 and 120 s, except for Weck, which was 

applied at 40°C. Barker is an electrolytic etching method applied using the Struers Lectropol 5 electrolytic 

polishing and etching machine. The parameters here are voltage and treatment time.  
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Table 7-2: Etching methods, etchant composition and treatment parameters used to visualize grain structures in Al-

Mg-Zn-(Cu) crossover alloys from [20,21] 

Method Reagents Parameters 

Keller 

18.2 ml H2ODeion. 
20 ml HCl (32%) 

20 ml HNO3(65%) 

6.8 ml HF (48%) 

room temperature 

30–120 s soaking time 

Dix-Keller 

95 ml H2ODeion 
1.5 ml HCl (32%) 

2.5 ml HNO3 (65%) 

1 ml HF (40%) 

room temperature 

30–120 s soaking time 

Weck 
100 ml H2ODeion 

4 g KMnO4 
1 g NaOH 

40 °C 

30–120 s soaking time 

Barker 
HBF4 (10%) 

in H2ODeion. 

20–40 V 

5–10 s soaking time 

 

Grain size investigations of the alloys were carried out using a digital microscope (Keyence VHX-7000) 

equipped with a polarisation filter. The microscope is capable of semi-automated grain size measurements 

in accordance with ASTM E112-10 [22]. Grain size was determined either by line intercept counting, giving 

ASTM grain size (G) values, or by measuring the equivalent circle diameter (ECD) of individual grains. 

Distinction between grains for single ECD measurements was made by grey value thresholds, where the 

grain boundary must show a strong contrast deviation from the grain interior. 

Since grain boundary precipitates were pinpointed as the primary factor influencing the alloy's etchability 

variation across different heat treatment stages, we conducted a detailed examination of the grain boundaries 

using transmission electron microscopy (TEM). High angle annular dark field (HAADF) and energy 

dispersive X-ray (EDX) scanning transmission electron microscopy (STEM) measurements were performed 

using a Thermo Fisher Scientific™ Talos F200X instrument. Samples were prepared for STEM by grinding 

the alloys to a thickness of approximately 100 µm. Punched 3 mm discs were further processed by twin-jet 

electropolishing using a solution of 25% nitric acid in methanol at a temperature range of -16°C to -20°C 

and a voltage range of 10 V to 20 V. 

7.3 Results & Discussion 

7.3.1 Standard processing route 

Micrographs of etching tests along a standard heat treatment route (Figure 7-1a) in each condition with 

different etching reagents are shown in Figure 7-2. The micrographs represent the most representative 

etching parameters. A detailed analysis of the full range of parameters can be found elsewhere [23]. Shorter 

or longer soaking times lead to under- or over-etching or show no change in the etchability of the sample. 

In the solution annealed condition (Figure 7-2a–d) none of the etching methods used were able to visualise 

the grain size of the Al-Mg-Zn-(Cu) crossover alloy. Due to the small grain size, the Barker etching method 
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does not allow the formation of a grain dependent anodization layer on the sample. When a polarisation 

filter is used, the entire surface of the sample has the same colour. This is the reason for the slight yellow 

colour seen in Figure 7-2a. Adjusting the angle of the polarisation filter will change the colour but will not 

improve the visibility of the grains. Immersion etching techniques such as Weck, Keller or Dix-Keller are 

also unable to reveal the grain structure of this fine-grained alloy. 

The same tests are carried out on the samples after pre-ageing for 5 h at 100 °C. The micrographs of the 

etched samples are shown in Figure 7-2e–h. As for the solution annealed condition, the etchability in the 

pre-aged condition is clearly insufficient. 

The visibility of the grains is drastically changed after a paint bake treatment at 180 °C for 20 min. The final 

stage of an industrial heat treatment process is suitable to reveal the grain structure of the fine grain Al-Mg-

Zn-(Cu) crossover alloys. The micrographs associated with this heat treatment stage are shown in Figure 

7-2i-l. Etching with Barker's reagent still does not deposit an anodization layer related to grain orientation. 

Therefore, when a polarisation filter is applied, the grains have the same colour as in the solution annealed 

and pre-aged condition. However, by etching with Barker´s reagent, grains are visible as the electrochemical 

process dissolves the grain boundary visualising the grain interior. This can be seen by the yellowish colour 

with dark grain boundaries in Figure 7-2i. The same behaviour is observed for samples etched with Weck's 

and Dix-Keller etchants (Figure 7-2k and l). However, it can be stated that immersion etching with Keller's 

reagent is not suitable for visualising the grains in Al-Mg-Zn-(Cu) crossover alloys as there are still no visible 

grains in the paint bake condition. 

The grain size was measured by line intercept counting for each etching method to be 5.8 ± 0.5 µm, 

4.7 ± 0.5 µm and 5.7 ± 0.5 µm for the Barker, Weck and Dix-Keller etched samples, respectively. According 

to ASTM 112-10 [22], the grain size measured by line intercept counting can be converted to ECD by its 

G-number. This gives an ECD of approximately 6.6 µm, 5.3 µm and 6.6 µm for the Barker, Weck and Dix-

Keller etched samples, respectively, which is in good agreement with the grain size of 5.0 ± 2.5 µm 

determined by EBSD in previous studies. [18] 
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Figure 7-2: Samples in the solution-annealed condition (480 °C/1 min) after treatment with different etchants: 

Barker (20 V/2 min) (a); Keller (75 s) (b); Weck (25 s) (c) and Dix-Keller (90 s) (d); in pre-aged condition (100 °C/5 

h) after treatment with different etchants: Barker (20 V/2 min) (e); Keller (75 s) (f); Weck (25 s) (g) and Dix-Keller 

(90 s) (h) and after baking (180 °C/20 min) with different etchants: Barker (25 V/2 min) (i); Keller (75 s) (j); Weck 

(25 s) (k) and Dix-Keller (90 s) (l). 

The investigation into the variability in etchability across different heat treatment conditions is elucidated 

by scrutinizing the grain boundaries during the actual processing steps. High-angle annular dark field 

micrographs portraying the grain boundaries of the crossover alloy in states of solution annealing (SA), pre-

aging (PA), and paint baking (PB) along the processing pathway are depicted in Figure 7-3a-c. Furthermore, 

EDX mappings illustrating the distribution of Mg and Zn serve as representatives of T-phase precipitation. 

According to literature [5,14] Mg32(Al,Zn)49 constitutes are the dominant phase in this system and the 

applied heat treatment regime. Hence, Mg and Zn serve as reliable indicators of T-phase precipitation.  

In the solution annealed condition, all elements are dissolved in the matrix to form a supersaturated solid 

solution. As expected, there is no precipitation in this state. The alloy's etchability is diminished due to the 

absence of notable elemental variance, resulting in a lack of potential difference between the grain interior 

and the grain boundary. Solutes tend to segregate at the grain boundary, driven by the system's endeavor to 

minimize its Gibbs energy [24]. In 7xxx series alloys, this segregation becomes apparent already after 

solution annealing and quenching [25], a phenomenon not observed in crossover alloys, as depicted in 

Figure 7-3a. The difference in the occurrence of grain boundary segregation is also evident in the difference 

in quench rate sensitivity of these two alloy classes [6]. The thermal activated grain boundary segregation 

accelerates the precipitation of phases, as evidenced in Figure 7-3b where a slight discontinuous occupancy 

of the grain boundary is visible. Furthermore, elemental diffusion towards the grain boundary, along with 
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the presence of precipitated phases, serves to stabilize the grain size by reducing grain boundary mobility 

[19]. Consequently, the grain size observed after age-hardening treatment remains consistent with that after 

recrystallization. The discontinuous occupation of the grain boundary in the pre-aged condition does not 

alter the potential difference between the grain boundary and the grain interior significantly enough to cause 

preferential etching, thus preserving the invisibility of the grain structure. 

In the paint-bake condition, hardness close to peak hardness is achieved by further precipitation and 

evolution of the T-phase particles. The coarsening and further precipitation of the particles within the matrix 

and along the grain boundary results in a precipitation free zone (PFZ) and the occupation of the grain 

boundary becomes nearly continuous. In this state, a notable potential difference exists between the grain 

boundary and the grain interior, enabling potent etchants like Barker, Weck, or Dix-Keller to dissolve the 

grain boundary and unveil the grain structure. Nonetheless, the alloy maintains a significant chemical 

stability, as evidenced by its resistance to Keller's reagent. With pre-aging treatment alone, the precipitation-

free zone formed is very narrow, with low potential differences between the matrix and grain boundaries 

and therefore preserved good intergranular corrosion resistance. [8,9].  

 

Figure 7-3: HAADF micrographs of grain boundaries at different states along the standard heat treatment route 

showing increased grain boundary precipitation with no precipitation in SA condition (a); PA condition (b) and PB 

(c); EDX maps of Mg and Zn in each condition are shown as representative of T-phase precipitates. 

7.3.2 Treatment optimization 

As grain boundary precipitates dictate the etchability of the Al-Mg-Zn-(Cu) crossover alloys, treatment 

optimization was pursued to expedite grain boundary precipitation for shorter analysis durations. Given the 

superior contrast achieved with the Dix-Keller immersion etching method, only this technique was 

employed in subsequent experiments. Figure 7-4a-c depicts the Dix-Keller etched samples after varying 

durations at 180 °C following solution annealing. The process optimization experiments reveal that a heat 

treatment of 180 °C for 5 minutes is inadequate for grain visualization. While initial chemical reactions with 
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the grain boundary precipitates are discernible, they are insufficient to clearly visualize the grain size (see 

Figure 7-4a). However, after 20 min the grain size becomes distinctly visible, as shown in Figure 7-4b, due 

to the dissolution of the grain boundary by the etchant. This effect intensifies with an extension of the time 

to 40 min, where the grain boundaries become even more visible as the attacked zone expands.  

The grain size is determined through linear intercept counting, yielding measurements of 5.5 ± 0.6 µm for 

the 20 min heat treated sample and 6.7 ± 0.9 µm for the 40 min heat treated sample, which can be converted 

by their ASTM grain size numbers to ECD values of 6.1 µm and 7.5 µm, respectively. Remarkably, these 

values align closely with those obtained using the standard heat treatment route. Implementing this 

optimized route reduces processing time by roughly 5 h and requires fewer aggregates and temperature 

stages. 

 

Figure 7-4: Samples after solution annealing (recrystallization) and ageing at 180 °C for 5 min (a), 20 min (b) and 40 

min (c); etching with Dix-Keller an immersion time of 90 s. 

The Dix-Keller etching method not only provides good etchability of the sample, but also results in clearly 

distinguishable grey values between the grain interior and grain boundary. Hence, it becomes feasible to 

measure individual grains using grey value thresholds through the software provided with the Keyence 

VHX-7000 digital microscope. Comparable to the methodology applied in evaluating EBSD measurements, 

the software calculates the area of each individual grain, enabling the derivation of an average ECD value. 

The grain size determined by this method yields a mean ECD value of 4.3 ± 2.0 µm for the standard heat 

treatment route after paint baking (PB). Through treatment optimization mean ECD values of 5.1 ± 2.8 µm 

and 4.4 ± 2.0 µm are obtained for 20 and 40 min, respectively. It should be noted that ECD measurements 

should only be conducted on samples with equiaxial grains, as elongated grains will lead to incorrect grain 

size interpretation with this method.  

Mean ECD measurements can be depicted as a normalized distribution of grain size classes, as shown in 

Figure 7-5. The grain sizes (starting from 0.5 µm with a class width of 1 µm) is presented for samples in the 

PB condition of the standard heat treatment route, and for samples after treatment optimization (20 and 

40 min at 180 °C). Additionally, the normalized grain size distribution from EBSD measurements is shown 

as dotted lines for comparison. The curve peak of the PB sample, as well as after 20 min of accelerated 

precipitation, align well with the position identified in the EBSD measurement. Nonetheless, the peak 
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heights are marginally lower for these methods due to a higher amount of smaller grains detected in the PB 

sample and an increased share of coarse grains found in the 20 min sample.  

Extended soak times beyond 40 min shift the peak of the grain size distribution from 3.5 µm (20 min 

annealing) to 2.5 µm, resulting in a smaller detected mean grain size. Additionally, the proportion of grains 

> 8 µm is reduced compared to shorter treatment times. This is due to the widening of the attacked zone 

in samples treated for 40 minutes. Consequently, prolonged ageing times may yield a distorted 

representation of grain size. To optimize the process, it is imperative to select soak times that ensure clear 

visibility of the grains while preventing widening of the etched zone. 

 

Figure 7-5: Normalized grain size distribution of grains detected by light optical microscopy for samples etched with 

Dix-Keller etchant for 90 s after standard heat treatment route in PB condition (turquoise) and process optimization 

with preheat treatment for 20 min (yellow) and 40 min (blue) at 180 °C; data of EBSD measurements from previous 

studies (red) are given for comparison [18] 

TEM-HAADF micrographs and EDX analysis of the grain boundaries were carried out to gain a better 

understanding of the process optimization and etchability after different soaking times. The corresponding 

grain boundary micrographs and EDX mappings of Mg and Zn are shown in Figure 7-6. 

After a 5-minute soak following solution annealing, coarse grain boundary precipitates start to emerge. They 

are identified as T-phase particles based on their EDX mappings. Similar to the pre-aged condition, the 

precipitation is not continuous. Consequently, the etchability is not guaranteed after 5 min of soaking. 

However, owing to the size of the precipitates in this condition, the grains are vaguely visible, as depicted 

in Figure 7-4a, but not in a quantifiable manner. 

With the extension of the treatment duration at 180°C, the grain boundary precipitates gradually evolve into 

a connected band after 20 minutes. At this point the grain boundary becomes susceptible to chemical attack. 

Interestingly, the Mg32(Al,Zn)49 particles at the grain boundary do not increase in size with longer treatment 
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times. However, it is to be expected that a higher concentration gradient and potential difference will 

develop between the inside of the grain and the grain boundary when the phase reaches a more stable state. 

This will result in a widening of the attacked zone and therefore falsely smaller grain sizes.  

It is noteworthy that the area around the grain boundary is quite different in samples with pre-aging prior 

to the 20 min at 180 °C treatment. When pre-aging is applied, the grain interior is enriched with precipitates, 

resulting in a narrow PFZ (see Figure 7-3c). Conversely, in samples without pre-aging, no precipitates are 

evident within the grains (Figure 7-6c).  

 

Figure 7-6: HAADF micrographs of grain boundaries at different times at 180 °C during the treatment optimization 

showing the evolution of grain boundary precipitates after 5 minutes (a) 20 minutes (b) and 40 minutes (c) soaking 

time; EDX maps of Mg and Zn in each condition are shown as representative of T-phase precipitates. 
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7.4 Conclusion 

In this study, we explored various metallographic etching techniques to visualize fine grains in novel Al-Mg-

Zn-(Cu) crossover alloys. The key findings can be summarized as follows: 

• Grain boundary precipitation, and hence the potential difference between the matrix and the grain 

boundary, emerges as the primary factor driving for successful etchability of the alloy.  

• Etchability is not observed in either the solution annealed or pre-aged condition due to the lack of 

continuous grain boundary precipitates or solute enrichment. However, in the paint-bake condition 

(100 °C / 5 h + 180 °C / 20 min), etchability is given for the Barker, Weck and Dix Keller etching 

methods, as they effectively chemically attack the continuously decorated grain boundary.  

• The procedure to visualize the grain boundaries can be optimized by using a short single 

temperature treatment at 180 °C subsequent to solution annealing. In this way, grain boundary 

precipitation is favoured, resulting in better etchability. 

• The Dix-Keller etchant with a treatment time of 90 seconds was found to be the most suitable for 

etching Al-Mg-Zn-(Cu) crossover alloys, as the grey level threshold allows grain area measurements 

to be made, leading to the possibility of mean ECD measurements as a representative value of grain 

size.  

• The duration of the pre-heat treatment must be carefully selected, as a treatment time that is too 

short will not guarantee etchability, while an excessively long treatment time will result in widening 

of the etched zone. A widening of the attacked zone will result in lower detected ECD values. 
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8 SUSTAINABILITY ASPECTS OF CROSSOVER ALLOYS 

Sustainability in connection with aluminum always involves an increase in Fe and Si content of the material. 

To account for an increased impurity content in the alloy due to a approached increase in recycled material 

in production, the effect of Fe and Si on the mechanical behaviour of 5/7 crossover alloys was investigated. 

Fe and Si form primary phases with potential detrimental impact, which from during the cooling process 

during casting. As industrial and laboratory alloy production involve different cooling conditions, multiple 

trails with different solidification rates were conduction.  

8.1 Effect of recycling content on lab scale 

The findings of the effect of elevated Fe- and Si content on the processability of the alloys at the 

laboratory scale were presented and published in the conference proceedings of TMS 2024. The study is 

shown in the following. 
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Abstract 

In view of an upcoming scrap wave and the need for products with lower carbon footprint, there is an urgent 

need to increase the recycled fraction in wrought aluminum alloys. However, due to the narrow compositional 

limits of conventional aluminum wrought alloys and the higher impurity levels in scrap material, the applicable 

recycling content is limited. Therefore, new approaches need to be identified to increase the recycled content. 

The introduction of the AlMgZn(Cu) crossover alloy concept may prove to be a step forward in escaping the 

corset of conventional alloying systems. The 5/7 crossover alloy not only overcomes the long-standing trade-off 

between the excellent formability of 5xxx-series alloys and the outstanding strength of 7xxx-series alloys by 

combining both properties, but may also tolerate a higher content of impurity elements. The scope of this study 

is to properly address the 5/7 crossover alloy’s sustainability in terms of its ability to be manufactured from 

secondary raw materials. AlMgZn(Cu) alloys with different tramp element concentrations were investigated. 
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8.1.1 Introduction 

The escalating concerns over fuel consumption and greenhouse gas emissions have compelled the 

automotive industry to prioritize lightweighting as a pivotal strategy for achieving sustainability goals. In this 

context, utilizing aluminum as an exceptional lightweight material has gained prominence due to its potential 

to enable efficient manufacturing processes and achieve remarkable weight reductions of up to 50 % 

compared to traditional steel, all while maintaining safety standards. [1, 2] 

Although low density materials such as aluminum are well established in the automotive industry, many 

different aluminum alloys must be implemented to meet all manufacturing and product requirements. This, 

on the other hand, has a negative impact on automotive recyclability as the different alloys cannot be readily 

mixed together. [3, 4] 

Overcoming the limitations of current lightweighting concepts necessitates the development of new alloy 

design strategies capable of delivering an extended property portfolio that includes both good formability 

during processing and high strength in use. Industry efforts are already addressing these needs. The company 

AMAG reported two Crossover alloys named AMAG CrossAlloy.57 [5] and AMAG CrossAlloy.68 [6]. The 

Crossover alloying concept works beyond the current state-of-the-art alloy classification scheme in a more 

fit-the-need classification scheme. By the introduction of 5/7 crossover alloys (combination of 5xxx series 

alloys and 7xxx series alloys), the longstanding trade-off between the good formability of 5xxx series alloys 

and the high strength of the 7xxx series alloys could be overcome [7]. Furthermore, the 5/7 crossover alloy 

are not only reported to exhibit outstanding hardening potential with up to 400 MPa Yield strength values 

[8] by T-phase (Mg32(Al,Zn)49) hardening, but also a good corrosion resistance [9–12] and the ability to 

prevent or suppress the Lüders elongation and the Portevin-Le-Chatelier (PLC)-effect [13, 14]. Thus, this 

alloy can be considered a very interesting candidate for automotive applications. 

Since the current alloying limits are narrow (especially for wrought aluminum alloys), new approaches 

regarding alloying strategies are required. Considering the automotive industry as the largest source of 

aluminum scrap and the largest consumer reveals the urgent need for enhanced alloy design. While the iron 

content in applications such as cast wheels or nodes used in space frames is limited to less than 0.2 wt. %, 

estimate calculations, however, predict an iron content in automotive scrap ranging between 0.6 and 

0.7 wt. % depending on the degree of dismantling [15]. Mainly due to such Fe limitations, a scrap surplus in 

the automotive industry is predicted for the years 2025 to 2033, depending on the degree of dismantling of 

car bodies. That event might be further delayed to 2048 by the use of advanced sorting techniques, but 

nevertheless metallurgical actions are urgently required. [15] 

Fe is considered as one of the most detrimental elements in aluminum with over 20 different Fe-containing 

intermetallics reported in the past few decades [16]. The phase appearance can change depending on the 

elements present in the matrix [17] and they are able to transform during homogenization treatment [18, 

19]. Therefore, it is of major importance to know which phases are forming and how they appear in 

dependence of main alloying elements, casting conditions and heat treatment strategies. In this study, the 
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effect of enhanced Fe and Si content on the phase formation and appearance in novel 5/7 crossover alloys 

will be illustrated. 

8.1.2 Experimental 

To evaluate the effect of increased impurity content on the phase development in 5/7 crossover alloys, the 

Si and Fe content was raised from a low (L) to a high content (H). The L options represent the Si and Fe 

content present in industrial grade EN-AW 5182 alloy, which serves as the base alloy in the production of 

those 5/7 crossover alloys.  

The composition of the produced alloys are shown in Table 8-1. The elemental composition was measured 

by optical emission spectroscopy (Spectromaxx spark spectrometer). The concentration of the main alloying 

elements is given as a mean value from all alloy variants.  

Table 8-1: composition of casted 5/7 crossover alloys with different Si and Fe content [wt. %] 

Alloy 
[wt.-%] 

Si  Fe Mn Mg Zn Cu Cr 

SiL-FeL 0.09 ± 0.00 0.15 ± 0.01 

0.38 ±0.01 4.33 ±0.06 3.54 ±0.05 0.48 ±0.02 0.06 ±0.00 SiL-FeH 0.11 ± 0.01 0.48 ± 0.06 

SiH-FeH 0.53 ± 0.04 0.46 ± 0.03 

 

Production of alloys was done using an inductively heated lab scale vacuum furnace (Indutherm MC 100V) 

with a sample weight of about 100 g. Casting was performed in accordance with Schmid et. al [20] using a 

copper mould, leading to a maximum cooling rate of about 60 K/s. 

As cast microstructure investigations were conducted using a scanning electron microscope (SEM) (JEOL 

7200F FEG-SEM, Tokyo, Japan) equipped with an energy dispersive X-ray (EDX) detector (XMax-80, 

Oxford Instruments, Abingdon, UK).  

Automated SEM/EDX particle (“feature”) analysis of backscattered electron images using threshold limits 

were used to determine the density of primary matrix features. The threshold limits for feature detection 

were set to select particles brighter (heavier) and darker (lighter) than the surrounding matrix. The size limit 

for particle detection was set to an Equivalent Circle Diameter (ECD) of > 0.5 µm. Parameters for these 

measurements were chosen as 15 kV, 10 mm WD and 5 s measuring time [21–23]. The area fraction of 

coarse particles was calculated by dividing the area covered by particles (obtained by automated feature 

analysis) by the area covered by total structure. The area fraction of particles was assumed to be the same 

as per unit volume, which is considered a valid estimation for coarse particles [24]. 

Thermodynamic calculations were done using the software FactSage 8.2 [25] utilizing the FactPS (2022) and 

FTLite (2022) Database. 
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8.1.3 Results and Discussion 

The FactSage simulation data displayed in Figure 8-1 represents a Scheil solidification simulation for the 

samples SiL-FeL, SiL-FeH and SiH-FeH. Within the solidification interval, the formation of four phases 

is predicted. These are two Fe-containing phases Al3Fe and Al6(Fe,Mn), as well as Mg2Si and T-phase. The 

T-phase forms eutectically as a result of solidification segregation. For SiL-FeH and SiH-FeH, the phase 

fraction of Al3Fe and Al6(Fe,Mn) is about 1 wt. %, the higher Si content of SiH-FeH is reflected in a higher 

Mg2Si fraction. For SiL-FeL, the prediction for Al3Fe and Al6(Fe,Mn) yields the values of about 0.5 wt. %. 

It should be noted that all samples exhibit approximately the same amount of eutectically solidified residual 

melt 5–6 wt. % T-phase and a solidus temperature of ≈ 400 °C. The lowered amount of T-phase in the 

SiH-FeH samples is caused by the consumption of Mg by Mg2Si formation. 

 

Figure 8-1: Scheil solidification simulation of the crossover alloys with different Si and Fe content showing Fe-

bearing phases (a), Mg2Si formation (b); T-Phase formation (c); 

The results of thermodynamic equilibrium calculations are shown in Figure 8-2. Here, the Fe-bearing 

intermetallics (Figure 8-2a) are found to be Al3Fe, Al6(Fe,Mn) and Al(Fe,Mn)Si phases. At the solidus 

temperature the following amounts are present: ≈1.45 % Al6(Fe,Mn) and ≈0.25 % Al(Fe,Mn)Si in SiL-FeL; 
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≈1.7 % Al6(Fe,Mn) and  ≈0.9 % Al3Fe in SiL-FeH; ≈1.7 % Al6(Fe,Mn) and ≈0.95 % Al3Fe in SiH-FeH. 

For SiH-FeH the Al(Fe,Mn)Si-phase exhibits a narrow stability region at about 570 °C (displayed in the 

insert of Figure 8-2a).  

The formation of Mg2Si is shown in Figure 8-2b. The difference in Mg2Si content from SiL-FeL to SiL-

FeH derives from the absence of Al(Fe,Mn)Si in the SiL-FeH sample as there is consequently more Si 

available to form Mg2Si. At high Si levels, the Mg2Si equilibrium content is calculated to ≈ 1.5 wt. %.  

As shown in Figure 8-2c, the fraction of the hardening T-phase decreases by about 1.5 wt. % with the 

increase of Si content, because Mg is consumed to form Mg2Si instead of T-phase (note that for SiL the 

variants FeL and FeH are congruent). Furthermore, the onset of T-phase formation is reduced by 14 °C 

from 408 °C to 394 °C, leading to a possible opening of the solution heat treatment window.  

The thermodynamic calculation show that Mg2Si can´t be used as hardening phase in 5/7 crossover alloys 

as it is used in 6xxx series alloys [26], because it’s solvus temperature is beyond the solidus temperature of 

the alloy. Therefore, it has to be considered as a primary phase with possible detrimental effects on the 

alloy’s properties. 

A comparison of the Scheil and equilibrium simulations shows that the predictions for the Fe-containing 

phases Al6(Fe,Mn) and Al3Fe match quite well (both SiL-FeH and SiH-FeH in sum approx. 2.6 wt. %, 

corresponding ≈1.9 Vol. % [27]). In contrast to the equilibrium, however, the Si-containing Fe phase 

Al(Fe,Mn)Si does not appear in the Scheil simulation for SiL-FeL. 
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Figure 8-2: FactSage calculations of equilibrium phase formation in the processed alloys; Fe-bearing phases with cut-

out section between 560 and 580 °C (a); development of Mg2Si (b) and T-phase (c) 

Microstructural investigations of the produced alloys are shown in Figure 8-3. All alloys produced contain 

voids that can be interpreted as shrinkage porosity (Label 1). Their size increases as the Fe and Si content 

increases. All alloys possess about the same amount of segregation zones (Label 2). Those segregation zones 

are eutectically solidified residual melt, with the intermetallic phase identified as T-phase. The segregation 

zones are well represented by the Zn-mappings in Figure 8-3, their measured composition is displayed in 

Table 8-3.  

The dark appearing phases in BED micrographs (Label 3) are identified as Mg2Si particles, as shown by the 

Si-mappings. There are very few Mg2Si constituents in the SiL samples, which appear as stretched phase at 

the cell boundaries. The appearance of the Mg2Si particles transforms to a net-like structure as the Si content 

(SiH samples) increases.  

In BED micrographs, Fe bearing phases (Label 4) have a bright appearance with about the same contrast 

as the segregation zones. Mn is present in all Fe-bearing phases of all alloys produced. Fe-phases in FeL 
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samples, like Si-phases, are barely evident and needle-shaped. When the Fe-content (SiL-FeH) is increased, 

Fe-phases grow, and form plated fishbone structures. When the Si content is increased to match the iron 

content (SiH-FeH), the appearance of the Fe-bearing phases remains nearly the same, with some needle-

like phases found in the matrix as well as plated fishbone structures.  

 

Figure 8-3: SEM-BED micrographs (x700) of produced alloys with mappings of Zn, Fe and Si representing the 

different phases showing voids (1); segregation zones (2); Mg2Si-particles (3) and Fe-bearing phases (4) 

There is no overlap of Si and Fe-mappings visible at lower magnification (Figure 8-3). Higher 

magnifications, however, reveal an overlap of Fe and Si, as shown in Figure 8-4. Those phases can be 

assumed to be of the type Al(Fe,Mn)Si. It should be noted that the majority of Fe-bearing phases visually 

identified in SiH-FeH are of the type Al(Fe,Mn)Si, with only little Al6(Fe,Mn). 
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Figure 8-4: SEM-BED micrograph (x1500) of Fe-bearing phases in SiH-FeH alloy with corresponding Si and Fe 

mappings indicating Al(Fe,Mn)Si phase 

The as-cast alloys were subjected to quantitative SEM automated feature analysis to determine the content 

of the different phases formed during casting. The data displayed in Table 8-3 show the fraction of each 

feature detected for the single alloys. Phases are distinguished first by their greyscale and afterwards 

according to their iron and silicon content. 

From SiL to SiH the Mg2Si content is rising from 0.2 Vol. % to a value of 0.9 Vol. %. With the density of 

Mg2Si being 1.99 gcm-3, a weight fraction of 0.66 wt. % is calculated, which is below the simulated weight 

fraction of ≈1.5 wt. % for the SiH-FeH sample. It can be assumed that the Si content remains partially 

supersaturated in the matrix, at least to small amounts, as the cooling rate is quite fast with a maximum of 

about 60 K/s [20]. This enables to control the Mg2Si phase, which cannot be dissolved in this alloy system, 

in size and distribution during homogenization treatment. 

The content of Fe-bearing phases containing Si is rising while the number of Fe-bearing phases without Si 

is decreasing from about 0.9 % to 0.4 %. It is worth noting that also in the SiL samples, Fe-bearing phases 

with Si-content are found. The Fe-bearing intermetallics without Si are identified to be Al6(Fe,Mn) while 

Fe-bearing intermetallics with Si are identified to be of the form Al(Fe,Mn)Si. It is interesting to note, that 

Scheil simulations did not reveal any formation of Al(Fe,Mn)Si as it is found in equilibrium calculations. 

This is most likely, because Scheil solidification is only allowing diffusion in liquid and the fact that elements 

once precipitated are removed from the mass balance. [25] 

When investigating the SiH-FeH sample, other than expected by thermodynamic calculations, the amount 

of Al6(Fe,Mn) is lowered in comparison to the SiL samples while the Al(Fe,Mn)Si content is raised. 

Obviously, the high cooling rate during solidification causes the formation of Al(Fe,Mn)Si rather than 

Al6(Fe,Mn). This is consistent with the findings of Liu et al. [28] who report transformation in phase 

formation from Al6(Fe,Mn) to Al15(Fe,Mn)3Si2 with increasing cooling rate. 

The porosities found in the samples are widely spread and inhomogeneous. The number of pores is slightly 

decreasing with increasing intermetallic content, but the porosity size is increasing. The increment of 
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porosity size in SiH-FeH samples shown in Figure 8-3 appears due to more intermetallic particles blocking 

the interdendritic feeding channels like reported by Závodská et. al. [29]. 

Table 8-2: Calculated fraction of features found by automated feature analysis in [Vol.-%] 

Features 

Fraction [Vol.-%] 

Pores Mg2Si 
Fe-containing 

Without Si With Si 

SiL-FeL 0.3 0.2 0.7 0.1 

SiL-FeH 0.2 0.2 0.9 0.03 

SiH-FeH 0.1 0.9 0.4 0.6 

The chemical composition of the phase in as-cast structures is displayed in Table 8-3. Since the phase 

composition does not differ significantly across the samples, the values and standard deviations shown in 

Table 8-3 are representative for all samples.  

SEM EDX measurements reveal an elevated Cu and Cr content in the Fe bearing phases, indicating that 

those elements are incorporated in the intermetallic phases. It should also be noted that the data in Table 

8-3 take into account matrix excitation effects for Zn and Mg in Fe-bearing phases and Al in Mg2Si.  

Table 8-3: Measured composition of phases detected by SEM EDX measurements in [at.-%] 

Phase 
[at.-%] 

Mn Fe Si Mg Cu Cr Al Zn 

Al6(Fe,Mn) 
3.1  

±0.9 

11.1  

±1.9 
- - 

1.1  

±0.3 

0.1  

±0.1 

84.5  

±2.1 

- 

Al(Fe,Mn)Si 
3.0  
±0.7 

11.3  
±2.1 

3.4  
±1.1 

- 
0.8  
±0.5 

0.2  
±0.1 

81.1  
±2.8 

- 

Mg2Si - - 
35.5  

±4.5 

64.5  

±4.5 
- - - 

- 

T-phase 
Mg32(Al,Zn)49 

- - - 
24.9  
±1.4 

4.5  
±0.7 

- 
59.3  
±3.1 

11.4  
±1.2 

 

8.1.4 Conclusion 

In this study, 5/7 crossover alloys with varying levels of Fe and Si were cast with a maximum cooling rate 

of about 60 K/s and characterized in the as-cast condition using automated feature analysis and EDX 

measurements. The results were also compared with thermodynamic calculations. The following 

conclusions can be drawn from these investigations:  

• Structures found in the alloy can be identified to be Al6(Fe,Mn), Al(Fe,Mn)Si, Mg2Si and T-phase 

in segregation zones. 

• Cu and Cr are incorporated in the Fe-bearing phases. 

• At high Si and Fe levels (0.5 wt. %) and high cooling rates, the phase composition changes from 

Al6(Fe,Mn) to Al(Fe,Mn)Si. 
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• The low melting point of 435 °C of the T-phase segregation zones must be taken into account for 

subsequent homogenization treatment. 

• At high Si levels, the Mg2Si precipitation is partially suppressed by the high cooling rate and the 

precipitation might be controlled by subsequent homogenization treatment. 

This knowledge allows for a better adaption of the crossover alloys to customers needs. 
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8.2 Effect of recycling content on an industrial simulation 

scale 

The objective of this study is to estimate the effect of increased recycling content on the properties of alloys 

produced under near-industrial conditions. Casting trials with higher sample volume and lower cooling rates 

were conducted. The study found that the size and type of formed intermetallic phases are significantly 

influenced by cooling conditions during casting and the Fe/Si ratio. Processing of the alloys revealed the 

causes for the adverse effects of raised impurity content on the mechanical properties and identified 

potential mitigation strategies. The findings of this study, which reveal the impact of raised impurity content 

on mechanical properties and potential mitigation strategies, are presented in the following section and were 

submitted to the journal Nature Sustainability. 
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Abstract 

Attempts to increase the recyclability of metal alloy products at the end of their lifetime have recently given rise to the 

science of “dirty” alloys, resulting in international efforts to enable sustainable metallurgy within the circular economy. 

In this context, aluminum crossover alloys have been developed to provide a wide range of properties within a single 

alloy composition, an approach that by design facilitates the recyclability of aluminum-based end products. Despite 

the crossover alloy initiative, nowadays, the major challenge in the recyclability of aluminum is to cope with multi-

material mixtures and undesired metal impurities. Herein we demonstrate that both the elemental impurity ratio 

between Fe and Si and processing parameters such as the cooling rate during casting can be manipulated and optimized 

to facilitate the production of AlMgZn(Cu) crossover alloys from today’s scrap mix. We report on the occurrence of 

a 6-to-3 transformation –Al6(Fe,Mn) → Al13(Fe,Mn)4 – and a 6-to-alpha transformation – Al6(Fe,Mn) → Al(Fe,Mn)Si 

– in these AlMgZn(Cu) crossover alloys when with high content of Fe and Si impurities as a major underlying 

phenomena to be understood amid improving their recyclability. The transformations occurred during the 

homogenization treatment and both the Fe/Si ratio and the cooling rate upon casting correlate directly with the 

processability of the alloys. The 6-to-3 transformation can effectively decrease the size of intermetallic particles, 

facilitating rolling of a recycled alloy in relevant industrial conditions. Higher cooling rates always resulted in smaller 

and more spheroidized intermetallic phases, facilitating rolling. Slower cooling rates resulted in larger and more stable 

intermetallic phases, complicating rolling. By shedding light on the key role of phase transformation during 

 

6 Current status: submitted to Nature Sustainability 
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homogenization treatments, our study is bridging for the first time the science of dirty alloys with the emerging field 

of aluminum crossover alloys, providing valuable findings for future alloy design studies with a focus on metal 

recycling.. 
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8.2.1 Introduction 

The demand for aluminum, particularly in its recycled form, is steadily increasing. Predictions suggest that 

between 2040 and 2050, the quantity of recycled aluminum may surpass that of aluminum produced from 

primary sources [1]. This demand is driven by aluminum’s significant role in reducing vehicle weight by over 

30%, leading to substantial reductions in CO2 emissions [2,3]. 

Nevertheless, the great success story of aluminum is somewhat overshadowed by its energy-intensive 

energy-driven primary production, which involves high CO2 emissions [4,5]. Moreover, the use of secondary 

aluminum, especially post-consumer scrap, in the automotive industry is limited due to tramp element 

limitations. For example, the iron content in space frames is limited to values below 0.2 wt.-%, while models 

predict iron levels of 0.6 to 0.7 wt.-% in automotive scrap, depending on the dismantling process [6]. The 

industry is facing an upcoming scrap wave arising from the automotive industry and a potential loss of scrap 

sinks for aluminum alloys containing high levels of silicon [7]. The limited and cost-intensive removability 

of tramp elements from aluminum [8–11] and the stringent composition requirements for wrought alloys is 

generating a need for new approaches in alloy design. 

One of those approaches is the aluminum crossover alloying concept. State-of-the-art aluminum alloys 

suffer from a strength-ductility trade-off which limits their usability in automotive applications. With 5/7 

aluminum crossover alloys, a combination between 5xxx and 7xxx series alloys, this trade-off could be 

overcome [12]. These wrought alloys not only achieve high elongations of about 20% after a pre-aging 

process, but also show hardening responses of over 180 MPa after thermo-mechanical treatment. This leads 

to an alloy with yield strength values of over 400 MPa [13]. Additionally, these alloys exhibit a low quench 

rate sensitivity [14], good weldability [15] and enhanced resistance to intergranular corrosion [16,17], 

exfoliation corrosion [18] and stress corrosion cracking [19]. 5/7 crossover alloys have also shown potential 

in superplastic and quick plastic forming processes, making them attractive candidates for automotive 

applications [20]. 

The hardening mechanism in the 5/7 crossover system occurs primarily through T-phase (Mg32(Al,Zn)49) 

[21] precipitation, where Zn can be replaceable by Ag [22,23] and/or Cu [13,23,24], enhancing the hardening 

potential. Interestingly, the T-phase is known to withstand high irradiation rates, also making applications 

in extreme environments possible [25,26]. 

The crossover alloying concept is not limited to the 5/7 combination. Trink et al. [27] developed a 6xxx 

series with increased amounts of Fe, representing a 6/8 aluminum crossover alloy [28]. 2/7 aluminum 

crossovers are also feasible [29,30]. 

With their broad property profile crossover alloys address the need to increase recyclability of complex 

products (e.g. cars) through design that is reducing the multitude of the materials used by putting different 

properties into one material. Although crossover alloys have by their definition the potential to expand the 

mix of today's alloys that can be used for recycling (e.g. 5xxx and 7xxx series alloys in 5/7 crossover alloys), 

we will have to cope with complex scrap mixtures in their manufacture and expand research into the area 
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of science of dirty alloys [7] until the desired transition to future product designs with reduced chemical 

complexity is reached. 

Iron is one of the most studied tramp elements in Al wrought alloys, because intermetallic particles (IMPs) 

containing iron are known to exhibit a major detrimental effect on material properties [31]. More than 20 

different IMPs containing iron are reported to exist in Al. Common types include β-Al5FeSi (needle-like 

shape), α’-Al8FeSi or α-Al15(Fe,Mn)3Si2 (compact or Chinese script morphology), Al13Fe4 and Al6(Mn,Fe). 

The formation and morphology of these phases depend on the elemental composition (Si, Fe, Mn-ratio) 

and the cooling rates [32–34]. The type of phase which forms during solidification depends strongly on the 

cooling rate. An increased cooling rate can generate α’-Al8FeSi instead of β-Al5FeSi. The formation of α-

Al15(Fe,Mn)3Si2 or α’-Al8FeSi is desirable due to their compactness, with fewer detrimental effects on 

material properties [34]. 

Al13Fe4, also written as Al3Fe, is the Al-richest stable structure in the Al-Fe system. Due to non-equilibrium 

solidification the Al13Fe4 phase is suppressed in favor of metastable phases such as AlmFe, AlxFe or Al6Fe 

phase [35,36]. This suppression is influenced by the cooling rate and by other elements present in the Al 

matrix. Alloying elements influence the formation, composition and morphology of the Fe-bearing phases. 

The metastable Al6(Fe,Mn) phase shows a solubility for alloying elements such as Cu [37,38] and Cr [39]. It 

has also been reported that the morphology of the Al6(Fe,Mn) phase changes from needle-like to plate-like 

when the Mg content in the matrix is increased, while no Mg is dissolved in the phase [40]. As metastable 

phases strive towards a state of equilibrium, both Alm(Fe,Mn) and Al6(Fe,Mn) transform into Al13Fe4 (or 

Al13(Fe,Mn)4) during heat treatment [35,41–43]. 

Thermomechanical treatment also has a significant effect on phase structure and morphology. Trink et al. 

[44] and Krall et. al. [45] were able to transform the morphology of potentially detrimental intermetallics 

using a combination of heat treatment and hot rolling. Here they not only mitigated the detrimental effect 

of high Fe and Si content on formability, but further improved the mechanical properties of the alloy. 

Another phenomenon related to Fe-bearing IMP mainly observed in 3xxx series alloys is the so-called 6-to-

alpha transformation [46–48]. During casting, the main primary phase observed is Al6(Fe,Mn). During the 

course of subsequent heat treatment Si, which originates from the partial dissolution of Mg2Si particles or 

from supersaturated solid solution, diffuses into the phases. The Si is then incorporated into the lattice, 

gradually transforming the Al6(Fe,Mn) phase into α-Al(Fe,Mn)Si instead of Al13Fe4. The Al(Fe,Mn)Si phase 

has been reported to have a variety of composition and crystal structures, ranging from simple cubic, bcc 

to hcp depending on the Mn/Fe ratio of the alloy [49–51]. 

It has already been shown that 5/7 crossover alloys are good candidates for use in the automotive industry 

[52]. However, little is known about the effects of increased Fe and Si content on their mechanical 

performance and processability, which would affect how much recycling content is usable in production. 

Because several elements are known to interact with the Fe-bearing IMPs, it is of vital interest to understand 

the nature of the phases that precipitate in this crossover alloy system. This study therefore aims to fill the 

knowledge gap by exploring the effect of different industrially relevant Fe and Si contents and ratios on the 

processability of 5/7 crossover alloys. An insight into the effect of Fe and Si on the processability and 



 

136 

mechanical properties of alloys is crucial to addressing the challenges of deploying aluminum with a higher 

recycled content in automotive manufacturing, where tramp element management is key to sustainability 

and performance. 

8.2.2 Experimental 

The study is based on a 5/7 crossover material with fixed Mg, Zn and Cu contents of 4.5, 3.5 and 0.5 wt.-%, 

respectively. An industrial-grade EN-AW 5182 alloy was used as the base material for producing the alloys. 

The effect of increased tramp element concentration was evaluated by varying the Fe and Si content. 

Increasing the tolerance limits of the tramp elements can make it possible to use more scrap and different 

types of scrap. These limits were adjusted to range from a low content (↓) representing the tramp element 

content of the base alloy 5182 to a high content (↑) of 0.5 wt.-% of both Fe and Si. The Mn content was 

not adjusted for this study and represents the content of the base alloy. Table 8-4 shows the elemental 

averages and standard deviation (four points per measurement) of the alloys produced as measured by 

optical emission spectroscopy (OES) (Spectromaxx spark spectrometer). 

Table 8-4: Mean values of the alloys produced, measured by OES [wt.-%] 

Alloy 
[wt.-%] 

Fe Si Mn Cu Mg Zn Cr 

Fe↓ - Si↓ (Ref.) 0.09±0.00 0.15±0.01 

0.38±0.01 0.48±0.02 4.33±0.06 3.54±0.05 0.06±0.00 Fe↑ - Si↓ 0.48±0.06 0.11±0.01 

Fe↑ - Si↑ 0.53±0.04 0.46±0.03 

 

Alloy production was performed in accordance with the production routes described by Schmid et al [53]. 

Three different cooling rates were utilized for each of the three 5/7 crossover samples. A schematic 

illustration of the production routes used is displayed in Figure 8-5. Fast-cooled samples were produced 

using an inductively heated furnace with a sample size of approximately 100 g. By casting into a copper 

mold, a cooling rate of up to 60 K/s was achieved. Medium and slow cooling rate samples were produced 

using a resistively heated furnace with a sample size of approximately 7 kg. The medium cooling rate was 

achieved using a mold heated and cooled by an ionic liquid [54]. The result was a medium cooling rate of 

approximately 3 K/s. It is important to note that this rate is comparable to that of industrial continuous 

casting systems. The slow cooling condition is obtained by cooling the mold in ambient air, giving a cooling 

rate of ≤ 1 K/s. 

After casting, the samples were homogenized at a temperature of 480 °C with a holding stage at 425 °C for 

1 h during heating. To examine the homogenized condition, the samples investigated in this condition were 

quenched in water. This ensures suppression of T-phase precipitation, as the finely dispersed T-phase 

particles interfere with the automated particle (“feature”) analysis of the primary phases. Samples for 

subsequent processing were slowly cooled to room temperature in the furnace to simulate industrial practice. 
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Hot rolling was performed at a temperature above 400 °C, followed by cold rolling. Intermediate annealing 

at 370 °C was carried out between the cold rolling steps to set the cold rolling degree (CRD) of the finished 

1.2 mm material at 60%. 

 

Figure 8-5: Schematic of the process routes used in this study 

Microstructure and texture investigations were conducted with a scanning electron microscope (SEM) 

(JEOL 7200F FEG-SEM, Tokyo, Japan) equipped with an energy dispersive X-ray (EDX) detector (XMax-

80, Oxford Instruments, Abingdon, UK). The device includes the option of automatic feature analysis of 

backscattered electron images using threshold limits. 

Automated SEM/EDX feature analyses were applied to determine the area density of coarse particles. The 

threshold limits for particle detection were set to select particles brighter (heavier) and darker (lighter) than 

the surrounding matrix. The size limit for particle detection was adjusted to the size of primary features in 

the samples with respect to the measurement time. Because as-cast features in rapidly cooled samples are 

small, higher magnification and a size limit of an equivalent circle diameter (ECD) of > 0.5 µm were 

deployed. In slow- and medium-cooled samples the primary features are coarser, and to account for the 

samples’ inhomogeneity large areas of up 75 mm2 were scanned. In order to conduct such large area scans 

in a feasible time, the feature detection limit was set to an ECD of > 3.15 µm. This limitation to coarse 

features was necessary because the T-phase segregation zones, with their sponge-like structure in as-cast 

samples, would otherwise be split into numerous small features, making the measurement time unrealistically 

long. For the re-analysis of selected medium-cooled samples a smaller size limit of > 0.7 µm was chosen in 

order to increase accuracy and detect transformed small phases. 

The parameters for these measurements were chosen as 15 kV, 10 mm working distance (WD) and > 20.000 

counts per feature [55–57]. The particles were measured at in central point to mitigate co-excitation of the 

surrounding particles. The features detected were categorized according to their brightness level and 

elemental composition. As it was not possible to fully supress co-excitation and matrix effects, the 

categorization of the particles was based on elemental threshold limits. The area fraction of coarse particles 

was calculated by dividing the area covered by particles (obtained by automated feature analysis) by the area 

covered by the total structure. The area fraction of particles was assumed to be equivalent to volume 

fraction, which is considered a valid estimation for coarse particles [58]. 
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To validate and re-assess the change in the area fraction of primary particles through heat treatment 

procedures, re-analysis of EDX micrographs from feature analysis was performed using Fiji software [59]. 

As image based analysis only allowed the detection of pixels brighter than the matrix, the T-phase (also 

brighter than the matrix) had to be eliminated from the as-cast dataset to allow comparison of IMPs. The 

spatially resolved chemical information from the feature analysis data allowed then for separation and 

comparison of T-phase and IMPs. 

For a more accurate analysis of the phase composition, high-magnification EDX measurements were 

performed on representative points of several features in the matrix. Data from each point was collected 

for 10 s to ensure sufficient data for meaningful analysis. The settings for the high-magnification EDX 

measurements were again 15 kV and 10 mm WD. 

X-ray diffraction (XRD) measurements were carried out with a Bruker-AXS D8 Advance diffractometer, 

operating with CuKα radiation. The measurement was performed in Bragg-Brentano geometry, where a 2θ 

range of 30–85° was probed. A more detailed XRD analysis was carried out on selected samples using a 

Bruker D8-Discover-II diffractometer, operating with CuKα radiation. For the latter a 2θ range of 15–36° 

was probed. 

Thermodynamic calculations were performed to estimate the nature and evolution of the phases occurring 

during processing. Equilibrium and Scheil calculations were carried out using FactSage [60] and Pandat [61] 

software, with a temperature step size of 1 °C. This also allowed a comparative analysis between FactSage 

(FactPS and FTlight databases) and Pandat calculations (PanAl2021 database). 

8.2.3 Results and Discussion 

8.2.3.1  Casting and Homogenization 

Figure 8-6 shows the Fe-bearing intermetallic phases predicted by FactSage (Figure 8-6 a, c, d) and Pandat 

(Figure 8-6 b, d, e). Both procedures calculate the Fe-bearing phases occurring in equilibrium as Al13Fe4, 

Al6(Fe,Mn) and Al(Fe,Mn)Si. 

According to FactSage calculations, Al13Fe4 is expected for all Fe↑ alloys with a shift in appearance 

temperature from about 610°C to 580°C at higher Si levels in the alloy. No Al13Fe4 phase is predicted for 

low Fe content. This is inconsistent with the Pandat calculation. Here Al13Fe4 is predicted for all alloys with 

a shift in appearance temperature with increasing Fe content from 640°C to 690°C, which is clearly above 

the liquidus temperature of fcc-Al. According to FactSage and Pandat, Al6(Fe,Mn) is present in all elemental 

compositions with an increasing fraction at higher Fe levels. While FactSage predicts the formation of 

Al6(Fe,Mn) from the melt at around 620 °C, which is close to the liquidus temperature of the fcc-Al matrix, 

Pandat states that the Al6(Fe,Mn) formation is generated by a phase transformation of Al(Fe,Mn)Si. This is 

best seen at high Fe content when comparing Figure 8-6d and f at around 480 °C, where the amount of 

Al(Fe,Mn)Si decreases while the amount of Al6(Fe,Mn) increases steadily. However, such behaviour is not 

predicted by the FactSage calculations. Here the Al(Fe,Mn)Si has only a small stability region at 570 °C (see 

inset in Fig. 1a) at high Fe and high Si content. This small stability region forms at the expense of Al6(Fe,Mn). 
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For Fe↓-Si↓, the existence of Al(Fe,Mn)Si is predicted independently of other phases with a phase fraction 

below 0.5 wt %. 

The non-Fe-bearing phases predicted, which turn out to be T-phase and Mg2Si, are shown in Figure 8-18 

of the appendix. For these phases the Pandat and FactSage calculations are almost identical at the onset of 

phase formation. The onset and amount of T-phase shifts from around 410 °C to 390 °C as the Si content 

in the alloy increases. This is due to the consumption of Mg by the formation of Mg2Si. As with the T-

phase, the prediction for Mg2Si formation is almost identical for both equilibrium calculations. While the 

amount of Mg2Si formed is about 0.3 wt % at low Si content, it increases to about 1.5 wt % at an Si content 

of 0.5 wt %. As the Si content increases, the precipitation onset temperature also increases from about 

550 °C to 570 °C. The formation of Mg2Si always occurs in the presence of a liquid phase. This effectively 

means that once formed, Mg2Si cannot be dissolved back into solid solution without the presence of a liquid 

phase. Therefore Mg2Si must be considered as a potentially harmful primary phase in this alloy system. 
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Figure 8-6: Thermodynamic equilibrium calculations of Fe-containing phases for samples with different Si and Fe 

content. Comparison of the results after FactSage and Pandat for Al13(Fe,Mn)4 (written as Al3Fe) (a) and (b); 

Al6(Fe,Mn) (c) and (d) and Al(Fe,Mn)Si (e) and (f) 

In addition to equilibrium calculations, Scheil cooling simulation was simulated with both FactSage and 

Pandat to determine phases occurring during the solidification procedure (displayed in Figure 8-19 of the 

appendix). Both calculations predict eutectic T-phase formation. Other phases predicted by FactSage after 

solidification are Al13Fe4 and Al6Fe and Mg2Si as shown in a previous studies [62]. According to Pandat, the 
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only phases appearing besides eutectic T-phase are Mg2Si and Fe- and Si-bearing IMPs, called Al(FeMn)Si 

in the following. The composition of the alloy used has no influence on the types of phase predicted, but it 

does influence their quantity and the start of their occurrence. 

After casting under the various cooling conditions, the microstructure of the slabs was investigated by SEM-

EDX measurements. Because the microstructure in the as-cast state is inhomogeneous, large areas of up to 

75 mm2 were studied. The micrographs in Figure 8-7 show representative areas of the samples; overview 

area scan images can be found in the supplementary materials section (SI). The features identified in the 

alloys were: shrinkage pores from solidification (1); eutectic T-phase segregation zones (2); Fe-bearing IMPs 

(3); Si-bearing IMPs (4); and Fe- and Si-bearing IMPs (5). For better visibility, EDX mappings of Fe 

(magenta) and Si (red) are shown as an overlay to the backscattered electron (BSE) micrographs. Si-bearing 

IMPs also contain Mg and are therefore identified as Mg2Si. IMPs containing Fe and Si are named 

Al(Fe,Mn)Si phases in accordance with the phases predicted by equilibrium calculations. 

The eutectically solidified T-phase segregations have the same composition for all alloys produced, which 

is measured multiple times by EDX to: 24.9±1.4 at. % Mg, 4.5±0.7 at. % Cu, 11.4±1.2 at. % Zn and 

59.3±3.1 at. % Al. The composition of the T-phase segregation zones is of paramount importance as these 

zones may form an unexpected liquid phase during homogenization, which means the heating rate must be 

chosen such that the segregation zone is able to dissolve back into the matrix before melting phenomena 

occur [63]. According to FactSage equilibrium calculations, the observed segregation zone is predicted to 

melt at a temperature of 435 °C. Therefore a low heating rate was selected for the subsequent 

homogenization treatment, in order to dissolve the segregation zone into the matrix and suppress melting 

phenomena. 

Mg2Si is present in all alloys. While samples with low Si content have small scattered and spherical 

precipitates, the size and number of Mg2Si particles increases with increasing Si content. The morphology 

of the Mg2Si particles is unaffected by the cooling rate and shows a branched arm-like structure. The impact 

of the cooling rate is, however, evident in that the slower the cooling condition is, the greater is the increase 

in phase size. 

In samples with low Fe content, the Fe-bearing phases exhibit almost the same morphological appearance 

as Mg2Si. The spherical Fe-containing phases increase in size with a decreasing cooling rate but do not 

change significantly in appearance. Where there is higher iron content, however, the morphology of the 

phases appearing changes drastically in dependence on the cooling condition. At high cooling rates the Fe-

bearing phases are very small, and have a spherical, skeletal structure. In BSE micrographs they are difficult 

to distinguish from segregation zones, as they show almost identical contrast levels. The Fe-phase 

appearance does not change with the variation of Si, they are present as long shaped plates and Chinese 

script structures. The only difference is the more frequent occurrence of Fe/Si overlaps (Al(Fe,Mn)Si-

phases) in Fe↑-Si↑ samples. These overlaps are more pronounced at intermediate cooling rates than in the 

slowly cooled samples. It is noteworthy that the morphology of the Fe-bearing phase does not correlate to 

the presence of Si. At slow cooling rates the primary phases often have a block-like appearance with sharp 

edges, indicating very stable structures. 
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Figure 8-7: SEM-BSE micrographs of the alloys produced, in the as-cast state with Fe- and Si-mapping as overlays. 

The features found are shrinkage voids in black (1), segregations zones in light grey (2), bright Fe-bearing phases 

colored cyan (3), black Si-bearing phases in black colored red (4) and Fe/Si-bearing phases in light grey with blue and 

red overlay (5) 

After casting, homogenization was performed at 480 °C at a slow heating rate sufficient to dissolve T-phase 

segregation prior to melting. To not compromise evaluation of Fe-bearing IMPs by T-phase precipitation, 

the samples were quenched after homogenization to suppress the re-formation of T-phases. Again, 

representative micrographs of the samples after homogenization are shown in Figure 8-8 (large-scale images 

can be found in the SI). For better visibility of the Fe- and Si-bearing phases, the BSE micrographs are again 

overlaid with Fe (cyan) and Si (red) EDX mappings. Apart from the dissolution of T-phase back into the 

matrix, all other phases of the as-cast state were also present in the homogenized case. 

In samples subjected to fast cooling conditions, the IMPs start to spheroidize during homogenization. The 

spheroidization of IMPs during the homogenization of rapidly cooled samples is very recognizable in Figure 

8-9a and b. 

Under slow cooling conditions slight phase spheroidization is still observable in the Fe↓-Si↓ sample, but 

when the Fe and Si levels are raised the spheroidization of phases does not take place. 

Under medium cooling conditions and in samples with Si↓, a significant morphology transformation of the 

Fe-bearing IMPs is observed. During homogenization the Fe-bearing IMPs in the Fe↑-Si↓ sample obviously 

disintegrate into small fragments. This is probably due to a phase transformation from Al6(Fe,Mn) to the 
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thermodynamically stable state Al13(Fe,Mn)4, which can be called a 6-to-3 transformation. When the Si level 

is adjusted to the Fe level, this transformation into fragments is no longer observed. The phases retain 

approximately the same size and morphology as in the as-cast state, and a higher frequency of Fe- and Si 

overlaps is detected, indicating an Al6(Fe,Mn) to Al(Fe,Mn)Si or 6-to-alpha transformation. 

At high Si levels, the spheroidization of Mg2Si is only achieved in samples subjected to fast cooling rates 

during solidification. In medium- and slow-cooled samples, the Mg2Si particles retain the same morphology 

and size as they had in the as-cast state, while an additional precipitation on the Fe-bearing IMPs is observed. 

 

Figure 8-8: SEM-BSE micrographs of the alloys produced in the homogenized state with Fe and Si mapping as 

overlays. The features observed are shrinkage voids in black (1), Fe-bearing phases colored cyan (3), Si-bearing 

phases in black and red (4) and Fe/Si-bearing phases in light grey with cyan and red overlay (5) 

 

In samples with raised Si levels additional precipitation of Mg2Si particles at the surface of coarse particles 

is observed, as shown in Figure 8-9. This effect is not limited to Al(Fe,Mn)Si phases, but can also be seen 

at the surface of any type of Fe-bearing IMPs. 
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Figure 8-9: SEM-BSE micrograph of sample Fe↑ - Si↑ subjected to fast cooling conditions after casting (a) and 

homogenization (b) showing the spheroidization of the small IMPs; SEM-BSE micrograph of sample Fe↑ - Si↑ 

subjected to medium cooling conditions after homogenization (c) with EDX mappings of Fe, Mn, Si and Mg 

displaying the precipitation of Mg2Si particles on the surface of the Fe-bearing IMPs 

8.2.3.2 Feature identification  

As the microstructure is very inhomogeneous across the samples, in particular in the occurrence of voids, 

automated feature analysis was carried out to gain a better insight into the phase evolution. Large areas of 

up to 75 mm2 per sample were analyzed to ensure uniformity, and EDX measurements were conducted on 

the features identified; see the SI for the images. Feature types were, based on the grey value and the 

elemental content thresholds, assigned to Mg2Si, voids, T-phase, Fe-bearing IMPs and Fe- and Si-bearing 

IMPs. A categorization of the phases as Al6(Fe,Mn) and Al13(Fe,Mn)4 was not feasible, because the range of 

elemental compositions precludes clear subcategorization. 

The data in Figure 8-10 and Figure 8-11 represent the phase fraction of the identified features together with 

standard error of the mean. The data must be regarded with some uncertainty because some of the particles 

may be misinterpreted as others due to co-excitation effects caused by both particle and beam size. This is 

of particular interest because there are several areas where Fe-phases are integrated into T-phase segregation 

zones and vice versa (they exhibit approximately the same grey value), and Mg2Si particles have precipitated 

on the surface of coarse Fe-bearing phases. The phase fraction of T-phase segregation zones is not shown 

in the graphs; its value is 2.0 ± 0.6% for all samples in the as-cast condition and it fully dissolves into the 

matrix during homogenization. 

The phase fraction of Mg2Si particles for all the samples produced is shown in Figure 8-10a. At low Si levels 

the phase fraction is approximately the same for all samples at 0.2–0.3%, while no change is observed during 

homogenization. When the Si content of the alloy is increased, the phase fraction of Mg2Si increases 
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continuously from 0.9% after rapid cooling to 1.3% after slow cooling. During homogenization, the Mg2Si 

fraction increases further, by about 0.3% in rapidly cooled Fe↑-Si↑ samples and 0.2% in medium- and slow-

cooled samples. This means that supersaturation of Si can be achieved in all samples, with higher efficiency 

at increased cooling conditions. This suggests the possibility of phase modification during subsequent heat 

treatment, and could mitigate the potentially negative impact of primary Mg2Si. 

As seen in the BSE micrographs in Figure 8-7 and Figure 8-8, voids are present in all samples and are 

inhomogeneously distributed in the matrix. The proportion of voids present in the alloys as a function of 

cooling condition is shown in Figure 8-10b. Decreasing colling rates during solidification lead to an increase 

in number and size of voids, their fraction does not change significantly during the homogenization 

treatment. The variations in numbers seen in Figure 8-10b represent the inhomogeneous distribution of 

voids in the matrix. Although large areas were analyzed, the inhomogeneous distribution of voids within the 

matrix only allows a qualitative comparison between cooling rates within the scope of the experiments. 

 

Figure 8-10: Feature analysis with phase fraction and standard deviation of the mean for Mg2Si and voids in the as-

cast and homogenized condition with different levels of tramp element content and different cooling rates 

Figure 8-11a relates the evolution of the Fe-bearing phases to the cooling conditions during casting. In 

samples with low Fe content, this fraction is around 0.7% and below. These values do not depend on the 

cooling rate. During homogenization treatment the fraction decreases slightly, which can be linked to phase 

transformation towards the stable Al13Fe4 condition. 

The amount of Fe-bearing phase increases significantly with an increase in Fe content. In rapidly cooled 

Fe↑-Si↓ samples the precipitation of coarse particles is, with a fraction of about 0.9%, suppressed in contrast 

to medium and slow cooled samples where the fraction of Fe-bearing phases increases to a value of about 

2%. During homogenization the fraction of Fe-bearing phases does not change in rapidly cooled samples, 

but seem to decreas in medium- and slow-cooled samples. As can be seen in Figure 8-7 and Figure 8-8, the 

Fe-bearing phases in the medium-cooled Fe↑-Si↓ sample transform into small fragments during 

homogenization. Therefore a considerable proportion is too small for the 3 µm ECD detection limit applied 

for medium- and slow-cooled samples. A repeated measurement of the medium-cooled Fe↑-Si↓ sample in 

the homogenized condition (marked with an *) generates a higher particle detection rate. Nevertheless, a 
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significant decrease the detected in phase fraction is observed when the Al6(Fe,Mn) phase transforms into 

Al13(Fe,Mn)4. 

Another type of phase transformation during the homogenization treatment is observed in Fe↑-Si↑ samples. 

In the as-cast condition, the Fe-bearing phase fraction increases from below 0.5% in rapidly cooled samples 

to > 2.5% in medium- and slow-cooled samples. The amount of Fe-bearing phase in the medium-cooled 

sample then decreases during the homogenization treatment to approximately the same level as that 

observed in the rapidly cooled sample (around 0.5%). At the same time, the fraction of Al(Fe,Mn)Si phase 

increases during the heat treatment, as shown in Figure 8-10b. This is obviously caused by a transformation 

of the Al6(Fe,Mn) phase into an Al(Fe,Mn)Si phase, which is associated with a slight decrease in volume 

fraction. Such a phase transformation is also observed in the slow-cooled sample, but to a much lesser extent 

due to the coarser phases. 

The amount of Al(Fe,Mn)Si in the as-cast condition in samples with Si↑ after fast cooling, compared to 

other cooling conditions, is high and then decreases with subsequent heat treatment. Even though the 

content of Al6(Fe,Mn) in these samples increases during the homogenization step, no clear statement can 

be made about an reverse effect to that seen in samples subjected to other cooling rates (with respect to the 

standard error of the mean). When the Si content is low Al(Fe,Mn)Si is still present in all alloys, but in 

negligible amounts, as Figure 8-10b shows. 

 

Figure 8-11: Results of the feature analysis of phase fraction, with standard deviation of the mean, of the Fe-bearing 

intermetallics Al6(Fe,Mn) and Al13Fe4 (a) and Fe- and Si bearing intermetallics (Al(Fe,Mn)Si) (b) after the subjection 

to different cooling conditions of cast samples in the as-cast and homogenized conditions. The bar marked with an 

(*) represents a re-measurement with a smaller feature size threshold than the other measurements, to increase the 

detection rate of smaller particles after the 6-to-3 transformation 

Automated feature analysis allows phase identification based on grey values based on BSE images and 

elemental threshold limits. The magnification for these measurements is low and the exact point of 

measurement highly influenced by the shape of the feature. Therefore the elemental content detected should 

be taken as a rough estimate that does not reflect the exact composition. To gain a better understanding of 

the exact phase type, several manual spot measurements of Fe-bearing IMPs were conducted at high 

magnification in all alloys produced. The elemental compositions of the phases obtained and the assigned 

phase are listed in Table 8-5. Because the variation in elemental composition does not differ significantly 
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between samples and is not essentially affected by cooling conditions, the values given represent the mean 

values over all samples. The standard deviation given represents the deviation over all measurements made 

on all samples. 

All observed Fe-bearing phases show a solubility for Cr, Cu and Zn. Zn has to be treated with respect to 

the surrounding matrix. There the Zn content is about 3.5 wt.-%, which is much higher than the values 

found in the phases. Note that the high Al content detected is due to co-excitation of the surrounding 

matrix. Thus the Zn content in the IMPs may be slightly lower than indicated by the measurement. The 

majority of phases observed in the as-cast condition are assigned to Al6(Fe,Mn), with only a few Al13(Fe,Mn)4 

phases. As mentioned above, the content of the latter increases during homogenization, especially in the 

Fe↑ - Si↓ sample subjected to medium cooling. 

During homogenization, more Cu from the surrounding matrix is consumed by all Fe-bearing IMPs. This 

leads to an increase of 1 at.-% Cu in Al6(Fe,Mn) and 0.5 at.-% Cu in the Al(Fe,Mn)Si phase. 

Table 8-5: EDX point measurements of Fe-containing phases for all alloys. Standard deviations correspond to the 

mean values of the phases in each alloy produced [at.-%]; per value at least five measurements were done. 

Assigned phase Condition 
[at.-%] 

Al Si Cr Mn Fe Cu Zn 

Al6(Fe,Mn) 
As cast 84.0±0.6 - 0.2±0 4.2±0.4 9.8±0.6 0.5±0.1 1.1±0.1 

Homogenized 83.2±0.3 - 0.2±0 3.9±0.5 10.2±0.5 1.5±0.2 1.0±0.1 

Al13Fe4 
As cast 77.4±1.4 - 0.2±0.1 2.9±0.4 17.6±1.3 1.6±0.22 0.39±0.4 

Homogenized 77.2±0.9 - 0.2±0.1 3.9±0.4 16.7±0.9 1.8±0.3 0.3±0.1 

Al16(Fe,Mn)4Si3 
As cast 75.7±0.9 3.5±2.0 0.7±0.2 4.8±0.7 13.4±3.0 0.6±0.3 0.3±0 

Homogenized 77.2±0.9 3.3±1.0 0.4±0.1 5.8±0.6 11.5±1.5 1.1±0.3 0.5±0.2 

 

XRD measurements were conducted to additionally quantify the phases, phase transformations and 

precipitation occurrences identified by automated feature analysis and EDX point measurements. XRD 

analysis was carried out on selected samples in the 2θ range of 15–36°, with special effort to detect peaks 

with very low intensities (see Figure 8-12 and Figure 8-13). A full XRD investigation was performed in the 

2θ range of 30–85° on all samples produced in this study, in both the as-cast and homogenized conditions 

(all diffractograms are shown in Figure 8-20 of the appendix). However, the detection limit of XRD methods 

is usually about 2% by volume [64], and the small amounts of intermetallic phases makes it difficult to 

distinguish their diffraction peal from the background noise. 

The samples Fe↑-Si↓ and Fe↑-Si↑ subjected to medium cooling rates were selected, because the cooling rate 

is of industrial relevance and the phase transformations observed are most pronounced in these two alloys. 

The diffractogram of the Fe↑-Si↓ sample subjected to a medium cooling rate in the as-cast condition and 

after homogenization is displayed in Figure 8-12. The phases identified are Mg2Si [65], T-phase 

(Mg32(Al,Zn)49) [66],  Al6Fe [67], Al6(Fe,Mn) [68] and Al13Fe4 [69]. Mn and Fe in Al6Fe are isostructural [70], 

but a change in composition leads to a slight shift in the peak position of this phase. This is most evident in 

the plateau forming at about 34°, which indicates the presence of several metastable phases. During 
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homogenization the peaks become sharpened as the phases transform into a more stable condition with a 

more uniform composition. The XRD measurements also provide an indication of the occurrence of the 6-

to-3 phase transformation from Al6Fe to Al13Fe4. While the overall height of the peaks of Al6(Fe,Mn) 

decreases during homogenization, the peaks of Al13Fe4 increase. It should be noted that due to the crystal 

structure of the phases, the theoretical peak intensity of Al13Fe4 is very low compared to that of more 

complex phases such as Al6Fe or T-phase. Therefore the minor changes in intensity need to be seen with 

respect to the very low intensity of the phase overall. In addition, peaks for T-phase particles disappear 

during homogenization treatment because the phase is dissolved back into the matrix and not reprecipitated 

due to water quenching. 

 

 

Figure 8-12: XRD diffractogram of the Fe↑-Si↓ sample subjected to a medium cooling rate in the as-cast and 

homogenized condition. During homogenization the peak of Al6(Fe,Mn)/Al6Fe decreases, while the peak of Al13Fe4 

increases 

The diffractograms shown in Figure 8-13 displays the change in phase type during homogenization of the 

Fe↑-Si↑ sample subjected to a medium cooling rate during casting. The phases identified are of the same 

type as found in the Fe↑-Si↓, except that instead of Al13Fe4 a cubic Al16Mn4Si3 phase [71] is seen. The latter 

has a solubility for Fe [72], and can be written as α-Al16(Mn,Fe)4Si3. In the as-cast condition this α-phase has 

a minor appearance, but it increases significantly upon the homogenized condition, as also indicated by 

feature analysis (see Figure 8-11). The 6-to-alpha transformation from Al6(Fe,Mn) to the alpha phase is thus 

confirmed by the XRD measurements. 

The intensity of Mg2Si peaks increases during homogenization treatment as more phase is precipitated, 

especially at the surface of coarse IMPs. 
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Figure 8-13: XRD diffractogram of the Fe↑-Si↑ sample subjected to a medium cooling rate in the as-cast and 

homogenized condition. During homogenization the peak of Al6(Fe,Mn)/Al6Fe decreases, while the peak of 

Al16Mn4Si3 increases 

8.2.3.3 Processing 

Hot rolling was performed after homogenization and for these alloys commonly done at a temperature of 

about 400 °C. Microstructural examination of the alloy after hot rolling reveals the behavior of the primary 

phases during this process. The fact that the phase fraction and size of IMPs in Fe↓-Si↓ samples are 

negligibly small ensures good workability. The small size of IMPs in all rapidly cooled samples facilitates 

good processability, while the coarse particles and higher number of voids in slow-cooled samples make for 

insufficient processability. Therefore only samples with high iron content and industrially relevant medium 

cooling conditions were investigated. 

The micrographs in Figure 8-14 show the two cases observed. In the first (Fe↑-Si↓, medium cooling rate; 

Figure 8-14a), the size of the primary particles is successfully reduced by the 6-to-3 transformation, despite 

the high Fe content. The small particles are predominantly oriented in the rolling direction and do not affect 

the integrity of the material during rolling. When the Si level is increased to the high Fe level, the occurring 

6-to-alpha transformation does not result in a major change in morphology of IMPs. The effect of this on 

rolling is shown in Figure 8-14b using the example of Fe↑-Si↑ under medium cooling conditions. Here the 

coarse primary phases become the starting points for crack formation: cracks typically form at a 45 ° angle 

to the rolling direction and progress along the coarse primary phases. 
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Figure 8-14: SEM-BSE micrographs of crossover material with Fe↑-Si↓ (a) and Fe↑-Si↑ (b) under medium cooling 

conditions after hot rolling at ≈ 400 °C 

It should be noted that not all the particles seen in Figure 8-14 represent Fe- and Si-bearing IMPs. 

Automated feature analysis of the samples reveal a fraction of 2.7 ± 0.5% T-phase after hot rolling, which 

increases further to 4.8 ± 0.5% T-phase in the finished cold-rolled product. The mean values given represent 

characteristic measurements of the Fe↑-Si↓ and Fe↑-Si↑ samples at medium conditions. These 

measurements are in good agreement with each other, as the amounts of Mg, Zn and Cu are the same in 

both alloys.  

All the alloys produced were processed into finished cold-rolled 1.2 mm sheets, regardless of the surface 

defects introduced during the rolling process. In order to achieve the desired cold rolling degree (CRD), 

rolling was combined with intermediate annealing at 370 °C for 1 h. Overview images of the finished sheet 

material are shown in Figure 8-15. The images are displayed together with representative images of the 

phases present in the alloys after casting and homogenization. This is because the phase morphology in the 

homogenized condition was found to be vital for the processability of the alloy. 

The surface quality and rolling capability change dramatically according to the cooling rate and the Fe/Si 

ratio. The processability of samples with high Fe/Si ratios or overall low tramp element content is 

satisfactory at fast and medium cooling rates. Samples with simultaneously high Fe and Si content can only 

be successfully rolled in the rapidly solidified condition. Two different phase morphologies are visible in 

each case. Samples showing successful processability inherit small, dispersed Fe-containing IMPs after the 

homogenization treatment. Samples showing poor processability and delamination, as seen in medium- and 

slow-cooled Fe↑-Si↑ samples, contain large blocky phases after heat treatment. 
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Figure 8-15: Tramp element phases found in the alloys produced under both the as-cast (a) and homogenized (b) 

conditions with different cooling rates applied during casting. Where the phases are not spheroidized and reduced in 

size during homogenization the processability of the alloy is negatively affected, as shown in the 1.2 mm cold-rolled 

sheet material photographs (c) 
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This study reports on the effect increased Fe and Si content has on the microstructure evolution and 

processability of novel 5/7 crossover alloys. Its main findings can be summarized as follows: 

• Thermodynamic calculations after Scheil using FactSage and Pandat software both predict T-phase 

segregations, but disagree in terms of the IMPs predicted. While FactSage predicts Al13Fe4, Al6Fe 

and Mg2Si, Pandat calculations predict an Al(Fe,Mn)Si phase.  

• The thermodynamic equilibrium calculations of FactSage and Pandat are inconsistent with one 

other. According to Pandat the 6-to-alpha transformation and the 6-to-3 transformation can be 

achieved at a homogenization temperature of 480 °C, while FactSage predicts the co-existence of 

Al13Fe4 and Al6Fe. 

• The IMP phase morphology depends strongly on the cooling condition during casting. Fast cooling 

leads to small phases whose size increases with decreasing cooling rate. 

• Homogenization after fast cooling results in spheroidization, while phases after slow cooling are 

stable and do not significantly change their shape. IMP phase transformation is dependent on both 

the Fe/Si ratio and the cooling condition. This is particularly noticeable at medium cooling rates. 

In Fe↑-Si↓ a 6-to-3 transformation is observed with a simultaneous decrease in IMP size and 

fraction, while in Fe↑-Si↑ a 6-to-alpha transformation takes place, with a decrease in quantity but 

no pronounced change in morphology. 

• The processability of the 5/7 crossover alloy depends strongly on the size of the IMPs in the alloy. 

Small IMPs generate good rollability, and coarse IMPs lead to crack formation during hot rolling. 

Solidification rate has a major influence on the occurrence of spheroidization. At higher cooling rates, the 

IMPs are rather small and show slightly rounded corners due to an increased nucleation rate and limited 

growth time. During the subsequent homogenization treatment the phases do not grow significantly. They 

remain approximately the same size but spheroidize. The tendency to spheroidize is caused by instabilities 

at the interface between the IMP and the matrix, i.e. the increased interface energy [73,74]. At slower cooling 

rates, the phases grow and form more stable surfaces because the atoms have more time to arrange 

themselves into a more stable, ordered state closer to equilibrium. Higher cooling rates can also result in 

phases with more defects and fewer stable phases. [75,76] 

According to feature analysis, EDX point measurements and XRD analysis, two IMP transformations occur 

during homogenization treatment in the 5/7 crossover system with high Fe content. These transformations 

depend on the Si level of the alloy. The 6-to-3 transformation and the 6-to-alpha transformation observed 

are both in good agreement with Pandat equilibrium calculations. These phase transformations are most 

visible in alloys subjected to industrially relevant medium cooling rates during direct chill casting. They are 

shown in Figure 8-16. 

The transformation process from the metastable Al6(Fe,Mn) phase to the stable Al13(Fe,Mn)4 condition is 

illustrated in Figure 8-16a for the Fe↑-Si↓ sample after medium cooling conditions. This 6-to-3 

transformation is reported as a decomposition process where the metastable phase decomposes to Al13Fe4 

and Al [77], or a nucleation process where the Al13Fe4 phase nucleates at the surface of the nearest area 
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around the Al6(Fe,Mn) particles. The nucleation process involves a simultaneous dissolution/precipitation 

event. In this case the transformation of 6-to-3 is controlled by the diffusion rate of Fe in the matrix [41] 

and may already occur at temperatures of 400 °C [78]. As seen in Figure 8-16a the Al6(Fe,Mn) phase (dark 

grey) decomposes into Al13(Fe,Mn)4 (light grey), but the round shaped surface of the phase may be 

interpreted as evidence of dissolution. As seen in the overview images provided in the supplementary 

section, a homogeneous distribution of Al13(Fe,Mn)4 needles is found preferentially in the region of grain 

boundaries. This is to be expected, because grain boundaries act as favoured diffusion paths for the Fe 

atoms. The 6-to-3 transformation follows the equation 4Al6(Fe,Mn) → Al13(Fe,Mn)4 + 11Al. Taking into 

account the molecular weight of the composites and a density of Al6(Fe,Mn) with 3.35 g/cm3 and 

Al13(Fe,Mn)4 with 3.99 g/cm3, a reduction in volume of IMPs of about 45% is to be expected. Comparing 

the feature analysis values for the Fe↑-Si↓ sample subjected to a medium cooling rate in the as-cast and re-

measured homogenized condition generates a decrease in volume of ≈ 23 %. Note that a re-assessment of 

all microphases was performed using ImageJ software. According to this procedure, the Fe↑-Si↓ sample 

contains a fraction of 4.6% and 1.4% of particles brighter than the matrix in the as-cast and homogenized 

conditions, respectively. Considering the 2% of T-phase, as measured by automated feature analysis in the 

as cast condition (also brighter than the matrix), and that only Fe-bearing IMPs are brighter than the matrix 

after homogenization, the decrease in volume is calculated as 46%. In view of the measurement uncertainties 

and the fact that not all of the Al6(Fe,Mn) was transformed, the metallographic values confirm the decrease 

in volume surprisingly well. 

In Fe↑-Si↑ samples subjected to medium cooling conditions, a greatly increased quantity of Al(Fe,Mn)Si 

phases is observed after homogenization, while the fraction of Al6(Fe,Mn) particles is significantly reduced. 

This is assumed to be the result of a 6-to-alpha transformation, which is validated by XRD measurements 

(see Figure 8-13). However, in this process the IMPs do not significantly change in size and morphology. 

The course and evolution of the 6-to-alpha transformation can be understood well by comparing the phase 

fractions of the different cooling rates. The sample subjected to the fast cooling rate contains Al(Fe,Mn)Si 

as the main Fe-bearing IMP, with a fraction of about 0.6%, while the fraction of Al6(Fe,Mn) is comparatively 

low, with a value of 0.4%. The preferential formation of Al(Fe,Mn)Si by accelerated cooling is also reported 

by Liu et al [79]; they found a metastable Al(Fe,Mn)Si phase as the main Fe-bearing phase. According to 

Liu et al [79] the solidification front is enriched with Si during rapid cooling and reaches the threshold for 

the formation of the quaternary Al(Fe,Mn)Si phase. During the homogenization treatment, part of the 

Al(Fe,Mn)Si phase transforms into Al6(Fe,Mn). This is caused by the slow heating process in a temperature 

region where Al6(Fe,Mn) is the more stable phase. As Si is already consumed by the Al(Fe,Mn)Si phase 

during casting and the formation of Mg2Si, the 6-to-alpha transformation is no longer feasible at the 

homogenization temperature due to the lack of free Si in the alloy. Therefore, the Al(Fe,Mn)Si phase fraction 

decreases during heat treatment while the Al6(Fe,Mn) fraction increases in the fast cooled Fe↑-Si↑ sample. 

This phenomenon is reversed in samples subjected to slower cooling rates during casting. Here the cooling 

rate is suitable for the formation of Al6(Fe,Mn). This is reflected by the low Al(Fe,Mn)Si fraction of < 0.1% 

in medium- and slow-cooled samples compared to > 1.5% Al6(Fe,Mn) in the as-cast condition (see Figure 
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8-11). During subsequent heat treatment Si diffuses into the Al6(Fe,Mn) phases, resulting in the 6-to-alpha 

transformation. This has been extensively studied by Alexander and Greer in the 3xxx alloy system 

[46,47,80]. They found that no detectable Si enrichment was present in the areas around the Al6(Fe,Mn) 

particles after casting. However, during subsequent heat treatment most of the phases transform to the 

alpha phase, which is controlled by the diffusion of Si in the matrix [80]. 

Our XRD analysis identified the alpha-Al(Fe,Mn)Si by the Al15MnSi3 phase [81]. In this phase Mn can be 

replaced by Fe to a large extent. The Si content in the phase is also variable, with the lowest values found 

when Fe replaces more than 80% of Mn [82,83]. The phase transformation occurs on the Al6(Fe,Mn)/Al-

matrix interface. Subsequently the Al(Fe,Mn)Si phase covers the Al6(Fe,Mn) phase like a shell and slows 

down the diffusion and further phase transformation [84], as seen in Figure 8-16b. In diffusion-controlled 

transformations like that discussed here [48,80] the rearrangement of atoms within the phase is gradual and 

controlled, meaning that the crystal structure changes slowly from one configuration to another [85]. This 

effectively means that the change in crystal structure does not necessarily involve a change in morphology. 

The Al(Fe,Mn)Si phase is harder than the Al6(Fe,Mn) phase, generating a hard-shell / soft-core structure 

[48]. While in 3xxx series alloys this is deployed as an advantage for cleaning the die during drawing, the 

high hardness of the phase causes massive negative effects in the system discussed here as it is more prone 

to cracking. [86] 

The 6-to-alpha transformation follows the reaction 4Al6(Fe,Mn) → Al16(Fe,Mn)4Si3 + 8Al. With a density 

of the Al16Mn4Si3 phase of 3.63 g/cm3 and the composition, a reduction in volume of 21% is expected. By 

analysing all SEM/BSE images taken using ImageJ and considering a 2% T-phase in the as cast condition, 

a decrease in volume of 25.5% is calculated, which agrees with the expected volume decrease. 

 

Figure 8-16: SEM/BSE micrographs of phases after homogenization treatment at 480 °C. In Fe↑ - Si↓ samples (a) 

the transformation of Al6(Fe,Mn) (dark grey) to Al13(Fe,Mn)4 (light grey) is visible. In the Fe↑ - Si↑ (b) alloy the 

transformation of Al6(Fe,Mn) (dark grey) into an Al(Fe,Mn)Si phase (light grey) is visible 

Apart from the core/shell phase transformation, another possible cause of phase stabilization during 

processing in the Fe↑-Si↑ sample at intermediate cooling rates is the formation of Mg2Si at the surface of 

the Fe-bearing IMPs. It is well known that stable and coarse equilibrium Mg2Si particles nucleate on coarse 

primary phases which contain elements such as Fe, Mn and Si [87,88] (see Figure 8-9c). According to 
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simulations applying the ClagN precipitation model this precipitation occurs simultaneously with the 6-to-

alpha transformation [89]. For 5xxx-series alloys homogenization at temperatures > 500 °C is reported to 

dissolve this phase back into the matrix [42,89,90]. This is not feasible in our alloy system because melting 

starts at temperatures of about 500 °C. 

At high Fe content, the Si level is identified as the major decisive factor for the processability of the alloy. 

This is shown schematically in Figure 8-17. 

 

Figure 8-17: Schematic of the possible phase transformation paths and their outcomes in Al-Mg-Zn-Cu alloys. At 

raised Fe content and medium cooling rates the phase transformation path during homogenization is dependent on 

the Si content in the alloy 

An increased Fe content combined with a high Si content leads to the primary precipitation of both Fe-

containing intermetallic phases and Mg2Si. 

However, at slow and moderate solidification combined with a simultaneously high Fe and Si content, no 

microstructure formation can be achieved that ensures satisfactory rollability. The 6-to-alpha phase 

transformation (Al6(Fe,Mn)→Al(Fe,Mn)Si) controlled by Si diffusion observed during homogenization 

does not lead to any favorable morphological change in the IMPs. Consequently, in order to avoid the 

simultaneous presence of a high Fe content and a high Si content during large-scale processing of 5/7 

crossover alloys, it is necessary to consider the composition of the recycling materials used to produce novel 

5/7 crossover alloys. 
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8.2.4 Conclusion 

This study provides a comprehensive investigation of the microstructural evolution and processability 

of 5/7 crossover aluminum alloys containing various amounts of Fe and Si and subjected to various cooling 

rates upon casting. At low tramp element content, processability is always a given because the IMPs which 

form are small and few in number. At raised tramp element content, processability depends strongly on the 

Fe/Si ratio and the cooling condition, as follows: 

• Fast cooling (approx. 60 K/s) during processes such as thin strip casting enables good 

processability, independent of the amount of tramp element content. This is due to small phases 

formed during the casting process which spheroidize further during the homogenization 

procedure, as seen in Fe↑-Si↓ samples. 

• Medium cooling (approx. 3 K/s) during direct chill casting mainly results in coarse, Chinese-

script-like Al6(Fe,Mn) phases which transform further during homogenization treatment in 

dependence on the Fe/Si ratio. In Fe↑-Si↓ samples, the 6-to-3 transformation observed 

(Al6(Fe,Mn) → Al13(Fe,Mn)4) is accompanied by a decrease in particle size, leading to good 

rollability of the alloy. In contrast, in Fe↑-Si↑ samples a 6-to-alpha transformation 

(Al6(Fe,Mn) → Al(Fe,Mn)Si) generated a hard-shell / soft-core structure in the Chinese-script 

phase, with a highly detrimental impact on the rollability of the alloy. 

• Slower cooling rates (< 1 K/s) allow the primary phases to grow to into stable, coarse and block-

like structures. Phase transformation during homogenization is partly suppressed, with a major 

detrimental impact on rollability. 

In the commercial processing of AlMgZn(Cu) crossover alloys via continuous casting, the above study 

indicates that homogenization combined with a controlled Fe/Si ratio contributes significantly to the 

successful processing of these alloys in rolling processes. 
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8.2.5 Appendix 

 

Figure 8-18: Thermodynamic equilibrium calculations for T-phase (a) and Mg2Si (b) formation according to FactSage 

and Pandat 
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Figure 8-19: Thermodynamic calculations after Scheil of Fe-containing phases, T-phase and Mg2Si for samples 

containing various amounts of Si and Fe. Comparison of the results for Fe-bearing IMPs according to FactSage (a) 

and Pandat (b). Comparison of T-phase and Mg2Si according to Factsage (c) and Pandat (d) 
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Figure 8-20: XRD-diffraction pattern of all samples in the as-cast and homogenized states. The different colors of 

the lines correspond to the different cooling conditions from casting 
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9 SUMMARY AND OUTLOOK 

The pursuit of carbon neutrality has necessitated the adoption of more sustainable practices and materials 

in various industries, with aluminum being a key focus due to its lightweight properties and widespread use 

in the transportation sector. However, primary aluminum production is highly energy-intensive, 

contributing significantly to global CO2 emissions. Recycling offers a more sustainable alternative, 

consuming substantially less energy. Nonetheless, the integration of recycled aluminum presents challenges, 

particularly with the increase in impurities such as iron and silicon, which can adversely affect the material's 

quality and performance. 

The thesis is supporting an accelerated industrial establishment of 5/7 crossover alloys by exploring several 

critical aspects of these novel alloys: (i) the effect of heating and cooling rates by simulation of industrial 

heat treatment processes, (ii) identification of unique properties of 5/7 crossover alloys, (iii) accelerated 

quality measurements and (iiii) the impact of higher recycling content with a comparison of lab-scale and 

industrial scale.  

The study on heating and cooling rates revealed that these alloys exhibit low quench rate sensitivity, enabling 

the potential use of hot forming followed by age hardening treatments. This insight is crucial for industrial 

applications where uniform cooling conditions are challenging to maintain. Examination of the grain 

structure in the cold-rolled state revealed micron-sized T-phase particles, which could be utilized via particle-

stimulated nucleation to form a fine-grained microstructure suitable for superplastic forming operations. 

These findings paved the way for the first prototyping of industrial Crossalloy.57.  

Traditional microscopic etching methods were found to be inadequate due to the fine grain size of the 

alloys. An innovative approach involving the modification of grain boundary chemistry was developed, 

enhancing the etchability of the alloys without altering the grain size. This advancement significantly 

improves the feasibility of quality control in an industrial setting. The sustainability aspects of 5/7 crossover 

alloys were also investigated, focusing on the effect of increased Fe and Si content on the mechanical 

behavior of the alloys, both at the laboratory scale and in near-industrial simulations. The study highlighted 

the importance of understanding the phase formation and nature of these impurities to develop strategies 

for their management. The results demonstrated that with appropriate alloy design and processing 

techniques, the detrimental impacts of increased impurity concentrations could be mitigated, even at 

industrial feasible cooling conditions. 

The development of 5/7 crossover alloys mark a significant advancement in aluminum metallurgy, offering 

a sustainable solution to the strength-ductility trade-off. This innovation can not only reduce the 

environmental impact associated with aluminum production but also supports the circular economy by 

potentially maximizing the use of end-of-life scrap. Future research and development should focus on 

optimizing industrial processes, advanced alloy design, sustainability assessments, industrial prototyping and 

applications, quality control innovations, and policy and industry collaboration. Continued refinement of 
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industrial heat treatment processes is essential to fully exploit the potential of 5/7 crossover alloys. This 

includes optimizing cooling rates and heat treatment schedules to enhance mechanical properties and ensure 

consistency across large-scale production. Further exploration of alloying elements and their interactions 

with Fe and Si impurities can lead to the development of broader alloy compositions with even better 

performance characteristics. Understanding the fundamental mechanisms of impurity management can 

enable the design of alloys that can tolerate higher levels of recycled content. 

Furthermore, a comprehensive life cycle assessments (LCAs) of 5/7 crossover alloys should be conducted 

to quantify their environmental benefits compared to traditional alloys. This includes evaluating the entire 

production chain, from raw material extraction to end-of-life recycling.  
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10 APPENDIX 

Table 10-1: Usage of AI 
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