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1. Introduction 

1.1 Background 
Aluminum and aluminum alloys are probably the most ideal materials for extrusion, and 
they are the most commonly extruded. Most of commercially available aluminum alloys can 
be extruded. Principal applications include parts for the aircraft and aerospace industries, 
pipes, wires, rods, bars, tubes, hollow shapes, cable sheathing, for the building, automotive 
and electrical industries. Sections can be extruded from heat-treatable or non-heat treatable 
low-, medium- and high-strength aluminum alloys [1]. 
In the last 30 years, the development of aluminum extrusion technology has, in the main, 
been focused on the billet metallurgy, die design and process control for low- and medium-
strength aluminum alloys in the 6xxx series for architectural applications, in order to 
maximize extrusion speed and at the same time fulfill the requirements in product 
specifications in terms of dimensions, shape, surface and mechanical properties. As a result, 
there is a wealth of information available on the relationship between alloy chemistry, 
microstructure and extrudability of these alloys [2]. In comparison, the fundamental 
knowledge and extrusion technology, especially those for medium- and high-strength 
aluminum alloys in 7xxx series, are rather scarce in the open literature [2]. 
7xxx series aluminum alloys, almost exclusively for air transport applications in the past but 
now increasingly used in the rail and road vehicles, must comply with much more stringent 
performance specifications than 6xxx series aluminum alloys for architectural applications. 
Although many investigations on the behavior of medium- and high-strength aluminum 
alloys at individual processing steps have been performed, systematic research linking all 
these processing steps is lacking, while the extrusion behavior is associated with alloy 
composition and a series of microstructural evolutions throughout the whole chain of 
material processing from casting through homogenization to extrusion. Such research is 
particularly needed for the aluminum extrusion companies that are currently shifting the 
application fields of extrusions from architecture to ground transport where medium-
strength alloys (7003, 7005, 7010, 7020, 2011, 2017 and 2618) and high-strength alloys (7049, 
7050, 7075 and 2024) are increasingly used. This chapter concerns one of the mostly used 
medium-strength alloys, AA7020, as a representative of Cu-free 7xxx series aluminum 
alloys. Table 1 shows the nominal chemical composition of the AA7020 aluminum alloy.  

www.intechopen.com



 
Recent Trends in Processing and Degradation of Aluminium Alloys 

 

478 

Element Si Fe Cu Mn Mg Zn Ti Cr Zr Al 

Wt. % <0.35 <0.35 <0.2 0.05 – 0.5 1.0 – 1.4 4.0 - 5.0 Zr + Ti = 0.08-0.25 0.1 – 0.4 0.08 – 0.20 Bal. 

Table 1. Nominal chemical composition of the AA7020 aluminum alloy 

It should be noted that despite a broad range of applications, the AA7xxx series alloys have 
a number of characteristics that are not favorable for material processing, for example, low 
extrudability, high extrusion pressure required together with low solidus temperature 
which can cause incipient melting, makes their production at low throughputs. In addition, 
in the 7xxx series aluminum alloys including the AA7020 alloy, due to the long solidification 
interval (the temperature gap between the liquidus and solidus), microsegregation tends to 
be significant and homogenization needs lots of time, which causes the formation of second 
phase particles, some of which may be detrimental to the hot workability of the alloy as well 
as its final mechanical properties. Furthermore, the formation of a peripheral coarse grain 
structure is quite common in these alloys which can significantly degrade the mechanical 
properties. These issues will be discussed as limiting factors in the extrusion of the AA7020 
aluminum alloy. 

1.2 Limiting factors in the extrusion of AA7020 
Numerous limiting factors, e.g., the formation of defects, low extrudability and the 
complications in the final microstructure of the product in 7xxx series aluminum alloys can 
impair the productivity of the extrusion process [2]. Most of the limiting factors are directly 
or indirectly related to the chemical composition, metallurgical features formed DC casting 
and evolving during the homogenization treatment, and extrusion conditions [2]. Using an 
optimum chemical composition within the allowance range of a specific alloy, in 
combination with optimum homogenization and extrusion conditions can result in a 
significant increase of the extrudability of the material and improvement of the mechanical 
properties of the final product. This requires the knowledge of the factors presented below, 
i.e., hot workability and peripheral recrystallization, both of which are strongly dependent 
on chemical composition of the alloy and the homogenization treatment. 

1.2.1 Hot workability 
For wrought aluminum alloys, hot workability is an important index of manufacturability. It 
refers to the capacity of an alloy to withstand hot deformation at a maximum rate without 
inducing flow non-uniformity or structural defects. If translated into extrusion (termed 
extrudability), it is defined as the maximum speed for a sound extrudate with sufficient 
dimension and shape accuracy. Hot workability is in fact affected by all parameters affecting 
the fracture of the material under processing [1]. It is strongly dependent on the size and 
density of second-phase particles which are in turn dependent on the chemical composition 
and homogenization treatment. On the other hand, compressive stresses superimposed on 
shear stresses during the deformation process can have a significant influence on closing 
small cavities or limiting their growth and thus enhancing workability. Because of the 
important role of the stress state, it is not possible to express workability in absolute terms. 
Workability depends not only on material characteristics but also on process variables, such 
as strain, strain rate, temperature, and stress state [1]. In other words, extrudability can be 
deteriorated by two factors: (i) unfavorable processing conditions and (ii) the presence of 
large second-phase particles. 
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Investigation of the effect of processing conditions on the hot workability of AA7xxx series 
aluminum alloys is out of the scope of this chapter. However, the effect of particles which 
would deteriorate the hot workability of the alloy is the main subject of this chapter.  
High-strength aluminum alloys (7xxx series) are known for having rather poor hot 
workability due to the presence of dissolved and later precipitated elements in the form of 
large particles that raise flow stress and cause the actual temperature of the extrudate to 
increase above the solidus temperature, leading to hot tearing as shown in Fig. 1. Hot 
tearing represents the separation or failure of the product as a result of a sequence of 
phenomena consisting of local melting, crack formation and final fracture of the product. 
Hot tearing may occur as a result of the presence of large intermetallic particles or even the 
multiplication of the two mentioned factors (local melting and large particles). Therefore, in 
hot extrusion, applicable extrusion speed depends on the alloy composition and the 
microstructure formed during direct-chill casting and developed during homogenization, 
cooling and reheating to the initial billet temperature.  
 

 

Fig. 1. Extreme case of hot tearing in AA7075 aluminum alloy [3] 

In the case of the 7xxx series alloys, the two phases that deteriorate the extrudability are (i) 
compounds of Al-Fe-Mn-Si elements, which are especially important if they are located at 
the grain boundaries and (ii) Al-Mg-Zn-Cu eutectic phases which are mostly located at the 
dendrite boundaries. 

1.2.1.1 Particles composed of Al, Fe, Mn and Si  

It has been proven that in the case of the AA7020 aluminum alloy Al, Fe, Mn and Si-
containing particles have the Al17(Fe3.2,Mn0.8)Si2 stoichiometric composition and are mostly 
located at the grain boundaries and therefore are called GB particles [4]. GB particles 
deteriorate the hot workability of the alloy in addition to mechanical properties since they 
are hard and brittle especially when located at the grain boundary regions. In order to avoid 
the detrimental effects of these particles, they should be dissolved during the 
homogenization treatment. If the particles are not dissolvable, they should be spheroidized.  

1.2.1.2 Particles composed of Al, Mg, Zn and Cu 

During the solidification of the 7xxx series aluminum alloys containing Mg, Zn and Cu, 
some intermetallic particles such as Al6CuMg4, Al2Mg3Zn3, AlCuMg, MgZn2, Al2Cu and 
MgZn2 phases form [5-9]. In addition, mutual solutions of different phases can result in the 
formation of new particles, for example, mutual solid solution of Al6CuMg4 and Al2Mg3Zn3 
compounds (T phase), solid solution between AlCuMg and MgZn2 compounds (M phase), 
solid solution formed by Al5Cu6Mg2 and Mg2Zn compounds (Z phase) and between 
Al2CuMg and Al2Cu compounds (S phase). The investigation of these particles is interesting 
for hot working since they mostly have low melting points, which may result in incipient 
melting during hot deformation. 
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1.2.2 Peripheral recrystallization 
In addition to high flow stress and low solidus temperature, local recrystallization is another 

factor limiting the extrusion window of medium- and high-strength aluminum alloys. For 

ground and air transport applications, a qualified extrudate should not contain any 

undesirable microstructural features, most notably local recrystallized, excessively large 

grains.  

 

   

                                           (a)                                                                             (b) 

Fig. 2. Macrostructures of AA6005 25 mm bar varying with ram speed (mm/s) and billet 

temperature (a) as extruded and (b) after solution heat treatment [10, 11] 

 

  

                                           (a)                                                                             (b) 

Fig. 3. Grain structures of (a) the core and (b) periphery of AA7020 extruded at 450 °C, 3 

m/min and 15:1 [12] 

The microstructure of an extruded aluminum product varies from an unrecrystallized 
fibrous structure to a thoroughly recrystallized fine or coarse grain structure (Fig. 2), 
depending on the chemical composition, homogenization treatment and extrusion conditions, 
i.e., speed and temperature, and cooling procedure [10, 11]. The most undesirable 
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microstructure is the one with a peripheral coarse grain (PCG) structure [2] which is a well 
known defect in hot extruded aluminum alloys. In this case, the peripheral surfaces of the 
structure are fully recrystallized, having large grains, while the core is composed of 
unrecrystallized elongated grains as shown in Fig. 3.  
PCG degrades the properties of the extruded product such as strength, fracture toughness 
and stress corrosion resistance [2]. It is actually a perpetual problem that extruders encounter 
in meeting the specifications of aircraft alloys that base their strength requirements on 
typical longitudinal properties of the unrecrystallized core and assume implicitly that no 
recrystallized outer band structure is present. It is generally understood that the peripheral 
recrystallization is a complex interplay of billet composition (grain growth inhibitors, i.e., 
Mn, Cr, or Zr), microstructure, deformation conditions and critical temperatures (solvus, 
solidus and recrystallization) [2, 3, 10-12].  

1.3 Application of homogenization treatment 
A homogenization treatment after DC casting for the 7xxx alloys is meant to serve the 
purposes of dissolving second-phase particles and generating disposoids that are able to 
inhibit recrystallization and PCG zone formation. The metallurgical features that occur during 
DC casting and should be studied during the homogenization treatment are presented 
below.  
1. The mechanical properties of extruded products are largely dependent on alloying 

elements present in solid solution. These elements increase the strength mainly through 
solid solution or precipitation hardening [13]. During casting of aluminum alloys, a large 
fraction of alloying elements segregate to the liquid and result in an inhomogeneous 
distribution of alloying elements. Therefore, removal of the inhomogeneous distribution 
of alloying elements on a microscale is of prime importance during the homogenization 
treatment. 

2. Segregation can also result in the formation of eutectic constitutive particles with low 
melting points in the grain boundary regions or inside the grains [14, 15]. As mentioned 
earlier, the presence of low melting point (LMP) phases which may cause incipient 
melting during hot deformation can deteriorate the hot workability of aluminum alloys. 
Therefore, one of the aims of the homogenization treatment is to dissolve LMP phases.  

3. In addition, the formation of some hard particles with sharp edges mostly from 
impurities, e.g., Fe, in combination with some alloying elements such as Mn and Si is 
expected during DC casting. These particles also decrease the hot workability and limit 
the range of process parameters applicable during extrusion [2, 14, 16-19]. Therefore, it 
is necessary to dissolve these particles as well, in order to obtain high mechanical 
properties and extrudability. If the dissolution of these particles is exhibitively energy 
and time consuming, these particles should be spheroidized. 

4. Eliminating the PCG structure or decreasing its extent is of great interest to the 
aluminum extrusion industry. It is generally known that the formation of small dispersoid 
particles can pin the low and high angle grain boundaries and therefore, inhibit 
recrystallization and grain growth. Therefore, an optimum homogenization treatment 
should take the formation of fine, well-distributed dispersoid particles into account.  

1.4 Previous works on homogenization treatment of aluminum alloys 
Although there have been a number of investigations on the homogenization treatment of 
the 7xxx series aluminum alloys in recent years [5-8, 20-26], most of the efforts have been 
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focused on the nature and evolution of the Al2Mg3Zn3 (T), Al2CuMg (S), (CuZnAl)2Mg and 

MgZn2 (η) phases [5-9] and the formation and distribution of dispersoids during 
homogenization [20-26]. In addition, in comparison with other aluminum alloys, the 
information on the 7xxx series aluminum alloys is rather scarce in the literature. Although 
some researchers have studied the microstructural changes and the evolution of the eutectic 
and low melting point phases during homogenization in the case of the 7xxx series aluminum 
alloys, there is still a lack of information in the case of the AA7020 aluminum alloy. 
Moreover, there has been no comprehensive quantitative study on the dependence of the 
particles on homogenization treatment parameters. Most of the investigations are concerned 
with the microstructural evolution and phase transformations during homogenization, 
describing the phenomena in a qualitative manner. For example, Lim et. al. [6] investigated 
the effects of compositional changes and preheating conditions on the evolution of 
constitutive particles, the M, T, S phases and dispersoids in AA7175 and AA7050 alloys. 
Senkov et. al. [27] studied the effect of homogenization treatment on the microstructural 
evolution of four newly developed 7xxx series aluminum alloys to obtain optimized 
conditions. Jackson and Sheppard [14] studied the effect of homogenization treatment on 
the microstructural changes of AA7075, 7150 and 7049 alloys. They focused on the evolution 

of the microstructure, low melting point phases and the M, T, S, Al3Mg2 (b), β, Al18Cr2Mg (E) 
and CrAl7 phases. Fan et al. [28] studied the evolution of microstructure in an Al-Zn-Mg-Cu 
alloy during homogenization. Ciach et. al. [29] conducted theoretical and experimental 
studies on the dendritic structure and its dissolution in aluminum-zinc alloys. However, the 
research on the commercially important AA7020 alloy is scarce. No quantitative 
investigation on the microstructural evolution in AA7020 regarding the grain boundary 
particles and low melting point phases during homogenization has been carried out.  
As mentioned earlier, in addition to the dissolution of particles, dispersoid formation is 
another important aim of the homogenization treatment. Dispersoids exert a retarding force 
or pressure on low angle and high angle grain boundaries, which has a profound effect on 
the behavior of aluminum alloys in terms of recovery, recrystallization and grain growth 
[30]. A large amount of experimental research in addition to modeling efforts [15, 20, 24-26, 
31-42] has been carried out to understand the conditions under which the dispersoids form 
and the effect of homogenization parameters on the evolution of dispersoids, with the aim 
of maximizing the effect of pinning the grain boundaries to retard recrystallization and 
grain growth. Most of the previous research [15, 20, 25, 42] focused on Al3Zr as the only 
dispersoids present in the microstructures of the AA7xxx series aluminum alloys. However, 
the formation of the other types of dispersoids in other series of aluminum alloys has been a 
subject of extensive research. For example, in the AA3xxx series aluminum alloys, the 
formation of Mn-containing dispersoids and their effect on the recrystallization behavior 
were investigated [31-33]. In the AA6xxx series aluminum alloys, different kinds of 
dispersoids, i.e., Zr-, Mn- and Cr-containing ones were found to play individual roles in 
recrystallization inhibition [34-38]. In the case of the AA7xxx series aluminum alloys, the 
formation of Zr- and Sc-containing dispersoids has been investigated [15, 20, 25, 42]. For 
example, Robson et al. [15, 20, 25, 42], investigated the effect of Zr addition on the dispersoid 
formation and recrystallization fraction after hot deformation. It was concluded that using 
an optimum two-step homogenization treatment, a smaller fraction of recrystallization 
could be obtained. Robson [25] further studied the effect of Sc on the formation of 
dispersoids, as Sc was expected to eliminate the dispersoid free zones, as observed in the 
scandium free AA7050 alloy, thus greatly increasing the recrystallization resistance.  
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Comprehensive investigations to characterize Cr- and Mn-containing dispersoids formed in 
the AA7xxx series aluminum alloys during homogenization are scarce, although Cr-, Zr-, 
and Mn-containing dispersoids commonly co-exist in these alloys. Since analyzing all the 
individual dispersoids during the investigations to optimize the homogenization treatments 
is practically impossible, clear characterization of different types of dispersoids with a 
combination of analytical methods is of prime importance. 
The objectives of this research were to determine the effect of homogenization treatment on 
the evolution of the particles, especially the grain boundary and low melting point ones, and 
to establish the correlations of the process parameters such as time and temperature with the 
fractions of these particles in the structure. Thorough investigations were performed on the 
effect of homogenization treatment on the evolution of these particles using optical 
microscopy (OM), X-ray diffraction (XRD) analysis, field emission gun-scanning electron 
microscopy (FEG-SEM), electron probe microanalysis (EPMA) and differential scanning 
calorimetry (DSC) and the results were quantitatively analyzed. The dependence of the 
fractions of the particles in the structure on homogenization parameters was also 
investigated using various quantitative methods. In addition, a comprehensive investigation 
on the formation of Cr-, Zr-, and Mn-containing dispersoids which commonly co-exist in the 
AA7020 aluminum alloy was performed.  

2. Experimental procedure and data processing 

Cubic samples of 2 cm in size were cut from the centre of a direct-chill (DC) cast AA7020 
ingot. The chemical compositions of the variants of the AA7020 alloy used in this study are 
shown in Table 2. Isothermal homogenization treatments were performed in a salt bath at 
temperatures of 390-550 °C for 2-48 h, as shown in Table 3. Following the heat treatments, 
the samples were quenched in water. 
 

 

Table 2. Chemical compositions of the AA7020 alloy variants used in this study 

 

 

Table 3. Homogenization treatment conditions used in this study 
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Optical microscopy (OM) was performed using an OLYMPUS BX60M light microscope on 
the samples etched using Barker’s etchant. Images were analyzed using the Soft Imaging 
Software (SIS) image processor. Three samples in each homogenization condition were 
prepared and the analysis was performed on two images with approximately 6.2 mega pixel 
image quality and the average values are reported. The differences between the measured 
data from different samples and different images are represented by error bars.  
The samples were examined using field emission gun-scanning electron microscope (FEG-
SEM). The optimum operating voltage and current were 10 kV and 1 nA, respectively. With 
these settings, dispersoids as small as 10 nm in diameter could be detected.  
The SEM images of the GB particles after different homogenization treatments were 
quantitatively analyzed to investigate their dissolution during homogenization. 20 GB 
particles were analyzed in each case, and the width was measured and the average value 
calculated. During homogenization at high temperatures, i.e., 510 and 550 °C, some of the 
GB particles were completely dissolved in the structure. The dissolved GB particles were 
also considered in the calculation with a null width. The average initial number density of 

the GB particles in 20 micrographs of the structure was counted to be 2×109 μm-2. The 
average number density of the GB particles after homogenization was also counted 
employing the same method and, if it was less than the average initial number density, 
indicating the full dissolution of some of the GB particles, a zero width was put into the 
calculations. 
Discs having a diameter of 3 mm were punched from the samples and ground down to a 

thickness of less than 60 μm, followed by electro-polishing in a solution of 30% nitric acid 
and 70% methanol cooled to -25 °C in a double-jet polishing unit at 20V.  
Energy dispersive X-ray (EDX) analysis was performed with an analyzer attached to the 
FEG-SEM to determine the chemical compositions of the particles in the as-homogenized 
microstructures. In the case of small particles (< 500 nm), in order to keep the analysis 
volume in the EDX measurements as small as possible, the analysis was performed on TEM 
samples with an average thickness of 100 nm or less.  
Electron Probe Microanalysis (EPMA) was performed using an electron beam with energy 
of 15 keV and beam current of 50 nA employing Wavelength Dispersive Spectrometry 
(WDS). The composition at each analysis location of the sample was determined using the 
X-ray intensities of the constituent elements after background correction relative to the 
corresponding intensities of reference materials. The thus obtained intensity ratios were 
processed with a matrix correction program CITZAF [43]. The points of analysis were 
located on lines with increments of 2 μm and involved the elements of Cr, Mn, Cu and Zr. 
Al was measured by difference. 

A BRUKER-AXS D5005 diffractometer with Cu Kα1 wavelength was used to identify the 
phases present in the as-cast and as-homogenized conditions. Quantitative XRD (QXRD) 
analysis was performed using the direct comparison method [44] to estimate the weight 
percent of the phases in the structure. Application of this method requires the weight 
percent of the phase of interest (i.e., GB particles) in the as-cast structure, as the baseline. To 
calculate the weight percent of the GB particles in the as-cast structure, the surface fraction 
of the GB particles was calculated using FEG-SEM together with EDX analysis. The analysis 
was performed on 20 images at a magnification of 1000 and all the particles present in each 
image were analyzed. Assuming a uniform distribution of the GB particles in the structure, 
the surface fraction can be approximated to be equal to the volume fraction. The volume 
fraction of the GB particles was converted to weight percent using the density of the GB 
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particles (3709 kg/m3 [45, 46]) and the density of AA7020 aluminum alloy (2780 kg/m3 [47]). 
The only assumption made was the density of the other particles (a mixture of various 
phases) other than the GB particles being equal to the density of the AA7020 aluminum 
alloy. 
To determine the volume fraction of particles from the data obtained by optical and SEM 
microscopy, a simple rule was used. It was assumed that the average surface fraction 
measured in a large number of images from different positions in the substrate was 
representative of the volume fraction [48]. It has been mathematically proven that the 
average surface fraction is equal to the volume fraction, provided that an enough large 
number of sections are investigated [48]. In this research, the investigation was performed 
on such a number of images that a constant average value was obtained, being not 
significantly changed by adding another image to the measurements.  
The number density and radii of dispersoids obtained from SEM micrographs are in the 
form of the number of particles on many cross sections in the observation area in 2-D. 2-D 
cross section observations of the volume generally do not directly correspond to the 
coherent values in 3-D. In other words, the average particle diameter and number density of 
particles in each size group of the size distribution are not correct representatives of the real 
numbers in 3-D. The reason is that the crossing plane may not cut the particle in the middle 
and therefore, an observed specific cross section with a constant size may be a cross section 
of a particle which is cut through the middle or a cross section of a larger particle which is 
not cut through the middle. This point is schematically illustrated in Fig. 4 [48]. It can be 
seen that a mono-dispersed system of diameter Dj in 3-D can result in different circular 
sections in 2-D. It is shown in Fig. 5 that particles of large sizes can contribute to increasing 
the 2-D observed number density of particles with smaller sizes depending on the geometry 
of the cutting plane.  
 

 

                                                    (a)                                              (b) 

Fig. 4. (a) Distribution of mono-sized particles of Dj in 3-D and (b) observed A-B cross 
section of the particle distribution in 3-D [48] 

The solution to this problem is to subtract the contribution of large particles to the 2-D 
measured sizes of smaller particles. For this purpose, different methods such as Scheil’s 
method, Schwartz’s method, Schwartz-Saltykov method have been proposed and used [48]. 
These methods can be used to find the distribution of particle sizes from a distribution of 
section diameters. The three methods differ in the details of how the numbers of sections 
contributed by larger spheres are determined. 
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In addition to the methods mentioned above, there are other methods which work with the 
distribution of section areas to determine 3-D particle sizes. Among these methods 
Johnson’s and Johnson-Saltikov methods are well known. Johnson’s derivation is applicable 
only to single-phase structures. However, Saltykov’s improvement of Johnson’s method 
applies to a distribution of particles as well as grain sizes [48]. Since the method is applicable 
for the prediction of grain and subgrain sizes in addition to particles, Johnson-Saltykov 
method was used in this research.  
According to Saltykov’s method [48], the most rational scale for the classification of particles 
(or grain sizes) is a linear logarithmic scale of diameter. Using the Johnson-Saltykov method, 
the analysis and calculations in the logarithmic scale can be simplified and facilitated. An 
advantage of this method is that a size distribution of particles can be obtained directly [48]. 
However, it must be noted that the resulting size distribution graphs will be presented by 
logarithmic size categories.  
Thermal analysis of the as-cast and homogenized materials was carried out by means of a 
DSC analyzer at a heating rate of 20 °C/min over a temperature range of 35 to 700 °C. 
Samples were cubes weighing 12 mg each and Al2O3 powder was used as the reference. The 
analysis was performed under the protection of Ar gas. To ascertain the effect of 
homogenization treatment on the dissolution of the LMP phases the DSC profiles were 
quantitatively processed. For this purpose, the area underneath the peak was correlated to 
the fraction of the LMP phases in the structure [3]. 
 

 

Fig. 5. Contribution of single size particles, i.e., D5 in different 2-D size groups depending on 
the geometry of cutting plane [48] 
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3. The as-cast microstructure 

3.1 Grain boundary (GB) particles 
Low and higher magnification secondary electron FEG-SEM images of the as-cast 
microstructure of an AA7020 aluminum alloy variant (N2) are shown in Fig. 6. The 
constitutive particles elongated along the grain boundaries can be clearly seen. The average 
width of these grain boundary (GB) particles is 640 nm. The perturbations on the surfaces of 
the GB particles are illustrated by arrows in Fig. 6 (b).  
 

   

                                    (a)                                                                                 (b) 

Fig. 6. (a) Low and (b) higher magnification SEM micrographs showing the GB particles in 
the as-cast microstructure (alloy variant N2) [49] 

To determine the compositions of the GB particles, EDX analysis on more than 20 GB 
particles having the same morphology was performed. The results showed that the majority 
of the GB particles had similar compositions, as given in Table 4. By using an image 
analyzing software together with EDX analysis on a large number of different secondary 
phases in the as-cast structure, the  initial fraction of the GB particles with respect to all of 
the secondary phases was calculated to be 74±3 wt.%. 
With XRD analysis, a phase in a mixture can be identified if its volume fraction is higher 
than 5% [44]. The results of the image analysis indicated that the volume fraction of the GB 
particles was close to 7%. Therefore, it was possible to determine the identity of these 
particles using XRD analysis [44]. The results, shown in Fig. 7, illustrate that only one 
secondary phase could be detected, which was Al17(Fe3.2,Mn0.8)Si2 (PDF No. 01-071-4015 
[45]). Comparison of the XRD results with the EDX analysis, as given in Table 4, shows a 
good agreement. 
The chemical composition of thermodynamically stable Al-Fe-Mn-Si compounds may be 
presented by Al16(Fe,Mn)4Si3 or Al15(Fe,Mn)3Si2 [4]. The crystallography of the intermetallic 
phases containing aluminum, silicon, iron and manganese implies that they should be 
considered as phases with multiple sublattices [50]. Therefore, these compounds may be 
simply considered as a solution of the Al-Fe-Si particles and Mn or vice versa. In this case, 
their formation and stability at different conditions obey the thermodynamics of solutions. 
Since Fe and Mn can reside on the same sublattices [50], the Al-Fe-Mn-Si particles can be 
considered Al16(Fe(1-y),Mny)4Si3. From the role of the RT((1-y)ln(1-y)+ylny) term in the Gibbs 
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free energy of solutions [51], it can be stated that a compound with equal values of Fe and 
Mn has the lowest total free energy.  
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Fig. 7. X-ray diffraction pattern of the as-cast material showing the presence of the GB 
particles in the alloy variant N2 [49] 

 

Element Al Fe Mg Si Zn Cu 

EDX 72.1 16.1 2.8 4.3 2.7 2.0 

XRD 62.2 24.2 6.0 7.6   

Table 4. Measured mean compositions (wt. %) of the grain boundary constitutive particles in 
the as-cast material (alloy variant N2) together with the calculated chemical compositions of 
the suggested phase identity based on the XRD analysis 

In the DC-cast AA7020 aluminum alloy, the amount of Fe is larger than Mn in the grain 
boundary regions. The larger amount of Fe may be attributed to the partitioning coefficients 
of Fe and Mn, which result in severer microsegregation of Fe toward the grain boundaries 
and therefore, a higher concentration of Fe in these regions [52]. Fe has a small solid solubility 
in aluminum [52]. Therefore, the excess Fe rather than what is consumed in Al-Fe-Mn-Si 
particles must form other intermetallic compounds. In this case, if y=0.5, in addition to the 
thermodynamically stable Al16(Fe(1-y),Mny)4Si3 phase, some separate Al-Fe-Si and Al-Fe 
particles are expected to form to consume the remaining insoluble Fe at the grain boundaries. 
However, as mentioned above, the solution formation results in a decrease in the Gibbs free 
energy of the system determined by the -RT((1-y)ln(1-y)+ylny) term. Therefore, in this 
system, the stable Al-Fe-Mn-Si particles dissolve some of the excess Fe and form the meta-
stable Al17(Fe3.2,Mn0.8)Si2 particles and the remaining Fe incorporates in other intermetallic 
compounds. The amount of the Fe dissolved in the stoichiometric Al16(Fe(1-y),Mny)4Si3 
particles should be so much that the total energy of the system is minimized by the 
formation of Al17(Fe3.2,Mn0.8)Si2, Al-Fe-Si and Al-Fe particles. The same may be valid for the 
replacement of Si atom with exceeding Al in the compound from the stoichiometric values. 

3.2 Low melting point (LMP) phases 
The presence of the low melting point (LMP) phases in the as-cast structure was determined 
using DSC. The DSC profile of the as-cast structure is shown in Fig. 8. It is clear that there is 
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an endothermic reaction at 576 °C and the melting of the bulk sample occurs at 661 °C. In 
order to ensure that the endothermic peak is associated with the melting of the LMP phases 
rather than their dissolution, two samples were heated at 10 °C higher and lower than the 
reaction temperature, i.e., 566 and 586 °C, for 1 min. DSC analysis of these samples showed 
that, after these treatments, the endothermic reaction still occurred, which indicated that the 
1 min treatment did not result in the dissolution of the corresponding phases.  
 

 

Fig. 8. DCS profile of the as-cast sample (alloy variant N2) at a heating rate of 20 °C/min [53] 

The microstructures of the samples were investigated using field emission gun-scanning 

electron microscope (FEG-SEM). During the analysis, the phases in the as-cast structure, for 

example, Al17(Fe3.2,Mn0.8)Si2 and Al-Fe-Si, were detected whose compositions and 

morphologies were the same as those present in the as-cast structure. The only difference 

observed in the structures was that for the sample treated at 586 °C for 1 min, the 

morphology of the Al-Cu-Mg-Zn particles changed from a round shape in the as-cast 

structure, shown in Fig. 9 (a), to a sponge-like one with perturbations as shown in Fig. 9 (b). 

These morphological changes must be due to the melting of Al-Cu-Mg-Zn particles during 

heating up to 586 °C and re-solidification of the particles upon water quenching. This 

suggests that the endothermic reaction observed in the DSC profile is indeed due to the 

melting of Al-Cu-Mg-Zn particles. The primary elements present in the LMP phases and 

their concentrations are shown in Table 5, based on the EDX analysis. 
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Fig. 9. (a) An Al-Cu-Mg-Zn particle with a round shape in the as-cast structure and (b) a 
sponge-like Al-Cu-Mg-Zn particle with perturbations in sample N2 after heating to 586°C 
for 1 min and water quenching [53] 

 

Element Al Cu Mg Zn 

wt% 57±7 17±3 8±2 6±2 

Table 5. Measured mean composition of the Al-Cu-Mg-Zn particles in the as-cast alloy 
variant N2 

4. Effects of homogenization 

4.1 Microstructural evolution during homogenization 
Fig. 10 shows the optical microstructures of the material (alloy variant N2) after 2 h 
homogenization at different temperatures. Homogenization at 390 and 430 °C led to an 
increase in the volume fraction of particles. At 470 °C, the volume fraction appeared to be 
unchanged, while at 510 and 550 °C, it decreased.  
Fig. 11 shows low and higher magnification secondary electron FEG-SEM images of the 
dominant particles formed during homogenization at 390 °C. The grain boundaries are still 
delineated by the GB particles while the initial continuity of the GB particles shown in  
Fig. 6(a), is deteriorated by spheroidization. Moreover, large needle-shaped and round 
precipitates appear in the structure. Examples of these precipitates together with large  
Al-Fe-Si particles are illustrated in Fig. 11(b). These particles, as pointed at in Fig. 11(a), are 
dispersed inside the grains. EDX analysis on more than 20 particles with similar 
morphologies determined the chemical compositions of these precipitates and the results 
are shown in Table 6. 
It was possible to identify these compounds formed during homogenization at low 
temperatures using XRD analysis. The results given in Fig. 12 (a) show that in addition to 
the previously present GB particles (Fig. 7), new particle are present in the homogenized 

microstructure, i.e., MgZn2 (η) and Mg2Si (β) particles. However, the XRD pattern of the 
sample homogenized at 550 °C, presented in Fig. 12 (b), shows that no new particles have 
been formed during homogenization at such a high temperature, which is consistent with 
the results from the optical microscopy analysis, shown in Fig. 10. 
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                                      (a)                                                                              (b) 

 

                                      (c)                                                                              (d) 

 

                                      (e)                                                                              (f) 

Fig. 10. Effect of the temperature of homogenization for 2 h on the evolution of particles in 
alloy variant N2, (a) the initial structure, (b) 390, (c) 430, (d) 470, (e) 510 and (f) 550 °C [49] 

www.intechopen.com



 
Recent Trends in Processing and Degradation of Aluminium Alloys 

 

492 

  

                                     (a)                                                                             (b) 

Fig. 11. (a) Low magnification FEG-SEM image of the alloy variant N2 homogenized at 390 °C, 

showing the GB particles and (b) the needle-shaped and round MgZn2 (η) and Mg2Si (β) 

particles together with large Al-Fe-Si particles [49] 

 

Element (Wt%) Al Mg Zn Si Fe 

η phase (EDX) 63±4 4±2 28±1 3±1 2±1 

η phase (XRD) …
 15.7 84.3 …

 
…

 

β phase (EDX) 56±4 22±3 5±2 15±3 2±2 

β phase (XRD) …
 63.38 …

 36.62 …
 

Table 6. Measured mean compositions (wt. %) of the needle-shaped and round precipitates 

in the as-homogenized microstructure of the alloy variant N2 together with the 

stoichiometric chemical compositions based on the XRD results 

It was also found that even after homogenization at a high temperature, i.e., 550 °C, some of 
the particles were not dissolved in the structure. These retained particles are mostly the GB 
particles and other particles which together with their EDX spectrums are shown in Fig. 13 
(a) and (b). EDX suggested that the particles shown in Fig. 13 (a) and (b) were Al13Fe4 and 
Al8Fe2Si, respectively. 
The investigations carried out using the FEG-SEM of the samples homogenized at 390 and 
430 °C indicated the presence of needle-shaped and round precipitates, as shown in Fig. 11. 
The morphologies of these particles and their chemical compositions indicated these 
particles to be MgZn2 and Mg2Si precipitates, which is in agreement with [54-56]. The 
formation of these precipitates may be attributed to the super-saturation of the structure 
with alloying elements occurring during solidification at high cooling rates applied during 
DC casting. When the as-cast alloy is exposed to a homogenization treatment at a low 
temperature (< 470 °C), there is a tendency for the alloying elements to precipitate out. As 

the temperature increases (> 470 °C), the solubilities of these elements in the α-Al matrix 
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increase [4, 57] and the formation of new particles is not expected. Thus, it can be concluded 
that the formation of new particles or the dissolution of old ones depend primarily on the 
homogenization temperature. 
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Fig. 12. X-ray diffraction patterns of the alloy variant N2 homogenized at (a) 430 and  

(b) 550 °C showing the presence of the GB particles, MgZn2 (η) and Mg2Si (β) particles [49] 

 

  

                                      (a)                                                                             (b) 

Fig. 13. Particles remaining in the microstructure of the alloy variant N2 after homogenization 
at 550 °C for 48 h, (a) Al8Fe2Si and (b) Al13Fe4 particle [49] 
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4.2 Evolution of the GB particles during homogenization 
The evolution of a typical GB particle during homogenization at 390 and 550 °C is shown in 
Figs. 14 and 15, respectively. It is clear that the dominant process at lower temperatures is 
the spheroidization of the GB particle, while at higher temperatures the decrease in the 
width of the GB particle is the main evolution process. 

 

 

Fig. 14. Typical shapes of the GB particle after homogenization of the alloy variant N2 at  
390 °C, (a) initial, (b) 2, (c) 8 and (d) 24 h [49] 

Unlike the evolution of other particles in aluminum alloys [2, 14, 15], the evolution of the GB 
particles during homogenization, depending on the process parameters and the nature of 
the particles, may occur in the form of spheroidization or dissolution. The spheroidization 
mechanism of these particles is quite interesting. However, more interestingly, the 
dissolution of the GB particles obeys a specific dissolution mechanism introduced hereafter 
as the thinning, discontinuation and full dissolution (TDFD) mechanism. 

4.2.1 Spheroidization during homogenization at low temperatures 
The analysis of the SEM images indicates that although the fraction of the GB particles does 
not decrease during homogenization at 390 °C, the morphological changes towards 
spheroidization take place, as can be seen in Fig. 14. The analysis of 20 pictures from the as-
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cast structure and the one homogenized at 390 °C for 48 h indicates that after 
homogenization the fraction of spheroidized particles increases by two times compared with 
the as-cast structure.   

 

 

Fig. 15. Decrease in the width of a GB particle after homogenization of the alloy variant N2 
at 550 °C, (a) initial, (b) 2, (c) 8 and (d) 24 h [49] 

The proposed mechanism of the spheroidization of the GB particles is illustrated in Fig. 16, 
based on the experimental observations from the FEG-SEM images (a typical one is shown 
in Fig. 14). Fig. 16(a) shows a GB particle with initial protrusions on its surface. Afterwards, 
spheroidization occurs and the GB particle takes an ellipse shape, Fig. 16(b). The 
spheroidization continues till the GB particle takes a spherical shape with protrusions on its 
surface, Fig 16(c), and the process ends with removing the protrusions till the GB particle 
resembles a sphere, Fig. 16(d). The driving force for spheroidization is the decrease in the 
surface energy of the GB particle with decreasing interfacial length between the GB particle 
and the aluminum matrix [15, 58]. 
As mentioned earlier, one of the main aims of homogenization treatment prior to hot 
deformation is to dissolve detrimental particles, especially those located at the grain 
boundary regions. Although this goal would not be achieved if the particles are not 
dissolved but spheroidized, spheroidization of particles can be beneficial in the sense that 
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these particles cause less stress concentrations at sharp tips and edges and therefore, inhibit 
crack initiation which can lead to an improvement in the hot workability of the material.  
 

               (a)                      (b)                      (c)                      (d) 

Fig. 16. Schematic view of the spheroidization mechanism describing the evolution of a GB 
particle during homogenization [49] 

4.2.2 Thinning, discontinuation and full dissolution (TDFD) during homogenization at 
high temperatures 
In order to understand the dissolution sequence of the GB particles at high homogenization 
temperatures, the evolution of a GB particle was investigated at different time intervals 

during homogenization at 550 °C. It was found that the dissolution process started with the 
thinning of the GB particle without primary spheroidization. Fig. 15 shows that the average 
width of the GB particle decreases from 640 nm to 130 nm by a homogenization treatment at 
550 °C for 24 h. The thinning process continues until the GB particle become discontinuous 
in some regions (Fig. 17) and finally the full dissolution of the GB particles occurs. The 
occurrence of discontinuities during spheroidization of an eutectic particle has been 
reported elsewhere, for example in [59].  
 

 

Fig. 17. A GB particle after homogenization at 550 °C for 8 h, showing the thinning and 
discontinuation (alloy variant N2) 

Protrusions
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The dissolution mechanism of a GB particle at different stages is schematically illustrated in 
Fig. 18. The driving force is the increases in the solubility limits in the matrix at high 
temperatures and therefore the presence of concentration gradients of Mn, Fe and Si in the 
structure. Fig. 18(a-c) schematically illustrates the overall thinning process of a GB particle. 
Assuming that during homogenization an overall decrease in the width of a GB particle 
occurs at a constant rate in different regions regardless of the widths, Fig. 18(a) through (c), 
the parts having smaller widths meet each other sooner than other parts, as shown by 
arrows in Fig. 18(d). Therefore, the discontinuities, Fig. 18(e), occur as a result of the 
inherent perturbations, Fig. 6(b), of the surfaces of the GB particle, shown by arrows in Fig. 
18(a). Afterwards, the dissolution continues with the same mechanism as occurring to the 
small parts till the GB particle disappears. The remaining perturbations which help the 
continuation of dissolution of the GB particle with a similar mechanism are shown by arrows. 
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Fig. 18. Schematic description of the thinning, discontinuation and full dissolution (TDFD) 

mechanism responsible for the evolution of a GB particle during homogenization at high 

temperatures [49] 

The experimental observations of the shapes of the particles, presented in Fig. 19, show that 

the tips of the particles may initially have rectangular, ellipsoidal, needle or circular cross 

sections, Fig. 19(a) through (c). However, as shown in Fig. 19(d) through (f), during the 

dissolution, the tips get a circular cross section. Assume the initial shape of the tips to be 

rectangular having two steep tips at the edges. According to the Gibbs-Thompson equation 

[15], a large concentration of the solute at the interface is resulted in, which indeed increases 

the dissolution rate significantly. The steep edges dissolve sooner and therefore a circular tip 

will be produced. The same is valid for an ellipsoidal cross section.  

5. Quantitative analysis of particle dissolution 

5.1 All the particles 
5.1.1 Results of quantitative optical microscopy (QOM) 
Fig. 20 shows the effect of homogenization time on the volume fraction of all the particles 
present in the structure. The calculation was based on the changes in the volume fraction of 
the particles in the structure, as shown in Fig. 10. It is clear that during homogenization at 

www.intechopen.com



 
Recent Trends in Processing and Degradation of Aluminium Alloys 

 

498 

390 and 430 °C the fraction of particles increases, while during homogenization at 510 and 
550 °C the fraction of the particles decreases, indicating dissolution.  
 

(a)                                              (b)                                             (c)

(d)                                              (e)                                              (f)

AUX1       10.0kV     X3,000         1μm         WD 9.6mm

SEI     15.0kV      X5,000     1μm       WD 9.8mm
 

Fig. 19. Shapes of the tips of an Al17(Fe3.2,Mn0.8)Si2 particle in the alloy variant N2, (a) through 
(c) in the initial structures and (d) through (f) after homogenization at 550 °C for 8 h. In (d) 
through (f), circles have been drawn on the tips of the particles, showing the perfectness of 
the circular cross section of the tips [60] 

The most noticeable in Fig. 20 is the increase in the fraction of all the particles at the initial 
stage of homogenization at low temperatures, which acts in contrary to the aim of the 
homogenization process [2, 14, 15]. The increases in the fraction of particles during the first 2 
h of homogenization at 390 and 430 °C, as shown in Fig. 20, are due to the formation of a 

large number of new particles, namely MgZn2 (η) and Mg2Si (β). As stated above, it 
indicates that part of the elements precipitate out by forming precipitates during the first 2 h 
of homogenization. 

5.2 GB particles 
5.2.1 Results of quantitative XRD analysis (QXRD) 
Fig. 21 compares the strongest XRD peaks and other ones related to the GB particles in the 
AA7020 alloy variant N2 samples homogenized at different temperatures for 8 h. This figure 

was obtained by focusing on the 41 to 44 ° Bragg’s angle (2θ) range in the XRD patterns, i.e., 
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Figs. 7 and 12. Compared with the as-cast structure, it is obvious that the intensity of the 
peaks related to the GB particles in the sample homogenized at 390 °C is almost unchanged, 
while at 430 and 470 °C it is decreased slightly. Homogenization treatment at higher 
temperatures, namely 510 and 550 °C, however, resulted in marked decreases in the 
intensity of the peaks related to the GB particles in the XRD pattern in comparison with that 
of the as-cast structure.  
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Fig. 20. Effect of homogenization time on the volume fraction of particles (alloy variant N2) 
[49] 

To quantify the results, the fraction of the GB particles in the structure after homogenization 
was calculated according to the results of the XRD analysis using the direct comparison 
method [44]. As it was mentioned earlier, the initial fraction of the GB particles with respect 
to all of the secondary phases in the as-cast structure, necessary to form a baseline for the 

direct comparison method, was calculated to be 74±3 wt.%. Fig. 22 illustrates the weight 
percents of the GB particles as a function of homogenization time at different temperatures. 
It can be seen that the fraction of the GB particles after homogenization at 390 °C remains 
unchanged and at 430 °C it is decreased slightly, which is not in agreement with the results 
of the quantitative optical microscopy (QOM) shown in Fig. 20. Therefore, the increase in 
the fraction of particles during homogenization shown in Fig. 20 is due to the formation of 

new precipitates (η and β), but not due to the increase in the GB particles. However, at 
higher temperatures, the fraction of the GB particles decreases, which is in line with the 
behavior shown in the optical microscopy measurements. 
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Fig. 21. The strongest (left) and another (right) XRD peaks related to the GB particles in 
samples homogenized at different temperatures for 8 h (alloy variant N2) [49] 
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Fig. 22. Fraction of the GB particles (wt.%) in the structure of the alloy variant N2 after 
homogenization at various temperatures, based on the QXRD analysis [49] 
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5.2.2 Results of quantitative analysis using FEG-SEM (QSEM) 
The measured average widths of the GB particles as a function of homogenization time are 
shown in Fig. 23. It can be seen that, at 390 and 430 °C, the average width of the GB particles 
is almost unchanged from the initial value. The minor variations in the width of the GB 
particles at these temperatures are within the margin of error. However, at higher 
temperatures, dissolution occurs, evidenced by the decreases in the width of the GB 
particles. It can also be seen in Fig. 23 that the most rapid dissolution occurs at the first few 
hours of homogenization regardless of homogenization temperature. Moreover, the 
dissolution rate is much higher at 550 °C.  
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Fig. 23. Average GB widths in the alloy variant N2 as a function of homogenization time, 
based on the QSEM analysis [49] 

To account for the dissolution of the GB particles, a study on the solubility limits of the 
elements composing the main GB particles, namely Fe, Mn and Si, is essential. The data on 
the solubility limits of the elements in Al-Mn-Fe-Si are scarce in the literature [4]. In this 
case, the solubilities of the elements in Al in the four-component Al-Mn-Fe-Si regions 
adjacent to the ternary systems may be estimated, based on three-component regions of the 
Al-Fe-Mn, Al-Fe-Si and Al-Mn-Si ternary systems [4]. Table 7 shows the solid solubility 
limits of iron, manganese and silicon in the four component Al-Fe-Mn-Si system at different 
temperatures [4]. It is clear that at low temperatures, i.e., lower than 470 °C, the solubility 

limits of the elements forming the GB particles are small in the α-Al matrix. Therefore, 
considerable dissolution of the GB particles is not expected at these temperatures. This is in 
agreement with the results of the quantitative image analysis of the OM images, presented 
in Figs. 20, 21 and 22. At higher temperatures, however, the solubility limits increase, as 
shown in Table 7, which indicates that the most of the alloying elements in the GB particles 

are dissolved in the α-Al matrix. It is also clear that even at such high temperatures (e.g., 550 
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°C), the solubility limits of the elements in the Al matrix are less than the weight percentages 
of those elements in the composition of the alloy (N2). Therefore, complete dissolution of all 
the GB particles is not expected even after holding for a long time. This explains the 
observations in Fig. 10 (f) and 15 (d) that there are still some GB particles remaining in the 
structure after homogenization at 550 °C. EDX analysis confirmed the existence of these 
particles even after homogenization at 550 °C for 48 h. 
 

 Solubility limit Wt% 

T (°C) Fe Mn Si 

390 0.002 0.026 0.03 

430 0.004 0.05 0.06 

470 0.009 0.15 0.08 

510 0.016 0.25 0.11 

550 0.044 0.44 0.2 

Table 7. Solid solubility limits of iron, manganese and silicon in the four component Al-Fe-
Mn-Si system at different temperatures [4] 

5.2.3 Comparison between the QXRD and QSEM results 
The benefit of using QXRD analysis is that the results obtained are primarily related to the 

GB particles while the QOM analysis includes the GB particles, the later formed η and β 
precipitates and other particles. In addition, QOM gives useful quantitative information on 
the quantities of the particles formed during homogenization. In Fig. 20, as discussed earlier, 
the increase in the volume fraction of particles during homogenization at low temperatures, 

is due to the formation of new precipitates (η and β) rather than the increase in the GB 
particles. On the other hand, the volume fraction of the GB particles is almost unchanged, as 
shown in Fig. 22. Therefore, the combination of the results from QOM and QXRD 
quantitative analyses is essential to investigate the evolution of the microstructure during 
homogenization treatment.  
The slight decrease in the fraction of the GB particles during homogenization at low 
temperatures means that the kinetics of the dissolution of these particles at low 
temperatures (< 430°C) is relatively slow. Since the fraction of the GB particles decreases 
significantly during homogenization at 510 °C and higher, it is concluded that in order to 
dissolve the GB particles, applying a homogenization treatment at 510 °C or higher is 
necessary. 
In the case of QSEM analysis, an unchanged width means that no dissolution has occurred 
and any decrease in the width of the GB particles is the result of dissolution. The general 
trend of the change in the width of the GB particles during homogenization using QSEM 
analysis (Fig. 23) agrees with that of the fractions of the particles from QXRD analysis.  

5.3 LMP phases   
5.3.1 Results of quantitative analysis using FEG-SEM (QSEM) 
Fig. 24 shows the radii of the particles obtained from FEG-SEM after homogenization at 
various conditions. For these experimental data, EDX analysis was first performed on the 
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particles which morphologically resembled the LMP phases. The radii of more than 10 
particles in each homogenization condition, after ensuring that these were the LMP phases, 
were measured and the average is reported. The particle radius of zero in this figure 
indicates that no particles with the composition of the LMP phases were found in the 
structure, having the same methodology for the prediction of these particles with FEG-SEM 
at the same magnification. Therefore, the radius of the particles in this case was considered 
to be zero. It can be observed that the average radius of the LMP phase particles decreases 
gradually with time during homogenization at 430 and 470 °C.  
 

 

Fig. 24. Average radii of LMP phase at different homogenization conditions in the alloy 
variant N2 [53] 

5.3.2 Results of quantitative differential scanning calorimetry (QDSC) 
Fig. 25 shows that after homogenization at a moderate temperature, e.g., 470 °C, the LMP 

phases are still present in the structure, even after 48 h. At 510 °C, however, the LMP phases 

are fully dissolved within 48 h and at 550 °C within 2 h, as shown in Fig. 25. This is due to 

the large increases in the diffusion rates of the elements (i.e., Mg, Cu and Zn) at a high 

homogenization temperature. Therefore, it is necessary to employ a homogenization 

treatment at 510 °C for 48 h or 550 °C for 2 h to dissolve the LMP phases. 

Fig. 26 gives a close-up view of the peaks in the DSC profiles of the samples homogenized at 

470 °C for different hold times. It is clear that the peak intensity decreases with increasing 

homogenization time up to 48 h, which indicates the decreasing volume fraction of the LMP 

phases during homogenization at 470 °C.  
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Fig. 25. DCS profiles of the samples homogenized at 470, 510 and 550 °C for different times 
[53] 

 

 

Fig. 26. Regions close to the peaks of the DSC profiles of the samples homogenized at 470 °C 
for different times (alloy variant N2) [53] 
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Fig. 27 shows the calculated volume fractions of the LMP phases at different homogenization 
conditions from the intensities of the DSC peaks, using Eqs. (4) and (5). It is clear that the 
volume fraction of the dissolved LMP phases increases with time during homogenization. 
Moreover, the volume fraction of the dissolved LMP phases is larger at a higher temperature 
and full dissolution only occurs at 510 or 550 °C at reasonable times (less than 48 h).  
 

 

Fig. 27. Volume fractions of the dissolved LMP phases at different homogenization 
conditions (alloy variant N2) [53] 

6. Formation of dispersoids 

6.1 Detection of different dispersoid types 
Table 8 shows the results of EDX analysis on more than 450 dispersed particles in a size 
range of less than 100 nm, with different shapes and at different locations with respect to the 
grains, i.e., grain interior and grain boundary regions in the alloy variant N3 (Table 2) 
homogenized under various conditions. It was possible to differentiate between 4 types of 
dispersoids, Zr- (Type 1), Cr- (Type 2), Mn-containing (Type 3) dispersoids and the ones 
containing a mixture of various elements (Type 4). The number fraction of each dispersoid 
type, out of 450 dispersoids counted, is also presented in Table 8. It can be seen that 62% of 
the dispersoids are Zr-containing ones, which indeed account for the majority of the 
dispersed particles. The number fractions of the other types (2, 3 and 4) are 23, 14 and 1%, 

respectively. Also shown in Table 8, at the grain boundary regions, i.e., 5 μm from both sides 
of the grain boundary particles (Al17(Fe3.2,Mn0.8)Si2 particles), the number fraction of the Mn-
containing dispersoids (Type 3) reaches 93 %. However, this type of dispersoids was only 
observed after homogenization at 510 °C and higher, and especially for a holding time of 4 h 
or longer. It can be seen that the number fraction of Zr- and Cr-containing dispersoids at the 
grain boundary regions are only 2 and 1%, respectively. 
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Dispersoid type         Mg       Fe       Zn       Zr        Cr       Mn      Al Number fraction (%) out of total
        450 dispersoids analyzed

Number fraction (%) out of 75
dispersoids anlyzed at the GB
       at T≥510°C, time≥4 hrs

       Type 1
(Zr-containing)

       Type 2
(Cr-containing)

       Type 3
(Mn-containing)

       Type 4

0.08     0.67      0.1      11.9     0.3      0.09    86.86                               62                                                        2

0.23      11      0.82      0.6      34.1     0.0      53.22                               23                                                        1

0.09      7.3     0.26      0.2      0.02     12.8    79.33                               14                                                       93

4.59      3.2     10.24    0.07    0.12     0.07    81.71                                1                                                         4

 

Table 8. Chemical compositions and number fractions of different types of dispersoids 
detected in the microstructure of the alloy variant N3 

Fig. 28 (a) gives a close-up view of the different types of disperoids. It is clear that the semi-
spherical Zr-containing ones (Type 1) are the smallest, while the Cr-containing ones (Type 2) 
which are fully spherical are the largest. The small sizes of the Zr-containing dispersoids 
may be attributed to the very low diffusion rate of this element in the aluminum matrix and 
high nucleation rate [61]. Type 3, also semi-spherical in shape, is not present in the grain 
interior, thus not shown in Fig. 28 (a). It is presented in Fig. 29. Type 4 which has an elliptic 
or rod shape morphology is also shown in Fig. 28 (a). To assure the trustfulness of the 
particles determined with FEG-SEM, TEM analysis was also performed on the same sample 
and the results are presented in Fig. 28 (b). It can be seen that the same three different types 
of dispersoids are present in the TEM image with an approximately the same size range. 
 

  

Fig. 28. (a) Close-up view of the different types of dispersoids in a sample homogenized at 
510 °C for 8 h and (b) TEM image of the dispersoids in the same sample (alloy variant N3) 
[62] 

Fig. 29 shows the distributions of the different types of dispersoids after homogenization. 
Fig. 29 (a) and (b) which illustrates the distributions of Zr- and Cr-containing dispersoids 
(Type 1 and 2) were captured in the grain interior. The number densities of these types 
decrease significantly with decreasing distance toward the grain boundaries. Fig. 29 (c) 
illustrates the distribution of Mn-containing dispersoids in the vicinity of an 
Al17(Fe3.2,Mn0.8)Si2 particle. It is clear that most of the particles in this region are Mn-
containing dispersoids. Their number density inside the grain interior is however almost 
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zero. During the analysis, it was not possible to capture a region with a sufficiently large 
number of Type 4 dispersoids. Therefore, no figure showing the distribution of this type can 
be presented in Fig. 29. 
Quantitative Zr, Cr and Mn measurements from a line-scan across a grain in the as-cast 
microstructure of the AA7020 alloy are shown in Fig. 30. It can be seen that the 
concentrations of Zr and Cr in the grain interior are higher than what would be expected 
from the peritectic Al-Zr and Al-Cr phase diagrams [65, 66]. The lowest concentrations of Zr 
and Cr are found at the grain boundaries, which is in agreement with the finding of other 
researchers [15, 20, 25, 39]. The fluctuations in the Zr concentration across the analyzed 
region reflect the underlying dendritic structure within each grain. The measurements made 
close to the centre of the dendrite arms show that the Zr and Cr concentrations exceed their 
nominal values of 0.2 and 0.1 wt.% in the alloy variant N3, respectively. These regions 
solidified first during DC-casting and were thus enriched in Zr and Cr. However, a large 
fraction of grains contained Cr below its nominal value. In particular, low Cr levels were  

 

  
 

 

Fig. 29. Distributions of the different types of dispersoids after homogenization at 510 °C for 
8 h, (a) Type 1 (Zr-containing), (b) Type 2 (Cr- containing) and (c) Type 3 (Mn-containing) 
(alloy variant N3) [62-64] 
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found near the grain boundaries and interdendritic regions. Therefore, it can be concluded 

that the reason for the small numbers of Cr-containing dispersoids in the grain boundary 

regions is the negligible concentrations of this element in these regions due to 

microsegregation during DC-casting. However, the fluctuations in the Zr level are not 

significant. The lowest Zr level is close to 0.13 wt.%.  

 

  

Fig. 30. (a) An EPMA scan and (b) analysis showing segregated Zr, Cr, Mn and Al at the cell 
boundaries of the as-cast microstructure in the AA7020 aluminum alloy variant N3 [62-64] 

As indicated earlier, most of the dispersoids in the grain boundary regions are Mn-

containing dispersoids. They are almost absent in the grain interior. The results of the EPMA 

analysis confirmed that the Mn concentration in the as-cast microstructure in the grain 

interior is less than the solid solubility limit of Mn at the mentioned homogenization 

temperatures [48]. Therefore, the reason for no Mn-containing dispersoids formed in the 

grain interior is a very small concentration of Mn in this region. The peak in the Mn 

concentration presented in Fig. 30, corresponds to the measurements made on or close to the 

intermetallic Al17(Fe3.2,Mn0.8)Si2 particles (GB particles) at the grain boundaries. The small 

concentrations of Mn in the grain interior and the peaks in Fig. 30 indicate that, during 

solidification, most of the Mn element localized in the grain boundary regions formed the 

Al17(Fe3.2,Mn0.8)Si2 particles located at the grain boundaries. 

As mentioned earlier, the Mn-containing dispersoids form only at high temperatures (> 510 

°C) and holding times longer than 4 h and in the grain boundary regions. During 

homogenization at high temperatures, Al17(Fe3.2,Mn0.8)Si2 particles may dissolve in the 

microstructure, thus increasing the Mn concentration in the grain boundary regions. Fig. 31 

shows the EPMA measurements of the Mn concentration from a line scan across a grain in a 

sample homogenized at 550 °C for 8 h. It is clear that the Mn concentration in the regions 

close to the Al17(Fe3.2,Mn0.8)Si2 particles increases, which is attributed to the dissolution of 

Al17(Fe3.2,Mn0.8)Si2 particles during homogenization under this condition. This results in the 

formation of Mn-containing dispersoids close to the grain boundaries. However, the Mn 

concentration in the grain interior only changes slightly as confirmed by the present EPMA 

analysis (Fig. 31), mainly because of the low diffusion rate of Mn in the aluminum matrix 

[67]. As a result, the Mn concentration is too small in the grain interior to form the Mn-

containing dispersoids.   
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From Fig. 29, it is clear that the Cr-containing dispersoids (Type 2) have a localized 

distribution in the grain interior. The localized distribution of the Cr-containing dispersoids 

together with the fact that they are larger than the other types of particles may indicate that 

this type of dispersoids form heterogeneously, which is in agreement with other 

investigations [34]. The heterogeneous nucleation of the Cr-containing dispersoids on the u-

phases in the case of Al-Mg-Si alloys has been documented [34]. It was observed that during 

the heating of the as-cast Al-Mg-Si alloys to 580 °C an intermediate phase, referred to as the 

‘u-phase’ nucleated on the Mg2Si needles. The phase was rich in Mn or Cr. Upon continued 

heating, the dispersoids containing Mn and Cr nucleated heterogeneously on the ‘u-phase’ 

precipitates before these precipitates were dissolved. 

 

 

Fig. 31. EPMA scan analysis showing the Mn concentration across a grain of the AA7020 

aluminum alloy (alloy variant N3) homogenized at 510 °C for 8 h [62, 64] 

To make a solid conclusion on various dispersoids formed during homogenization, they 

were characterized with respect to formation temperature, size, location and morphology. 

Table 9 shows the characteristics of the four types of dispersoids formed in the 

homogenized AA7020 alloy. The deviation expresses the ratio of the number of the particles 

(with the mentioned characteristics) that showed different chemical compositions to the 

total number of the particles (with the mentioned characteristic) that were analyzed. The  

Zr-, Cr- and Mn-containing dispersoids have deviations of only 3, 5 and 4.5 %, respectively. 

It indicates that the characteristics presented in Table 9 are reasonably accurate to differentiate 

between these types of dispersoids. It should be noted that the deviation of Type 4 is not 

reported since the dispersed particles of this type are rare in the microstructure. 
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Table 9. Characteristics of different types of dispersoids in AA7020 after 4 h homogenization 
at different temperatures 

6.2 Evolution of Zr-containing dispersoids during homogenization 
As mentioned in Table 8, Zr-containing dispersoids constitute about 62 % of all dispersoids 

present in the microstructure of the alloy (N3) after homogenization. Therefore, they can be 

considered the most important ones for recrystallization inhibition. In addition, due to  

their higher number density, it is easier to quantify them and their evolution during 

homogenization. Fig. 32 presents typical FEG-SEM images of the Zr-containing dispersoids 

and related size distribution graphs in the central region of a grain. The size distribution 

graphs were obtained using the Johnson-Saltykov method as mentioned in the experimental 

procedure [48] and therefore, the x axis has logarithmic size distribution categories, which is 

finer at lower values and vice versa.  

It should be mentioned that in order to evaluate the efficiency of a homogenization 

treatment on the inhibition of recrystallization, all relevant parameters including size,  

size distribution and volume fraction of particles should be taken into consideration, which 

have been incorporated into an equation of Zener drag pressure [30]. This equation has 

recently been developed to include the effect of size distribution of dispersoids [3, 68]. The 

intention of preparing this chapter is to investigate the microstructural evolution during 

homogenization and therefore, discussion on the effect of homogenization treatment on 

recrystallization inhibition has been avoided. For more details, the reader is referred to other 

references [3, 63, 64, 68, 69]. 

The number density of the Zr-containing dispersoids decreases significantly with increasing 

distance towards the grain boundaries. This can be attributed to the segregation of 

zirconium during solidification. It is clear that the sizes and number densities of the Zr-

containing dispersoids change with homogenization condition.  

Comparison between Figs. 32 (a) and (b) shows that at a given temperature, the sizes 

increase slightly with time while the number densities remain almost unchanged. In 

addition, the number of particles of larger sizes, i.e., larger than 15-20 nm, increased with 

increasing homogenization time at a certain temperature. Comparison between Figs. 32 (b) 

and (c) for a given composition of the alloy variant N3 and different homogenization 

temperatures demonstrates that at a higher homogenization temperature e.g., 550 °C, Fig. 32 

(c), a larger fraction of particles are of large sizes and the number densities are relatively 

small, which may be considered as a sign of coarsening. In addition, paying attention to the 

effect of chemical composition in Fig. 32 (b) (for alloy variant N3) and Fig. 32 (d) (for alloy 

variant N1), one can find reasonably similar size distributions with different number 
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densities. The sizes are almost constant while the number densities increase significantly 

with increasing Zr content in the alloy. 

Fig. 33 (a) shows the effect of homogenization time on the diameters of the Zr-containing 

dispersoids at different homogenization temperatures. It is clear that at each 

homogenization temperature, the average dispersoid diameter increases with increasing 

holding time and then tends to reach a constant value. In addition, the average diameter is 

also a function of homogenization temperature. At a higher temperature, the dispersoid 

diameter is larger.  

The effect of homogenization time on the number density of the dispersoids at different 

homogenization temperatures is illustrated in Fig. 33 (b). It can be seen that with increasing 

holding time, the number density increases and then stays at a certain level. In addition, the 

number density of the dispersoids formed at 470 °C is significantly larger than that formed 

at 390 or 550 °C, while the difference between 390 and 550 °C in the dispersoid number 

density is considerably smaller. 
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Fig. 32. Typical SEM micrographs showing the effects of homogenization parameters and Zr 
content on the sizes and size distributions of the Zr-containing dispersoids (a) alloy variant 
N3, T=470 °C for 8 h, (b) N3, T= 470 °C for 24 h, (c) alloy variant N3, T=550 °C for 24 h and 
(d) alloy variant N1, T= 470 °C for 24 h [63, 69] 

Fig. 34 (a) shows the effect of Zr content on the average diameter of dispersoids formed at 
470 °C as a function of time. It can be seen that the average diameter of the dispersoids 
formed in the alloy with the highest Zr content are larger than those in the other two alloys. 
However, this effect is not very strong, as the average dispersoid diameters in the N1 and 
N2 variants do not differ much from each other. An increase in the average diameter of the 
dispersoid particles with increasing homogenization time towards a constant value is also 
observed for the alloy variants with different Zr contents. Fig. 34 (b) presents the effect of Zr 
content on the number density of the Zr-containing dispersoids homogenized at 470 °C. It is 
clear that the Zr-content has a strong effect on the number density of the dispersoids. The 
number density of the dispersoids for the alloy with a Zr content of 0.2 wt.% is almost two 
times as much as that in the alloy with a Zr-content of 0.13 wt.%.  
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Fig. 33. Effect of homogenization time on the (a) average diameter and (b) number density of 

the Zr-containing dispersoids in the alloy variant N2 homogenized at different temperatures 

[62, 69] 

 

  

Fig. 34. Effect of Zr content on the (a) average diameter and (b) number density of dispersoids 

formed at 470 °C as a function of homogenization time [62, 69] 

7. Conclusions 

Main particles detected in the as-cast microstructure of AA7020 aluminum alloys were 

categorized to be grain boundary ones, low melting point particles and dispersoids. The 

evolution of these particles during the homogenization treatment of the AA7020 aluminum 

alloy was quantitatively analyzed and the following conclusions have been drawn. 
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1) The particles distributed along the grain boundaries which constitute more than 70% of 
the secondary phases present in the as-cast structure of the AA7020 aluminum alloy are 
Al17(Fe3.2,Mn0.8)Si2 particles. The low melting point phases are indeed present in the as-cast 
microstructure of the AA7020 aluminum alloy, which may cause incipient melting at 576 °C. 
These phases contain Al-Cu-Mg-Zn and dissolve during homogenization at 550 °C for 2 h. 
2) The width of the grain boundary particles remains unchanged during homogenization at 
low temperatures. It however decreases at higher temperatures. The extent of the 
dissolution is more dependent on homogenization temperature than on time. The evolution 
mechanisms of the GB particles during homogenization consist of spheroidization during 
homogenization at low temperatures and thinning, discontinuation and full dissolution 
(TDFD) at high temperatures. 
3) Four different types of dispersoids are formed in the AA7020 aluminum alloy variants 
during homogenization. In addition to the well-known Al3Zr dispersoids, three other types 
of dispersoids are also present in the homogenized microstructure of the AA7020 aluminum 
alloy. The number densities of Zr- and Cr-containing dispersoids are large in the grain 
interior and very small in the grain boundary regions. These two types of dispersoids 
appear to be fully spherical and are formed at all the homogenization conditions. The Mn-
containing dispersoids form only when the homogenization temperature is equal to or 
higher than 510 °C and holding time longer than 4 h. The number density of these 
dispersoids is close to zero in the grain interior but becomes high in the grain boundary 
regions. The number density and sizes of the Zr-containing dispersoids increase with 
increasing Zr content of the alloy and homogenization time.  
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