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Abstract 

 

Iron is always present in any aluminium alloy and usually as an impurity element. In commercial 

purity alloys the concentration of iron is typically so large that iron has a strong influence on the 

material properties, due to its slow diffusivity and low solubility in aluminium. In the present work 

the effect of iron in solid solution and the precipitation behavior of iron during annealing of a cold-

deformed commercial purity aluminium alloy have been investigated. Iron in solution is found to 

have a strong retarding effect on the softening kinetics. The resulting recrystallization texture has 

a distinct Cube component and some weak deformation texture components. By additional cold 

rolling and inter-annealing, the solute content is reduced significantly by precipitation of mainly 

Al3Fe and some α-AlFeSi phases. Doing so speeds up the softening kinetics by a factor of ~1000 

and causes a considerable strengthening of the Cube component in the recrystallized texture. 
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1. Introduction 

Alloy elements are typically associated with elements that are added on purpose in order to achieve 

some specific properties. Iron is always present in all aluminium alloys and is regarded as the main 

impurity element, although it can also be added on purpose to high purity alloys in order to improve 

strength [1]. Iron is introduced during production and preparation of aluminium castings, where 

iron will get in contact with the melt and some iron will be dissolved by aluminium. However, the 

solubility of iron in aluminium is relatively low at all temperatures, and once present, iron in 

industrial alloys cannot be readily removed at a low cost [2]. Thus, iron is always present. 

Moreover, it will accumulate with recycling and, due to the low solubility, form large constituent 

phases that can be detrimental to the mechanical properties [1].  

 In most alloys the effect of iron impurities can be neglected because other elements have a 

stronger influence on the properties and the effects of iron are suppressed, e.g. by modifying the 

iron-rich constituent particles. On the other hand, in pure aluminium alloys iron is historically seen 

to have a strong effect on both mechanical properties and texture though its influence on annealing 

behavior [3,4]. Both commercial and high purity alloys with an iron content of less than 100 ppm 

may be greatly influenced by inter-annealing processes that alter the level of dissolved iron. 

Marshall et al. [5] investigated the annealing response of a 99.5% pure alloy after cold rolling and 

found inter-annealing at temperatures ≤ 400 °C to significantly promote softening. The authors 

proposed dissolution of Al3Fe and AlFeSi particles, formed during homogenization, during high 

temperature inter-annealing which resulted in a strong solute drag effect that retarded recovery and 

recrystallization in subsequent annealing processes. On the other hand, Hasenclever [6] has 

confirmed a reduction of the solute level of iron after final annealing in commercial purity 

aluminium with inter-annealing. Actually, there is strong evidence for a redistribution of dissolved 
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iron into precipitates in both high and commercial purity aluminium alloys in the literature [7-11]. 

Preferential clustering or precipitation of iron is taking place on lattice defects in high purity alloys 

containing as little as 2 ppm iron during annealing [12]. The precipitating phases are typically 

Al6Fe, Al3Fe and possibly AlFeSi if small amounts of Si also are present.  

 Because of the strong drag effect exerted on dislocations and subgrain boundaries by 

dissolved iron, precipitation not only influences the rate of recovery but also the resulting 

recrystallization texture. Marshall and Ricks [4] found that increasing levels of iron in solution 

during annealing impeded the formation of the Cube texture component. Ito et al. [13,14] made 

similar findings and also found that the R texture component was promoted by iron in solution. 

Since both Cube- and R-grains grow by motion of 40° <111> boundaries, the authors believed it 

was the nucleation mechanism that was influenced by iron in and out of solution. Ito et al. [13] 

found that if precipitation took place before recrystallization, the Cube texture component would 

be suppressed due to the Zener drag from precipitates affecting boundary motion. However, Suzuki 

et al. [15] found the opposite to be true, i.e. that in a matrix with nearly complete precipitation of 

iron, the Cube texture component easily develops during recrystallization. Ekström et al. [16] 

found that removing iron from solution in commercial purity alloys strengthened the Cube 

component and, rather surprisingly, that the strongest Cube texture was detected in a sample 

designed to have high solute level of iron.  

Literature gives an in depth view of how high and commercial purity alloys may be affected 

by iron, although the above observations illustrate that the effect of iron may be difficult to predict 

and appear at times rather case-specific [3-6,13,14]. The precipitation kinetics and recovery 

mechanisms are very dependent on accurate solute measurements, the processing route 

(homogenization, inter-annealing etc.) and processing parameters (temperatures, heating rates 
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etc.). Often the investigations are designed in order to study a particular feature or mechanism and 

there are few works that study recovery kinetics, precipitation and recrystallization texture 

simultaneously. The present work aims to describe the effect of iron in a commercial AA1070 

alloy experiencing different process routes mimicking those seen industrially, especially without 

and without inter-annealing during cold rolling and final annealing. The aim is to tie together 

several effects related to iron by using a fairly standard material (commercial purity alloy) and 

linking it to literature observations [4,10,11,13,14,17]. 

 

2. Experimental 

In industrial rolling, an alloy is typically delivered to the customer in cold rolled or annealed state 

depending on the desired properties. Irrespective of the final state, it can also be necessary to inter-

anneal the material. For commercial purity materials, that means that the behavior of iron has to 

be well known. In this study a commercial AA1070 alloy was used where the rolling slabs were 

cut from a DC cast billet. The alloy contained 0.15 wt.% Fe and 0.07 wt.% Si and the 

homogenization scheme was intended to create high levels of dissolved iron. The slabs were 

homogenized at a temperature of 620 °C and held there for 6 hours before water quenching, in 

order to maximize the amount of iron in solid solution before further processing.  

The slabs were subsequently cold rolled with lubricated rolls in several passes down to a 

reduction of 50% (ε=0.7) and 92.5% (ε=2.6). Some of the 50% and 92.5% deformed material was 

fully soft-annealed at 320 °C and 300 °C, respectively. The 50% deformed and inter-annealed 

material was further deformed another 50% and 92.5%, while the 92.5% and inter-annealed 

material was only deformed another 50%. This processing resulted in 5 different sample states 

according to Table 1. The samples with 50% final deformation were annealed at 320 °C, while 
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those with a final deformation of 92.5% were annealed at 300 °C. All samples where annealed for 

time increments up to 105 seconds. These special processing routes were designed to highlight iron 

precipitation characteristics during annealing and the effects of iron in solid solution on the 

softening behavior after different degrees of deformation, with and without inter-annealing, during 

cold rolling and final annealing.    

Electrical conductivity measurements were used to estimate the solute level before and 

after homogenization and in cold rolled and annealed samples. Only the measurements performed 

by a Sigmascope EX8 instrument are presented here but they were confirmed by resistivity ratio 

measurements by the four point method. The softening behavior was characterized by conductivity 

measurements in addition to Vickers hardness measurements and texture investigations of 

deformed and fully soft samples. The texture was measured by EBSD in a Hitachi SU6600 FE-

SEM with EDAX TSL OIM Analysis software and presented in the form of orientation distribution 

functions (ODF). Sample preparation for EBSD scanning was done by mechanical polishing and 

electrochemical polishing using a 10% perchloric acid ethanol solution. The distribution of iron-

rich precipitates was investigated by etching samples in a 5% HF solution for 30 seconds [8,17]. 

The precipitates in directly annealed samples were characterized by bright field imaging, selected 

area diffraction and energy dispersive spectroscopy (EDS) in a JEOL JEM-2010 transmission 

electron microscope (TEM) on samples electro polished using a 33% nitric acid methanol solution. 

 

3. Results 

In the as-cast condition the electrical conductivity measurement resulted in a conductivity of 

34.9 m/Ωmm2. After homogenization the conductivity dropped to 34.7 m/Ωmm2. These 

measurements were confirmed by 4-point probe measurements conducted on the same materials 
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in Hydro Aluminium Rolled Products’ R&D center at 4.2K, resulting in 35.01 m/Ωmm2 and 34.36 

m/Ωmm2 in as-cast and homogenized state respectively. This result is indicating a weak increase 

in the level of dissolved iron during homogenization. Larger changes to the conductivity were 

expected and confirmed in the annealed samples, which evolution during final annealing is shown 

in Fig. 1. The softening behavior is shown by Vickers’ hardness vs. annealing time in Fig. 2.  

Firstly, it can be seen in Fig.1 that inter-annealing (B, C and E) significantly increases 

conductivity of the deformed samples. With more deformation before intermediate annealing, i.e. 

sample C, the conductivity increases further. The two samples that have experienced only 50% 

deformation in the first step, sample A and B, have similar conductivity after annealing for 105 

seconds. For the samples with a final deformation of 92.5% (D and E) it can be seen that the 

conductivity actually increases more after annealing to fully soft condition if not inter-annealed 

(D). Of the 50% deformed samples (prior to final annealing) it is the sample with the highest 

conductivity, i.e. sample C that also shows the highest strength. However, this sample is also the 

least stable and softens completely within 103 seconds. Without inter-annealing, sample A have 

the lowest strength but is distinctively slower to soften than both the inter-annealed samples. 

Looking at the 92.5% deformed samples, the as-deformed hardness is similar, but also in this case 

the inter-annealed sample E softens faster. The inter-annealed samples recrystallize faster by about 

a factor 103. Comparing Fig.1 and Fig. 2, in the samples not inter-annealed (A and D), about 50% 

of the increase in conductivity takes place before the onset of recrystallization, i.e. at about 104 

and 103 seconds for sample A and D, respectively, i.e. corresponding to where there are distinct 

changes in the slopes of the softening curves. 

Etching of the polished surface of the annealed samples revealed significant pitting in all 

samples, indicating the presence of precipitates [12]. However, in as-deformed state and before 
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any inter-annealing no etch pits could be seen on the polished surfaces. TEM investigations of the 

same samples confirm that the as-deformed samples without any inter-annealing are free from 

precipitates. However, in the directly annealed samples two types of iron rich precipitates were 

identified. Type 1, shown in Fig. 3 was spherical, measuring from a few nanometers and up to 200 

nm in diameter, and contained only iron according to in-situ EDS spectra. The majority of the 

precipitates were of this phase. Also in Fig 3, a larger and more elongated type 2 precipitate is 

shown. In-situ EDS revealed that this precipitate contained both iron and silicon. These precipitates 

were typically 20-50 nm wide and several hundred nanometers long. By means of selected area 

diffraction patterns from the two types of precipitates, the first one was identified as partially 

coherent Al3Fe phase while the second type was found to be the αh-AlFeSi phase where no 

coherency was detected [18,19]. 

The graphical presentation of texture is here limited to the annealing textures, although the 

texture after deformation was also recorded for all samples. 50% reduction was not enough 

deformation for the samples to develop a well-defined β-fiber texture. With inter-annealing the 

texture got much closer to the ideal β-fiber (in as-deformed state) although the peak intensity 

dropped, particularly in sample C with the most deformation before inter-annealing. The 92.5% 

deformed samples, on the other hand, both had a typical β-fiber texture with similar peak intensity, 

although the inter-annealed sample had stronger Brass and S components than sample D.   

The resulting textures after annealing are summarized in Fig. 4 in form of ODFs (Euler 

space representation) showing only the constant φ2=0° section. For samples A and B, deformed 

only 50%, the textures are very weak. In sample C, which was deformed 92.5% before inter-

annealing, 50% deformation followed by annealing resulted in a typical recrystallization texture 

with Cube and RD-rotated Cube components. There are no visible remains of the deformation 
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texture components. Sample D had very much the same texture as sample C. Sample E, which is 

similar to sample D but with inter-annealing, have a weak Brass component in addition to a 

stronger and more defined Cube component. There is also a weak S component when looking at 

the complete ODF. The most noticeable difference is the stronger Cube component and that the 

RD-rotated Cube and Goss components are replaced by a TD-rotated Cube component instead. 

 

4. Discussion 

The precipitation potential of iron is calculated to be about 300 ppm during annealing at 320 °C 

by Thermo-Calc (COST 507 dataset) when assuming prior homogenization at 620 °C. By applying 

Matthiessen’s rule to the conductivities after annealing (35.8 m/Ωmm2), presented in Fig. 1, we 

find that most of the 300 ppm dissolved iron have precipitated, i.e. all samples which have at some 

point been deformed 92.5% reach equilibrium after annealing. 300-320 °C is within the 

temperature range where the most precipitation takes place also according to literature[4,20]. After 

50% deformation and annealing there is still more iron in solution than the equilibrium level at 

320 °C. By more heavy deformation (92.5%) after inter-annealing the solute level is closer to 

equilibrium after the final annealing. However, most precipitation takes place when the samples is 

heavily deformed initially and then annealed. Further light deformation followed by annealing 

does not cause significantly more precipitation to take place as we see from the electrical 

conductivity measurements of sample C compared to samples D in Figure 1.  

The above observations suggest that the dislocation and subgrain structure present in the 

microstructure after deformation is essential in order to relieve the matrix from dissolved iron. Iron 

is a very slow diffusion element (Qlattice= 214 Jmol-1 [21]) and can only diffuse over short distances 

in the Al-lattice. However, when reaching a dislocation line or subgrain boundary, pipe diffusion 
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is possible, which typically lowers the activation energy by ~40%. After 92.5% deformation the 

mean diffusion path to a nearby pipe (dislocation) is shorter than with only 50% deformation, 

explaining the differences seen in Fig. 1.  

The iron atoms are smaller than aluminium and dissolved iron will be attracted to lattice 

defects where it will lower the misfit strains. The sluggish recovery kinetics seen in both 50% and 

92.5% during the first annealing step can be explained by solute drag caused by dissolved iron 

atoms impeding the mobility of dislocations and subgrain boundaries. In fact, the etched surfaces 

of annealed samples shown in Fig. 5 reveal stringers of pits (manifestation of Fe precipitation) in 

patterns similar to micro-shear bands and lamellar boundaries – typical features of deformed 

microstructures. Very few pits were located at high angle grain boundaries of recrystallized grains, 

refuting any theories of precipitation by sweeping of high angle grain boundaries as described by 

e.g. Vandermeer [17]. 

 The softening behavior in Fig. 2 shows that the hardness drops quickly after sample A and 

D starts to recrystallize. In the inter-annealed samples both recovery and recrystallization is rapid. 

Thus, the precipitates exert only a small Zener drag force on dislocations and boundaries. The 

particle density was found to be very low - about 0.9 µm-2. In addition, the Al3Fe phase only had 

a partial coherency with the matrix which does not contribute to the strength as much as a fully 

coherent precipitate. The spherical morphology and partial coherence is in accordance with the 

observations by Davies et al.[10] and Yamamoto et al.[11].  

Iron in the form of Al3Fe and αh-AlFeSi does not give the same strength contribution as 

dissolved iron. Still, in Fig. 2 a strength increase is seen for the 50% deformed samples (A, B, C) 

that have been inter-annealed in as-deformed state, but this is related to the Hall-Petch effect. Inter-

annealing of the 50% deformed samples refines the grain size and for the 92.5% deformed samples 
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this effect is of course less noticeable because even without interannealing the grain size is already 

significantly smaller for sample D than sample A. It is possible that the grain refining effect on 

strength balances that of the reduced strength due to precipitation. 

 According to Thermo-Calc, only α-AlFeSi and β-AlFeSi should be stable at 300 °C. 

However, in literature mainly the metastable precursor phase Al6Fe and the stable Al3Fe phases 

are reported. It is clear from the present investigations that deformation promotes precipitation and 

that the Al3Fe forms fairly easily, as no Al6Fe was observed after annealing. However, Miki and 

Warlimont [22] have found Si additions to promote precipitation of Al3Fe and can explain why no 

Al6Fe is observed here as there is 0.05wt% Si in the investigated alloy. 

Because the 50% deformed samples do not form a strong texture it is of more interest to 

focus on the 92.5% deformed samples. The texture after deformation in the two 92.5% deformed 

samples have the same components and with similar peak intensity. After inter-annealing, the S 

and, in particular, the Brass components have a higher intensity and there is a general sharpening 

of the texture. These differences are not expected to be of significance and in the recrystallization 

texture there are only minor differences in the intensity of the deformation texture components 

between sample D and E. However, Fig. 4 shows that the main differences are related to the Cube 

texture component. Cube itself becomes stronger and the RD-rotated Cube and Goss components 

are replaced by a TD-rotated Cube in the inter-annealed sample. The R-texture component was not 

detected in any of the annealed samples. Thus, precipitation of iron during inter-annealing clearly 

causes a stronger Cube texture component during recrystallization as iron in solution is inhibiting 

growth of Cube as most literature describe. That precipitates cause a Zener drag effect which 

suppress the Cube component during recrystallization was not observed in this work [13]. To 

highlight the effect of dissolved iron, a sample of the 92.5% deformed material was flash-annealed 
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at 500 °C for 10 seconds. The conductivity after recrystallization was only 35 m/Ωmm2 indicating 

that most of the dissolved iron after homogenization was still in solution. Thus, recrystallization 

was strongly influenced by solute drag. The resulting texture for constant φ2=0° and φ2=55° is 

shown in Fig. 6. The Cube component, although well defined, is much weaker than in sample D 

and E where there is less dissolved iron for more of the softening and recrystallization process. 

That there is also an S-component rotated towards R is a strong confirmation of the works by 

Suzuki et al. [15], Marshall and Ricks[4] and Ito et al. [14] which suggested that dissolved iron 

promote the R component. Because there is only weak scattering of R about the S texture 

component, Hirsch and Lücke [23] have found this to be a sign of continuous recrystallization – 

which is indeed reasonable when we look at Fig. 7 where the typical β-fiber of the deformation 

texture is relatively strong. The resulting texture during continuous growth is typically more 

influenced by oriented nucleation. Hence, it seems like dissolved iron influences growth of Cube 

nuclei negatively during the early stages of recrystallization rather than during the later stages of 

grain growth similarly to what Ito et al. [11] found. 

 

5.  Conclusions 

In a supersaturated state, iron in solution will cause precipitation of Al3Fe and αh-AlFeSi phases 

during annealing at 320 °C. Because iron has a low diffusivity, precipitation is promoted by 

increased deformation – the precipitates form on features of the deformation structure like micro- 

shear bands and lamellar boundaries. By subsequent deformation and annealing, softening is faster 

by roughly a factor 103 in the AA1070 alloy investigated here.  

As a consequence of solute drag and concurrent precipitation during the first annealing 

sequence, the recrystallization texture of inter-annealed samples, where the precipitates are already 
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present, is strongly influenced. Dissolved iron in solution inhibits the formation of the Cube texture 

component, most likely in the nucleation phase of recrystallization. Instead of being RD-rotated 

after the first annealing step, after the second annealing step the Cube texture also has a TD-rotated 

component. The R texture component appears only in a flash-annealed sample with a high level of 

dissolved iron. 
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Figure captions 

 

Figure 1. Electrical conductivity as a function of time. 100s corresponds to the as-deformed 

state. (a) Material A, B and C, (b) Material D and E. 

 

Figure 2. Evolution in hardness in annealed samples with time. 100 s refers to as-deformed state. 

(a) Material A, B and C, (b) Material D and E. 

 

Figure 3. Typical TEM micrograph and corresponding EDS spectra from samples deformed 

50% and 92.5% and directly annealed for 104 and 105 seconds. (a) TEM bright field image of 

Al3Fe (1) and αh-AlFeSi (2) phases precipitating during annealing. (b) EDS spectra from 

particles small spherical particles labelled “1” (upper) and from the larger elongated particle 

labelled “2” (lower) in (a). 

 

Figure 4. Annealing textures in the form of ODFs shown for the constant φ2=0° section only. 

 

Figure 5. SEM images of etch pits (black/dark colored dots) at iron-precipitates along micro shear 

bands and lamellar boundaries in 50% (a) and 92.5% (b) deformed samples after annealing, 

respectively. 

 

Figure 6. Recrystallization texture (ODF; 2 = 0o and 55o sections, respectively) of a sample 

deformed 92.5% after homogenization and then flash-annealed at 500 °C for 10 seconds. 

 

Figure 7. Recrystallizations texture in the form of cube texture intensity (bars) and -fibre 

intensity) of 92.5% deformed samples after different types of annealing. 
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Table captions 

 

Table 1 Samples and processing 
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Figure 1. Electrical conductivity as a function of time. 100s corresponds to the as-deformed state. 

(a) Material A, B and C, (b) Material D and E. 
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Figure 2. Evolution in hardness in annealed samples with time. 100 s refers to as-deformed 

state. 

(a) Material A, B and C, (b) Material D and E. 
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Figure 3. Typical TEM micrograph and corresponding EDS spectra from samples deformed 

50% and 92.5% and directly annealed for 104 and 105 seconds. (a) TEM bright field image of 

Al3Fe (1) and αh-AlFeSi (2) phases precipitating during annealing. (b) EDS spectra from 

particles small spherical particles labelled “1” (upper) and from the larger elongated particle 

labelled “2” (lower) in (a).  
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Figure 4. Annealing textures in the form of ODFs shown for the constant φ2=0° section only. 
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(a)                                                                       (b) 

Figure 5. SEM images of etch pits (black/dark colored dots) at iron-precipitates along micro 

shear bands and lamellar boundaries in 50% (a) and 92.5% (b) deformed samples after 

annealing, respectively. 
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Figure 6. Recrystallization texture (ODF; 2 = 0o and 55o sections, respectively) of a sample 

deformed 92.5% after homogenization and then flash-annealed at 500 °C for 10 seconds. 

. 
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Figure 7. Recrystallizations texture in the form of cube texture intensity (bars) and -fibre 

intensity) of 92.5% deformed samples after different types of annealing. 

 

 

  



24 
 

Tables 

 

Table 1 Samples and processing 

Sample Processing Final annealing temperature 

A def. 50% 320 °C 

B def. 50% + 105 s/320 °C + def. 50% 320 °C 

C def. 92.5% + 105 s/320 °C + def. 50% 320 °C 

D def. 92.5% 300 °C 

E def. 50% + 105 s/320 °C + def. 92.5% 300 °C 

 

 


