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Abstract: Although excellent recyclability is one of the advantages of Al alloys, a recycling process can reduce different properties of these 
alloys by adding coarse AlFeSi particles into the alloys’ microstructures. One of the well-known methods for modifying the microstructure of 
metallic materials is the imposition of severe plastic deformation (SPD). Nevertheless, the microstructure evolutions of recycled Al alloys 
containing extraordinary fractions of AlFeSi particles during SPD processing have seldom been considered. The aim of the present work is to 
study the microstructure evolution of a recycled Al–Fe–Si–Cu alloy during SPD processing. For this purpose, tubular specimens of the men-
tioned alloy were subjected to different numbers of passes of a recently developed SPD process called tube channel pressing (TCP); their mi-
crostructures were then studied using different techniques. The results show that coarse AlFeSi particles are fragmented into finer particles 
after processing by TCP. However, decomposition and dissolution of AlFeSi particles through TCP processing are negligible. In addition, 
TCP processing results in an increase in hardness of the alloy, which is attributed to the refinement of grains, to an increase of the dislocation 
density, and to the fragmentation of AlFeSi particles. 
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1. Introduction 

Al alloys are widely used in different industries not only 
because of their well-known specifications such as high 
corrosion resistance, low density, and reasonable mechanical 
properties but also because of their excellent recyclability. 
As an illustration, approximately 40%–60% of Al products 
have been estimated to be fabricated from recycled stocks [1−2]. 
However, a recycling process may contaminate the compo-
sition of Al alloys through addition of different impurities 
such as Fe and Si [3−4]. These impurities adversely affect 
various properties of Al alloys because they induce the for-
mation of insoluble AlFeSi intermetallic particles. For ex-
ample, these particles accelerate the fracture of Al alloys 
during forming processes because they function as stress 
concentration sites [3−5]. In addition, these particles accele-
rate the pitting corrosion rate of Al alloys by activating se-
lective corrosion mechanisms [6−7]. Although different 
methods have been proposed for eliminating Fe and Si from 

recycled Al alloys, these methods are often complex, inef-
fective, or expensive [3−4]. In addition, coarsening of the 
intermetallic particles has been speculated to intensify their 
adverse effects on the properties of Al alloys [5−7]. There-
fore, we propose that the properties of a recycled Al alloy 
can be improved through the reduction of the dimensions of 
their intermetallic particles. One of the well-known methods 
for refining the microstructure of metals is imposition of 
severe plastic deformation (SPD) [8−10]. However, the lite-
rature contains few studies focused on the effects of the SPD 
processing on the evolution of the microstructure and varia-
tion of the properties of recycled Al alloys with extraordi-
nary concentrations of Fe and Si.  

The aim of the present work is to investigate the evolu-
tion of the microstructure of a recycled Al alloy during SPD 
processing. Because SPD processing of tubes is attractive 
for industrial applications [8], a recently developed SPD 
process for tubes called tube channel pressing (TCP) was 
applied for this purpose. The evolution of the microstruc-
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ture of the alloy was then studied using scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) tech-
niques. 

2. Process, materials, and methods 

TCP has been recently developed for SPD processing of 
tubes. In this process, the tube is strained through passing a 
bottleneck region, which causes multiple stages of shear 

straining in addition to two stages of hoop straining. Fig. 1(a) 
illustrates a new geometry for the TCP process used in this 
work. Using a finite element (FE) simulation, the average 
plastic strain imposed on the tube wall through the applied 
geometry of TCP is evaluated to be approximately 1.3. Figs. 
1(b) and 1(c) show the manufactured TCP die and the 
processed specimen, respectively. Additional details about 
the process and the applied FE simulation are presented 
elsewhere [11−14]. 

 

Fig. 1.  Schematic of the new geometry of the TCP process (a), the manufactured die and mandrel of the TCP process for the new 
geometry (b), and a TCP-processed tube (c).  

A recycled Al tube was received in wrought form. The 
inner and outer diameters of the tube were 44.4 and 50.8 
mm, respectively. The chemical composition of the recycled 
Al tube was evaluated using optical emission spectrometry 
to be Al−1.7Fe−0.9Si−0.5Cu. The received tube was cut into 
different specimens, which were subsequently annealed at 
753 K for 45 min. Afterwards, they were subjected to zero, 
one, four, and eight passes of TCP at room temperature us-
ing a strain rate of approximately 0.1 s−1. This process re-
sulted in the imposition of different plastic strains of 0, 1.3, 
5.2, and 10.4, respectively. After TCP processing, a Vickers 
hardness test was performed in the r–θ plane of the tubular 
specimens using an indentation load of 98 N. 

The XRD patterns of TCP-processed specimens were 
recorded at an interval step angle of 0.02° using Cu Kα X-rays 
with a wavelength of 0.154 nm. The range of the diffraction 
angles was 10° and 50°. Considering broadening of the 
integral breadth of Al peaks, the Williamson–Hall approach 
was used to evaluate the dislocation density of TCP-processed 
specimens [15−16]. In addition, two different groups of 
samples were prepared for SEM studies. The first group was 
prepared by conventional polishing and etching and was 
used to characterize AlFeSi particles. The second group was 

prepared by ion polishing and was used for electron back-
scattering diffraction (EBSD) studies of the Al matrix on a 
JEOL JSM-7001F scanning electron microscope. Different 
magnifications from 200× to 5000× were used for SEM and 
SEM/EBSD studies, whereas multiple step sizes from 0.1 to 
2.5 µm were applied to obtain EBSD maps. In addition, the 
INCATM 4.09 software was used to interpret EBSD maps. 

3. Results and discussion 

3.1. Effect of TCP processing on intermetallic particles 

Fig. 2 compares XRD patterns of the used alloy before 
and after TCP processing. Different peaks related to the Al 
matrix and to α-AlFeSi particles are observed in the XRD 
patterns. Notably, peaks related to α-AlFeSi particles remain 
even after eight passes of TCP, which implies that these par-
ticles are stable during SPD processing.  

Fig. 3 compares the morphology, dimensions, and distribu-
tion of AlFeSi intermetallic particles in the microstructure of 
the used alloy before and after TCP processing. As shown 
before, these particles usually appear in two different elon-
gated and faceted morphologies [17−19]. As evident in Figs. 
3(a)–3(e), different AlFeSi particles can be traced in the  
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Fig. 2.  XRD patterns of the alloy after different numbers of 
passes of TCP. 

microstructure of the alloy before and after TCP processing. 
The chemical compositions of differently numbered par-
ticles shown in Fig. 3 are presented in Table 1. As can be 
traced in this table, the chemical composition of these par-
ticles is approximately 33wt% Fe, 6wt% Si, and 57wt% Al. 
This chemical composition is very similar to that of 
α-AlFeSi (Al8Fe2Si). As shown in Fig. 3(a), three groups of 
AlFeSi particles can be traced in the microstructure of the 
alloy before TCP processing:  

(1) Coarse-faceted particles with sizes between 5 and 10 µm;  
(2) Elongated particles with lengths of 5 to 10 µm and a 

width of about 1 µm;  
(3) Fine particles smaller than 5 µm. 

 

Fig. 3.  Morphology and size distribution of the intermetallic particles after (a) 0, (b) 1, (c,d) 4, and (e,f) 8 passes of TCP. Black rec-
tangles shown in (c) and (e) indicate the similar areas of (d) and (f), respectively. 

 

As shown in Fig. 3(b), the morphology and dimensions 
of AlFeSi intermetallic particles after one pass of TCP are 
similar to those before TCP processing. However, slight 

evidences of fragmentation of coarse-faceted and elongated 
particles can be traced after one TCP pass. This fragmenta-
tion of particles is more obvious after four TCP passes, as 
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shown in Figs. 3(c) and 3(d). Consistently, almost all of the 
coarse-faceted and elongated particles are fragmented into 
fine particles after eight TCP passes, as shown in Figs. 3(e) 
and 3(f). Similar to the results observed in this study for 
AlFeSi particles, fragmentation of other particles inside Al 
alloys subjected to SPD processing has been reported. This 
fragmentation is caused by the concentration of stress on the 
particles during SPD processing mainly occurring via pile-up 
of dislocations behind them through deformation [20−22]. 

Table 1.  Chemical compositions of different intermetallic 
particles shown in Fig. 3                             wt% 

Number 
of passes 

Particle 
No. 

Composition 

Al Si Fe Cu 

0 

1 59.0 5.2 31.9 3.6 

2 64.3 4.9 27.6 3.2 

3 54.0 6.0 35.4 4.6 

4 59.0 5.5 32.0 3.5 

5 63.5 5.1 27.9 3.5 

Average 59.96 5.34 30.96 3.74 

1 

1 56.1 5.6 33.9 4.4 

2 54.7 5.8 34.9 4.6 

3 58.6 5.4 32.7 3.3 

4 53.6 6.2 36.0 4.2 

5 53.1 5.5 37.8 3.5 

Average 55.2 5.7 35.1 4.0 

4 

1 53.6 6.2 35.3 4.9 

2 52.6 6.2 36.2 5.1 

3 54.3 6.2 35.0 4.5 

4 65.2 4.3 27.6 2.9 

5 72.0 4.0 21.4 2.5 

Average 59.5 5.4 31.1 4.0 

8 

1 62.4 5.6 28.5 3.6 

2 57.8 5.7 32.8 3.7 

3 54.6 6.0 34.5 4.9 

4 55.2 6.3 34.3 4.3 

5 54.5 5.9 35.2 4.3 

Average 56.9 5.9 33.1 4.1 
 

Fig. 4 compares variations in the chemical compositions of 
different specimens along the selected line shown in red. As 
illustrated in Fig. 4(a), the content of alloying elements in 
the Al matrix is negligible before TCP processing. Also, the 
alteration of chemical composition between the intermetallic 
particles and the Al matrix is very rapid. These results imply 
a complete separation of alloying elements from the Al ma-
trix due to the formation of AlFeSi intermetallic particles. 
Similar to what was observed for an unprocessed specimen, 

the content of alloying elements in the Al matrix was neg-
ligible after one, four, and eight passes of TCP, as shown in 
Figs. 4(b)–4(d). In addition, the rapid alteration of chemical 
composition between the intermetallic particles and the Al 
matrix remained even after eight passes of TCP. These re-
sults suggest that decomposition and dissolution of AlFeSi 
intermetallic particles through TCP processing are negligible. 
Nonetheless, SPD has been reported to cause decomposition 
and dissolution of other intermetallic particles such as CuAl2 
and MgZn2 [22−23]. To explain this difference, we refer to 
the chemical stability of AlFeSi particles, which prevents its 
decomposition and dissolution by SPD processing. As an 
explanation of this behavior, whereas the enthalpy of forma-
tion of CuAl2 and MgZn2 has been reported to be approx-
imately −13 and −14 kJ/mol, respectively, the enthalpy of 
formation of α-AlFeSi is approximately −26 kJ/mol [24−26]. 

3.2. Effect of TCP processing on the aluminum matrix 

Table 2 illustrates variations in the dislocation density of 
the alloy subjected to TCP processing. The dislocation den-
sity of the alloy impressively increases after one pass of 
TCP and then remains nearly constant with additional passes 
of TCP. Similarly, a rapid increase of the dislocation density 
by imposition of a relatively small plastic strain (~1) and a 
successive saturation of the dislocation density with imposi-
tion of greater plastic strains have been reported for other di-
lute Al alloys subjected to SPD processing [27−28]. To ex-
plain this phenomenon, we note that dilute Al alloys regularly 
undergo dynamic recovery during SPD processing even at 
room temperature. Therefore, the increase in dislocation den-
sity of these alloys through SPD processing becomes satu-
rated because of the appearance of an equilibrium between 
dislocation multiplication caused by plastic deformation and 
dislocation annihilation induced by dynamic recovery [8,17].  

Fig. 5 compares EBSD maps of the alloy sample before 
and after TCP processing. Fig. 5(a) shows that the grain size 
of the Al matrix before the process is greater than 250 µm. 
After one pass of TCP processing, initial coarse grains are 
broken into impressively finer grains, as illustrated in Fig. 5(b). 
The overall grain size after one pass of TCP processing is 
evaluated to be equal to 2.26 µm. As shown in Fig. 5(c), the 
overall grain size after four passes of TCP processing is 
slightly lower compared to that observed after one pass of 
TCP processing. Nevertheless, the overall grain size after eight 
passes of TCP processing is similar to that after four passes of 
TCP processing, as illustrated in Fig. 5(d). The overall grain 
sizes after four and eight passes of TCP processing are 1.43 
and 1.39 µm, respectively. These results imply saturation of 
grain refinement of the used alloy through TCP processing.  
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Fig. 4.  Variation of the chemical composition of the alloy along a selected line shown in red after (a) 0, (b) 1, (c) 4, and (d) 8 passes of TCP. 

Table 2.  Evaluated dislocation densities after different num-
bers of passes of TCP                                m−2 

Number of passes Dislocation density 

0 ≈ 1012 

1 (3.6 ± 1.1) × 1014 

4 (5.5 ± 1.3) × 1014 

8 (3.8 ± 0.2) × 1014 
 

The saturation of grain refinement for other dilute Al 
alloys subjected to SPD processing has been previously 
reported [16,29−30]. The grain refinement of dilute Al alloys 
through SPD processing is speculated to occur because of the 
occurrence of continuous dynamic recrystallization (CDRX). 
CDRX, sometimes known as extended recovery, occurs be-
cause of the initial multiplication of dislocations, migration  

 
Fig. 5.  EBSD maps of the alloy after (a) 0, (b) 1, (c) 4, and (d) 8 passes of TCP. 
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of dislocations to form dislocation cell walls/low-angle 
grain boundaries, and further evolution of the low-angle 
grain boundaries to high-angle grain boundaries [29−30]. 
Also, the saturation of grain refinement during SPD 
processing has been attributed to the diffusive accommodation 
of dislocations through grain boundaries instead of through 
cell formation after the grain size reaches its lowermost criti-
cal amount [8]. 

3.3. Variation of hardness through TCP processing 

As shown in Table 3, an extensive increase in hardness of 
the used alloy occurs after one pass of TCP. This extensive in-
crease in hardness is mainly attributed to a reduction of the 
grain size as well as to an increase in dislocation density; these 
effects are the main strengthening mechanisms of dilute Al al-
loys subjected to SPD processing [29,31]. Compared with this 
extensive increase in hardness of the alloy, the increase in 
hardness induced by additional TCP passes is small. This ef-
fect is due to an increase of the limited dislocation density and 
to grain-size reduction through further TCP passes, as pre-
viously mentioned. However, the question arises: If the dislo-
cation density and the grain size of the alloy remain almost 
constant after four TCP passes, why does the hardness in-
crease after eight TCP passes? To answer this question, we re-
fer to the fragmentation of AlFeSi particles through TCP 
processing, especially after eight passes. Note that the fragmen-
tation of particles causes the appearance of an extra number of 
finer particles, which results in an additional strengthening ef-
fect according to the Orowan mechanism [29,32−33].  

Table 3.  Hardness of the used alloy after imposition of differ-
ent passes of TCP 

Number of passes Vickers hardness 

0 47.9 ± 2.0 

1 78.0 ± 1.2 

4 81.0 ± 2.5 

8 88.9 ± 0.3 
 

4. Conclusions 

(1) TCP processing caused fragmentation of AlFeSi particles 
present in the microstructure of the Al−1.7Fe−0.9Si−0.5Cu alloy. 
Nearly all of the coarse AlFeSi particles were fragmented 
after eight passes of TCP (an equivalent plastic strain of 
about 10).  

(2) AlFeSi particles remaining in the microstructure of 
the used alloy did not decompose/dissolve into the Al matrix 
during TCP processing because of their chemical stability.  

(3) The increase in hardness through TCP processing oc-
curred not only because of the increase in dislocation densi-
ty and the reduction of grain size, but also because of the 
fragmentation of AlFeSi particles. 
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