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Abstract

This works aims to study the grain refinement, the texture evolutions, and the strengthen-
ing of the recycled Al-1.7Fe-0.9Si-0.5Cu alloy subjected to a recently developed severe plastic
deformation process called tube channel pressing. For this purpose, an electron backscattered
diffraction equipped scanning electron microscope is applied to investigate the grain refinement
and the texture evolutions while the tension test is applied for the measurement of strength.
Results show that the imposition of the first pass of the process causes an extensive refinement
of grains besides a considerable increase in strength. Despite this, the imposition of additional
passes causes a little grain refinement besides a minor strength decrease. Additionally, vital
texture components related to the shear deformation have risen because of the imposition of
the process. Also, the mechanisms responsible for these phenomena are discussed.

K e y w o r d s: recycled aluminium, severe plastic deformation, grain refinement, strength,
texture

1. Introduction

Aluminium and its alloys are widely applied be-
cause of their attractive characteristics like low den-
sity, remarkable corrosion resistance, and reasonable
strength. Another attractive characteristic of these
materials is their good recyclability. For instance, the
energy needed for producing secondary aluminium
through recycling scraps is less than 7% of the coun-
terpart amount needed for producing primary alu-
minium. Therefore, about half of aluminium products
are made from secondary aluminium, and this pro-
portion is increasing [1–3]. Despite the benefits of alu-
minium recycling, this process infects the composition
of aluminium alloys by adding undesirable elements
like Fe [1, 3–5]. For more explanations, the increased
Fe-content is believed to be destructive for aluminium
alloys since this element attends to the formation of
different insoluble intermetallic compounds. For ex-
ample, when a considerable concentration of Si be-
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sides a high Fe content is present in an aluminium
alloy, different types of AlFeSi intermetallic particles
form. Usually, these particles have negative effects on
the mechanical properties of the alloy. For example,
different alloying elements like Si, Cu, Zn, and Mg
are absorbed inside these insoluble particles; there-
fore, the concentrations of these alloying elements in-
side the matrix decrease. This phenomenon causes the
decrease of the strengthening effect of the alloying
elements that could be attained through the forma-
tion of solid solution hardening and/or precipitation
hardening [6–10]. Multiple methods proposed for elim-
inating recycled aluminium alloys are usually known
as complicated, less effective, or expensive [4, 5–11].
Therefore, one can see the significance of applying new
methods for strengthening recycled aluminium alloys
bearing extraordinary Fe-contents.
During past decades, severe plastic deformation

(SPD) has risen as a promising method for strengthen-
ing metallic materials. Therefore, different SPD pro-
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cesses like equal channel angular pressing (ECAP),
accumulative roll bonding (ARB), and high-pressure
torsion (HPT) have been established in a few past
decades, different SPD processes like constraint groove
pressing (CGP), tube channel pressing (TCP), and
twist extrusion (TE) are still under development [12–
15]. It has been well documented that applying the
SPD method results in extensive grain refinement
of metallic materials, usually because of continuous
dynamic recrystallization (CDRX). For example, the
CDRX of aluminium alloys is often explained through
the following steps: initial multiplication of disloca-
tions, migration of dislocations to form dislocation cell
walls/low-angle grain boundaries, and further evolu-
tion of the low-angle grain boundaries to high-angle
grain boundaries during the imposition of additional
strain [16, 17]. Considering these explanations, one
can see that the increase of dislocation density (ρ)
and the grain refinement are two main strengthen-
ing mechanisms that arise during SPD processing of
the aluminium alloys, although other strengthening
mechanisms like the dynamic age-hardening and the
fragmentation/redistribution of the second phase may
also be occurred [18–21]. For more explanations, the
strengthening effect of grain refinement can be evalu-
ated using the Hall-Petch equation as below:

ΔσGB = KHPD
−0.5, (1)

where D is the average grain size and KHP is the Hall-
-Petch constant. Also, the strengthening effect of the
increase of dislocation density (Δσdis.) can be calcu-
lated as below:

Δσdis. = αMGbp0.5, (2)

where α is a constant of about 0.25, M is the Taylor
factor of about 3.06, G is the shear modulus of the
alloy, and b is its Burgers vector. The total strength
of the specimens (σTotal) is calculated below:

σTotal = σ0 +Δσdis. +ΔσGB, (3)

where σ0 is the frictional strength of the alloy related
to other parameters like particle strengthening. For
commercially pure aluminium, KHP, G, and b are usu-
ally considered equal to 0.04MPam−0.5, 26 GPa, and
0.286 nm, respectively [22, 23].
Besides the grain refinement, processing of the

aluminium alloys by SPD causes considerable tex-
ture evolutions. This phenomenon is often inter-
preted considering the shear deformation texture
since the SPD processes often impose the plastic
strains through shear deformation. For more explana-
tions, {1 1 1}<1 1 0> known as A, {1 1 1}<1 1 2>
known as A*, {1 1 2}<1 1 0> known as B, and
{0 0 1}<1 1 0> known as C are noticeable texture

components risen through shear deformation of alu-
minium alloys. Here, the {i j k} represents the pole
of the shear plane, and <h k l> represents the pole
of the shear direction [24–27]. It should be consid-
ered that shear direction during an SPD process, like
ECAP, depends on different parameters, such as the
die design and the state of friction. For example, it
is believed that two different shear vectors can occur
during ECAP processing using a rounded corner die:
the first shear vector (γβ) occurs toward the channel
angel bisector while the second shear vector (γα) oc-
curs in the tangent direction of the die corner. The
overall shear vector is calculated by adding these two
shear vectors. Notably, the magnitudes of these two
shear vectors depend on the state of friction. For in-
stance, when the process is frictionless, only the γβ
occurs, and the amount of γα is zero. Despite this,
when the frictional stress increases enough for the in-
cidence of total sticking friction, only the γα occurs,
and the amount γβ is zero [27, 28].
Despite extensive studies focused on grain refine-

ment, the strengthening, and the texture evolutions of
aluminium alloys through the SPD method, the appli-
cation of this method to recycled aluminium alloys
bearing extraordinary Fe-content has remained less
considered. This study investigates the grain refine-
ment, texture evolution, and strengthening of a recy-
cled Al-1.7Fe-0.9Si-0.5Cu alloy subjected to a recently
developed SPD process called tube channel pressing
(TCP) [23]. For this purpose, electron backscattered
diffraction (EBSD) equipped scanning electron mi-
croscopy (SEM) is applied to characterize the mi-
crostructure and the texture of the alloy after the pro-
cess, while the tension test is applied for the measure-
ment of the strength.

2. Process, materials, and methods

Considering the concept of ECAP, TCP has been
developed during the past decade for the SPD pro-
cessing of tubes. As shown in Fig. 1a, the imposition
of this process results in four steps of the shear strain
besides two steps of the hoop strain. The equivalent
plastic strain imposed on a tube through the applied
TCP die is about 1.3, while 80 % of this amount is im-
posed by the shear strain steps. Each TCP shear step
is similar to an ECAP process using a rounded cor-
ner die with a channel angle (Φchannel) of 150◦. Con-
sidering the abovementioned explanations about the
shear occurrence through ECAP, possible directions
of shear occurrence through the TCP process are il-
lustrated in Fig. 1b. More details about the process
and assumption of its imposed strain have been pre-
sented elsewhere [29].
A recycled aluminium alloy is received as a hot ex-

truded tube. The inner and outer diameters of the re-
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Fig. 1. Illustration of (a) schematic of the TCP process, and (b) two different possible directions of shear occurrence
through this process; (c) the dimensions of the samples applied for the tension test in mm.

Ta b l e 1. Chemical composition of the received alloy (wt.%)

Al Cr Cu Zr Fe Mg Mn Si Ti Zn

Rem. 0.01 0.49 <0.01 1.68 0.17 0.08 0.91 0.02 0.22

ceived tube are 44.4 and 50.8 mm, respectively. Table 1
illustrates the chemical composition of the received
tube measured by optical emission spectrometry. As
can be seen, the Fe-content of the alloy is 1.68 wt.%
which is extensively greater than that of the standard
aluminium alloys. Before processing by TCP, the re-
ceived tube is divided into 90mm long specimens, and
these specimens are then annealed at 753K for 45min.
Afterward, different specimens are subjected to 1 and
4 passes of TCP at room temperature. To measure the
strength of the processed specimens, the tension test
along the longitudinal direction of the tube is applied.
The tension test is carried out at room temperature
by the strain rate of 10−4 s−1 using the samples pre-
pared according to Fig. 1c. The thickness of the ten-
sion samples is 3.2 mm, equal to the thickness of the
processed tubes. Also, SEM and SEM-EBSD observa-
tions of R-Z planes of specimens are applied to study
the evolutions of the microstructure and the texture of
specimens. For this purpose, ion polishing is applied
to prepare SEM-EBSD samples. The EBSD observa-
tions are accomplished by the JEOL JSM-7001F ma-
chine using the acceleration voltage of 15 kV. Differ-
ent step sizes (Δx) from 0.1 to 2.5 µm are applied for
EBSD mapping while grain boundaries are measured
considering misorientations greater than 5◦ [30]. The
Inca 4.09 software is applied for the interpretation of
microstructure/texture evolutions of the alloy. More
details about the methods of EBSD observations have

been presented elsewhere [19]. The average grain mis-
orientation (GAM) of samples obtained by EBSD is
used for the estimation of the dislocation density as
follows [31, 32]:

ρ =
GAM
bΔx

. (4)

3. Results and discussion

As can be seen in Fig. 2, multiple coarse inter-
metallic particles are present in the microstructure of
the alloy. The previous work of authors on this alloy
has shown that these particles are different types of
AlFeSi compounds. Also, no evidence of the dissolu-
tion of these particles by TCP processing has been
traced [19]. It is noteworthy that these intermetallic
particles are fragmented through the TCP processing,
similar to what was reported for the coarse intermetal-
lic particles of other aluminium alloys subjected to
SPD [19–21].
Figures 3–5 compare the results of SEM-EBSD ob-

servations of different specimens. As seen in Fig. 3,
the grain size of the unprocessed specimen is more
significant than 500µm since the observed area
(640 × 480 µm2) is occupied by only one grain. This
considerable coarsening of grains has probably oc-
curred during the annealing of the alloy due to the
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Fig. 2. Morphology of different AlFeSi intermetallic particle inside the alloy: (a) and (b) unprocessed, (c) 1 pass processed,
and (d) 4 passes processed specimens.

Fig. 3. EBSD results of the: (a) quality image map and (b) pole of the peripheral direction of grains of the unprocessed
tube.

absence of an adequate concentration of Mn, Cr, and
Zr elements in the composition of the alloy. Note that
these elements are usually added to different wrought
aluminium alloys to prevent their grain growth dur-
ing annealing through the formation of nano-sized
dispersoids [33–35]. As shown in Fig. 4, the coarse
grains of the annealed alloy are broken into exten-
sively finer grains after the 1st pass of TCP. Also, the

grain sizes of the alloy after processing by 4 passes of
TCP are comparable to what is seen after 1 pass of
TCP. This result indicates a remarkable decrease in
the rate of grain refinement through the imposition
of 1 to 4 passes of TCP. It is also noteworthy that
the microstructures of TCP-processed specimens are
mainly occupied by very-fine grains (VFGs) character-
ized by diameters in the range of 1–10µm. However,
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Fig. 4. Orientation image maps of grains of the alloy: (a) and (b) 1 pass processed specimen; (c) and (d) 4 passes processed
specimen; (a) and (c) show poles of grains toward PD, while (b) and (d) show poles of grains toward ND; (e) legend of

the orientation image maps.

when the higher magnification is applied for EBSD,
a limited presence of ultrafine grains (UFG) charac-
terized by diameters less than 1 µm is evident, as il-
lustrated in Fig. 5. Note that these UFGs cannot be
traced in Fig. 4 since the step size of EBSD mapping
of Fig. 4 is greater than their diameters. As shown in
Fig. 5, the UFGs induced by TCP processing often ap-
pear around intermetallic particles. This phenomenon
occurs due to the greater hardness of these particles,
which causes a concentration of plastic strain on the
matrix around these particles [36]. Besides this, by
comparing of results of this work with the results of
previous studies on SPD of aluminium alloys, one can
see that the grain refinement of the alloy is rapidly
saturated. For more explanations, despite results of

this work that shows the appearance of the VFGed
microstructure inside the alloy after 4 passes of TCP
processing (imposition of an equivalent plastic strain
of about 5.2), previous works have reported the devel-
opment of UFGed microstructures through the impo-
sition of an equivalent plastic strain of about 4–8 on
different wrought aluminium alloys [16, 17]. This phe-
nomenon can be attributed to two different reasons.
Firstly, the matrix of the recycled alloy is depleted
from alloying elements because of the formation of
AlFeSi intermetallic particles, and therefore, the mo-
bility of dislocations and the occurrence of dislocations
annihilation inside the matrix is extensively enhanced
[6, 7, 9, 10]. This effect results in the slowing of the dis-
locations multiplication mechanism inside the matrix



18 M. H. Farshidi et al. / Kovove Mater. 61 2023 13–21

Fig. 5. Comparison of the EBSD map with the secondary electron image of the (a) 1 pass and (b) 4 passes processed
specimens.

Ta b l e 2. Amount of different texture components inside the processed specimens in percentage. The figures in parentheses
are the amounts of the texture components expressed as a fraction of their relative amounts in a random distribution. The

data are measured using a tolerance of ± 10◦

Specimen {1 1 1} {1 1 2} {1 1 1} {0 0 1} {1 1 2} {1 1 0} {1 1 0} {1 1 0}
<1 1 2> <1 1 0> <1 1 0> <1 1 0> <1 1 1> <1 1 2> <1 1 1> <0 0 1>

1 Pass <1 (<1) 5.7 (4.2) 3.9 (2.9) <1 (<1) <1 (<1) 1.2 (<1) <1 (<1) <1 (<1)
4 Passes <1 (<1) 5.2 (3.9) 3.4 (2.6) 7.3 (10.4) <1 (<1) <1 (<1) <1 (<1) <1 (<1)

that is essential for the occurrence of CDRX of alu-
minium [16, 17]. Secondly, the absence of nano-sized
dispersoids – usually composed of Mn, Cr, and Zr –
inside the alloy causes enhancement of the mobility
of its grain boundaries, and therefore, the coalescence
of grains by the migration of their boundaries during
SPD is accelerated [37].
As seen in Fig. 4, the pole of pressing direction

(PD) of multiple grains of processed specimens is
near <1 1 0>. Additionally, the pole of average direc-
tion (ND) of multiple grains of processed specimens
is near to <1 1 1> or <1 0 0>. These results imply
the appearance of relatively vital texture components
through TCP processing of the alloy. Note that the
PD and the ND are identical to the longitudinal and

radial directions of the tube, respectively. Table 2 il-
lustrates the fraction of risen texture components in-
side the processed specimens. Here, the {i j k} repre-
sents the pole of ND, and <h k l> represents the pole
of PD. As can be traced in Table 2, supposing the
pole of the shear plane and pole of the shear direc-
tion identical to ND and PD, the texture components
risen through TCP processing are equal to A, B, and
C components of the shear texture mentioned above.
Notably, the intensities of other texture components
inside the processed specimens are less than their in-
tensities in a random texture. These results indicate
the appearance of the shear texture through process-
ing by TCP. Furthermore, considering these explana-
tions, one can infer that the shear deformation dur-
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Ta b l e 3. Comparison of the microstructural characteristics and different strengthening parameters of specimens

Pass number D (µm) ρ (1 m−2) ΔσGB Δσdis. σTotal σex.

0 ∼ 500 ∼ 3.3 × 1013 2 32 49 45
1 2.3 9.1 × 1014 28 169 212 231
4 1.4 7 × 1014 36 147 208 199

Fig. 6. Results of the tension tests of different specimens.

ing the applied TCP process mainly occurs toward
PD while the pole of the shear plane is ND. Com-
paring this result with the possible directions of shear
through TCP processing illustrated in Fig. 1b, it can
be inferred that the primary shear vector of TCP is
aligned to γα, and therefore, one can infer that the γβ
is negligible. This phenomenon can be interpreted as
full sticking friction between the specimen and the die
[28]. Note that the proportion of length to thickness of
the applied tube is 28 and the tube surface is in com-
plete contact with die/mandrel surfaces throughout
the process, as shown in the authors’ previous work
[29]. These phenomena result in the imposition of sig-
nificant backpressure on the tube during TCP pro-
cessing, even using perfect lubrication. Therefore, the
hydrostatic pressure and the friction stress between
the surfaces of the die/mandrel versus the surface of
the tube increases extensively. As a result, full stick-
ing friction occurs, similar to what was reported in
previous studies [38, 39].
Figure 6 illustrates the results of the tension tests

of different specimens. As can be seen, the imposi-
tion of TCP causes a considerable increase in the
yield strength of the alloy. This strength increase is
mainly attributed to the increase in the dislocation
density and the grain refinement, as discussed above.
As shown in Fig. 6, the yield strength of 4 passes pro-
cessed specimen is lower than the strength of 1 pass
processed specimen. To understand this effect, one can
compare the strength of the specimens evaluated con-
sidering Eqs. (1)–(4) and the experimentally obtained
strength (σex.) of the specimens. Table 3 compares the

average grain size and the dislocation density evalu-
ated by EBSD versus the related strengthening effect
of these characteristics for different specimens. Note
that the σ0 is considered equal to 15MPa. As can
be seen in Table 3, while the σex. of the 1 pass pro-
cessed specimen is a bit higher than its σTotal, the
σyl. of 4 passes processed specimen is lower than its
σTotal. Considering the abovementioned results about
the texture evolutions of the alloy through TCP, one
may associate this difference of the specimens to the
texture risen through the process. For more explana-
tions, the imposition of 4 passes of TCP causes an
extensive increase in fraction of C texture component,
as shown in Table 2. On the other hand, the Schmidt
factor of the C texture component through the applied
tension test is 0.408. This number is considerably more
significant than the average amount of Schmidt factor
in a random texture of about 0.33 [40, 41]. There-
fore, the C texture component is weaker during the
applied tension test, and increased fraction of this tex-
ture component after the imposition of 4 passes of
TCP causes the decrease of strength of the alloy.

4. Conclusions

Considering the results of this study on SPD of
a recycled aluminium alloy bearing an extraordinary
Fe-content, the following conclusions are summarized:
1. The grain refinement of the alloy through the

SPD is rapidly saturated compared to what is seen
for the conventional wrought aluminium alloys.
2. A relatively firm shear texture appears through

the imposition of the applied TCP process due to the
occurrence of shear in the tangent direction of the die
corner.
3. The imposition of 1 pass of TCP causes a consid-

erable increase in the strength of the alloy. However,
the imposition of other additional TCP passes causes
a minor decrease in the strength of the alloy related
to the texture component persuaded by the process.
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