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A B S T R A C T

Microstructural evolution to ultrafine grains and consequently, enhancement of mechanical properties has been
recently considered for tube formed specimens using various severe plastic deformation methods. In this re-
search, Al-Zn-Mg-Cu tube was processed by the famous equal channel angular extrusion process using a poly-
urethane mandrel up to two passes at room temperature. Although strength and hardness of the aluminum tube
are increased dramatically after the first pass, the aforementioned parameters are enhanced slightly during the
second pass of the process. In addition, tube hardness uniformity is decreased remarkably by applying for the
first pass and it is improved after the second pass. According to parameters of work-hardening behavior and
formability, the flow stress rate of the aluminum tube is reduced by increasing the ECAE pass number.
Microstructural analyses showed that low angle and straight grain boundaries of initial sample are transformed
into the high angle wavy grain boundaries after introducing the second pass of the process.

1. Introduction

Equal channel angular extrusion (ECAE) as one of the most effective
and accessible processes of severe plastic deformation (SPD) possesses
has extensive applications due to the production of ultrafine grain
(UFG) and nanostructure (NS) metals and alloys. Through this process,
intense shear stress is imposed on the specimen at the intersection of
two channels with the equal cross-section area which leads to the
evolution of microstructure and consequently, improvement of me-
chanical properties [1–3]. Various materials with different configura-
tions can be utilized as a specimen during this process including single-
metallic [1], bimetallic (core-casing) [4], powder or chips inserted
casing [5,6], and metallic casing with nonmetallic core conditions [7].

Until now, diverse metals and alloys as a single-metallic specimen
were fully studied under different conditions such as processing tem-
perature, ram speed, pass number, die channel angle, outer corner
angle, etc. through the entitled conventional ECAE [1,8,9]. Applying
ECAE process on the bimetallic specimen has been recently considered.
Accordingly, some aims of the cover casing utilization are the reduction
of friction effect on the mechanical properties of the core-material,
workability improvement of the core-sample, obtaining core-sample
with homogeneous structure, and the reduction of required pressing
load [10,11]. Therefore in this method, casing- and core- samples are
considered as a sacrificial and target materials, respectively [12,13].

Eivani and Taheri applied this technique for producing the bimetallic
aluminum-copper rod using high-temperature condition [14]. Another
sample configuration which can be used by ECAE method is the inserted
powder or chips in the cladding or cover. Its purposes are consolidation
and strengthening of powder or chips by simultaneously imposing the
high shear strain and back pressure; hence, the cover would be sacri-
ficial or ablative material [5,6]. Recently, ECAE process has been uti-
lized as an efficacious technique for improving mechanical properties of
the metallic tubes. Through that, the core plays the role of the sacrificial
material. Also, the core-sample must be easily removable from the inner
wall of the tube; thus, nonmetallic material such as sand, rubber, and
grease can be applied as a core-sample [15,16].

Next to the utilization of the ECAE method for processing tube
sample, other SPD techniques have been recently proposed for manu-
facturing high-strength UFG/NS tubes. Some of them include accumu-
lative spin bonding (ASB) [17], tubular channel angular pressing
(TCAP) [18], parallel tubular channel angular pressing (PTCAP) [19],
high pressure tube twisting (HPTT) [20], cyclic flaring and sinking
(CFS) [21], rubber pad tube straining (RPTS) [22], tube cyclic expan-
sion extrusion (TCEE), tube high pressure shearing (THPS) [23], etc.
Through these methods, high magnitudes of hydrostatic stress cause the
imposing intense plastic strain to the tube-formed materials. Among
these techniques, it is worth mentioning that sudden change in the
material flow direction occurs at TCAP and PTCAP methods which are
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similar to the conventional ECAE method [24].
Because of the availability and simplicity of the conventional ECAE

die, it seems that application of this process for fabrication of high ef-
ficacious tube has been received more attention. In this technique, a
removable material from the inner wall of the tube is utilized as a
mandrel such as sand, rubber, and grease. In 2012, Valder et al. [25]
investigated the feasibility of applying ECAE process on tubular speci-
mens. Sand was used as a mandrel and the tube made of commercial
pure aluminum was processed by ECAE with the die channel angle of
150° up to three passes under four different routes. Improving me-
chanical properties of the tube was obtained accordingly. Also, this
study showed that the ECAE process can be safely utilized for producing
UFG tubes with retention of shape and geometrical dimension. Dja-
vanroodi et al. [16] in 2013 proposed the same technique to produce
high-strength tubes using flexible polyurethane rubber pad as a man-
drel instead of the sand. In this research, the effect of copper tube
thickness on the effective strain magnitude and strain distribution
uniformity was numerically and experimentally investigated using a die
with the channel angle of 90°. Additionally, the appropriate tube
thickness that leads to the optimum strain behavior was achieved. It
was also found that there is not any considerable change in the di-
mensions of the deformed tube, next to the enhancement of its me-
chanical properties. In the similar study by Djavanroodi et al. [26]
during 2014, the influence of different ECAE routes was studied on the
hardness behavior of processed tube using rubber pad as a mandrel. The
results demonstrated that routes C and BC lead to the maximum value of
the average hardness and the highest level of hardness distribution
homogeneity, respectively. In 2014, Valder et al. [27] experimented the
Al-5Zn-1Mg tubular specimen by ECAE process at ambient temperature
with the die channel angle of 150° by means of sand as a mandrel. Since
the specimen was fractured after the first pass, some analyses were
performed by scanning electron microscopy to find its failure reasons. It
was detected that there is not any possibility to apply ECAE method on
the aforementioned material at room temperature without back pres-
sure. Ghadimi et al. [28] in 2014 investigated the production of Cu-Al
bimetallic tube using conventional ECAE process as a new technique.
Examination of the bonding properties demonstrated that there is the
high-strength bonding between the copper and aluminum at higher
passes of the processed sample. In 2015, Djavanroodi et al. [7] studied
experimentally, the feasibility of the three different types of the man-
drel including, sand (S-ECAE), rubber (R-ECAE), and grease (G-ECAE)
to produce UFG tubes utilizing the conventional ECAE die. Accordingly,
commercial pure copper at the form of the tube was ECAEed up to three
passes at room temperature with the die channel angle of 90° by route
C. It was concluded that the highest hardness magnitude and the most
homogeneity of hardness distribution were associated to the R-ECAE
and G-ECAE conditions, respectively. Also, R-ECAE configuration leads
to the production of tubes with the least variations of wall thickness. Al-
Mufadi and Djavanroodi [29] in 2015 produced UFG thin-wall copper
tubes by application of four passes ECAE process at ambient tempera-
ture. The used mandrel material was considered flexible polyurethane
rubber pad. The results indicated that this technique causes the en-
hancement of mechanical properties and grain refinement without any
sizeable geometrical changes of the deformed tube. Production of UFG
AA-6061 tube was performed by the conventional ECAE die using hy-
draulic oil as a mandrel during the studies of Jafarlou et al. in 2016
[15]. Based on the results, filling the tube cavity by oil leads to the
sample with suitable shape after imposing the process. Also, obtained
UFG tube has higher strength and lower ductility in comparison with
the initial condition. Krystian et al. [30] in 2017 produced tubes of
commercial pure titanium by means of ECAE method at different die
channel angles, routes, and temperatures using ferrous and/or non-
ferrous mandrels. The results indicated that ECAE process can be suc-
cessfully applied to titanium tubes at low and room temperatures. Also,
it was found that ferrous mandrel and higher pass number lead to the
tubular sample with the most hardness uniformity.

Aluminum alloys have attracted more attention of scientists and
industries due to the relatively low-cost, good corrosion resistance, high
electrical and thermal conductivities, and lightweight properties. It is
the primitive material selection for structural components of aircraft,
aviation, and automotive. Also, it is considered as one of the most ea-
sily-fabricated high-performance materials [31]. Previous attempts
showed that aluminum alloy including of zinc and magnesium leads to
the considerable strength as compared to the alloys with other alloying
elements. It should be noted that magnesium addition to the aluminum-
zinc alloys generates the strength potential of this alloy, especially in
the range of 3–7wt% Zn. Magnesium and zinc form MgZn2 which
produces a far greater response to heat treatment that occurs in the
binary aluminum-zinc system. Furthermore, copper addition to the
aluminum-zinc-magnesium system, together with small amounts of
chromium and manganese, results in the highest strength aluminum-
base alloys (7XXX series) which are commercially accessible [31–33].

This work has been stimulated by considering the significance of
tube-formed aluminum 7XXX series. Therefore, in this study, the Al-Zn-
Mg-Cu alloy in the form of the tube was ECAEed at room temperature
using the polyurethane mandrel. The aim of this experimental research
is to investigate the feasibility of ECAE process on the aluminum alloy
at room temperature. Then, the mechanical and metallurgical proper-
ties of the processed tube such as strength, ductility, hardness, work-
hardening capacity, and grain size were studied before and after the
operation. In a word, it has been striven to produce high-strength tube-
formed Al-Zn-Mg-Cu material with minimum weight for aforemen-
tioned purposes.

2. Material and experimental procedure

2.1. Material data

In this study, Al-Zn-Mg-Cu alloy was utilized as the form of the tube.
Also, grease, sand, and polyurethane were applied as a core- or re-
movable material. The chemical composition of the aforementioned
aluminum alloy was determined by emission spectrometry technique
and is listed in Table 1. The cylindrical tubes were prepared with the
length of 120mm, the outer diameter of 20mm, and thickness of 3mm.
To achieve the homogenous microstructure and decrease the residual
stress of the initial tubes, all workpieces were annealed at 415 °C for 3 h
and cooled slowly down to the ambient temperature in the shut-off
furnace [34]. This thermal treatment has more industrial applications
compared to the other tempering conditions.

2.2. ECAE process

ECAE process was performed at the circular cross-sectional channels
with the die channel and outer corner angles of 90° and 20°, respec-
tively. All processes were conducted at room temperature using MoS2
lubricant with the ram speed of about 2 mms−1. Grease, sand, and
polyurethane were chosen as a mandrel in ECAE operation to avoid
wrinkling of the tubes during the process [26]. Accordingly, the more
acceptable appearance and shape in tube specimens were obtained
using the polyurethane mandrel after the process; hence, it was chosen
for continuation. The aforementioned tube processing method was ap-
plied on the aluminum workpieces up to two passes by route C [35].
The used polyurethane hardness was about 70 shore A. The schematic
and manufactured views of the utilized ECAE die and the deformed
bimaterial workpiece are represented in Fig. 1.

Table 1
The chemical composition of Al-Zn-Mg-Cu alloy in weight percent.

Element Al Zn Mg Cu Cr Si Fe Mn Ti

Amount Bal. 5.653 2.739 1.583 0.210 0.135 0.091 0.040 0.036
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2.3. Experimental tests

Vickers micro-hardness and tensile tests were conducted for in-
vestigating mechanical properties of the tube before and after the ECAE
process. Vickers micro-hardness measurements were performed to dis-
tinguish the hardness variations in the cross-section of the tabular
workpieces. The initial and processed workpieces were cut in the
middle of the tubes which is perpendicular to the axial direction. Then,
the cross-section of the workpieces was ground and polished up to a
mirror-like finish condition. All tests were performed with the load and
dwell time of 5 kgf and 20 s, respectively. All Hv measurements were
done on the half of the cross-section (bottom to top areas from −90° to
+90°) due to the symmetric property of the vertical line. Totally, 90 Hv
measurements were recorded for each condition. It should be men-
tioned that each Hv magnitude is the average hardness magnitude of
two points for the reliability of the results. Using these measurements,
the color-coded contour maps of hardness at the cross-section of the
tube were obtained before and after the process up to two passes using
MATLAB 2015a software. The tensile test was performed to determine
the strength of the processed tubes using a universal testing machine
with the cross-head rate of 2mm/min. It should be noted that gage
length, width, and thickness of tensile specimens were equal to 50mm,
10mm, and 2mm, respectively. All tensile tests were carried out up to
the failure at the ambient temperature. Also, gage length of all tensile
specimens was parallel to the longitudinal axis of the tubes prepared by
wire electro-discharge machining (EDM).

Microstructure evaluation of aluminum tube before and after the
process was analyzed with transmission electron microscopy (TEM)
using a JEOL JEM 3010 microscope operated at accelerating voltage of
300 kV. In order to prepare TEM samples, disks with the diameter of
about 0.5mm were prepared from the cross-section of the tubes and
then, their thickness was reduced to 15 µm by grounding. Afterwards,
these thin foils were prepared for TEM investigation by twin-jet electro-
polishing (15 V, −25 °C) at electrolyte containing 30% nitric acid and
70% methanol until creating a hole in foils. Also, the selected area
electron diffraction (SAED) as a crystallographic experimental tech-
nique of TEM was performed in the area with the homogenous micro-
structure and diameter of 2 µm. The microstructure of initial sample
was also studied by optical microscope. For this purpose, the sample
was etched with Weck's reagent (4gr KMnO4, 1gr NaOH and 100ml
distilled water) as a color etchant to reveal the microstructure evolution
and grain boundaries.

3. Results

3.1. Hardness behavior

Average Vickers micro-hardness variation of the aluminum tube is
listed in Table 2 before and after the ECAE process. Accordingly,
average hardness magnitude is increased from 69.3 Hv for the initial
condition to 115.9 and 141.2 Hv for the first and the second passes,
respectively. It means that about 67% and 104% improvement of
hardness magnitude is obtained after imposing the first and the second
passes of ECAE process as compared to the as-received condition, re-
spectively.

Standard deviation (SD) is utilized for quantifying the amount of
variation or dispersion of a data from the average magnitude. Its low
and high magnitudes indicate that the obtained data points are close or
far from the average value of the set, respectively. Hence, low standard
deviation of a data points proves the precision of the obtained data
[36]. HSD which is the standard deviation of the hardness distribution
is applied in the form of the Eq. (1), where N is the number of the data
points, Hvi is each of the values of the data points, and Hvave is the
average value of all data points [37]. Accordingly, the equation of
standard deviation for hardness behavior has been presented in Eq. (1).
It is worth mentioning that the amounts of HSD at the cross-section of
the tubes are listed in Table 2 for initial condition, the first pass, and
final pass of ECAE process. This statistical parameter is applied to
evaluate the homogeneity of hardness behavior.

=
∑ −

−
=HSD

(Hv Hv )
N 1

i 1
N

i ave
2

(1)

Color-coded contour map of Vickers micro-hardness distribution on
the cross-section of the unprocessed and processed tubes is represented
in Fig. 2. As can be observed at the initial condition, hardness is dis-
tributed homogeneously at the cross-section of the tube with the low
HSD magnitude which is equal to 2.969. After applying the one pass of
the ECAE process, a dramatical enhancement of hardness occurs at all
regions of the tube thickness as compared to the initial condition. The
HSD magnitude of 5.144 for the pass number of one demonstrates the
reduction of hardness uniformity after imposing the ECAE process.
Also, further investigation of this figure indicates that HSD magnitude
reaches 3.614 after undergoing the second pass in addition to the
hardness enhancement. It means that better hardness distribution is
achieved by application of more ECAE pass numbers. About 30%
hardness improvement has been attained by applying two passes of
ECAE process in comparison with the first pass condition.

It is clear that although there is symmetric hardness distribution
with respect to the vertical axis at the cross-section of the aluminum
tube (see Fig. 2), hardness magnitude of the tube cross-section changes
from up to the bottom. Accordingly, the minimum and maximum
amounts of Hv magnitude respectively occur at the lowest region (close
to the outer corner angle) and the highest zone which is close to the die
channel angle of the tube cross-section, irrespective of the ECAE pass
number. This is attributed to the degree of the deformation in each
region. It can be noted that in the region close to the die channel angle
at the intersection of two channels (upper zone of the billet), the sudden
changes in material flow direction may be led to the higher plastic
strains. Also, in the region close to the outer corner angle (lower zone of

Fig. 1. Schematic and practical ECAE die set-up, in addition to the deformed
aluminum tube.

Table 2
Mechanical properties of Al-Zn-Mg-Cu alloy before and after the ECAE process
up to two passes.

YS (MPa) UTS (MPa) El (%) Hvave HSD

Initial condition 187 224 12.1 69.3 2.9
After the 1st pass 318 359 3.3 115.9 5.1
After the 2nd pass 384 407 2.7 141.2 3.6
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the billet), the lower plastic strains magnitude is obtained due to the
gradual change of the material flow direction. These results have a good
agreement with the previous studies obtained by Naseri et al. [10] and
Prell et al. [38].

3.2. Tensile properties

The engineering stress-strain curves of the aluminum tube before
and after the ECAE process up to the two passes have been represented
in Fig. 3. Accordingly, yield strength (YS), ultimate tensile strength
(UTS), and elongation to failure (El) of all tube samples have been listed
in Table 2. It is found that tensile strengths of the material including the
yield and ultimate stress are remarkably improved after the first pass of
the ECAE process. Also, the strength magnitudes are enhanced slightly
at the second pass compared to the first one. Although approximate
70% and 60% improvements have been respectively achieved for the YS
and UTS magnitudes after the first pass, their corresponding magni-
tudes after the second pass are equal to 21% and 13%. In terms of the
ductility, the magnitude of elongation to failure can be a criterion for its
examination. The results show that a remarkable reduction of elonga-
tion to failure is obtained after the first pass of ECAE process; then, it
decreases gradually at the second pass.

3.3. Microstructure analysis

The microstructure of Al-Zn-Mg-Cu alloy is represented in Fig. 4 for
the initial condition obtained by optical and transmission electron mi-
croscopes. The OM image related to the initial condition (Fig. 4(a))
shows the structure with the grain size of about 20–80 µm. Also, fine
grains with the size of smaller than 5 µm can be seen in the micro-
structure. Hence, the average grain size of the initial aluminum tube is
measured equal to 40 µm. Additionally, TEM image and the corre-
sponding SAED pattern of the aluminum alloy for the initial condition

have been shown in Fig. 4(b) and (c). Accordingly, there are clear grain
boundaries without any considerable wavy shape. This may be attrib-
uted to the low magnitude of dislocations density for the initial an-
nealed material. TEM images and the corresponding SAED patterns of
the aluminum tube after the first and the second passes of the ECAE
process are represented in Figs. 5 and 6, respectively. Their analyses
indicated that the grain size of the processed samples is less than 1 µm
after introducing one and two passes of the ECAE process. As can be
observed in Fig. 5, elongated grains with width of about 100 nm and
length of more than 1 µm are presented in the microstructure of one-
pass aluminum tube. It is also clear from Fig. 6 that the length of the
grains is considerably decreased after imposing the second pass of the
process. Accordingly, applying the ECAE process leads to the significant
grain refinement of the tubes. Also, by increasing the ECAE pass
number, material grains develop to the UFG and even, NS. Therefore, it
may be concluded that improvement of strength and hardness, and
reduction of work-hardening potential through the ECAE process of Al-
Zn-Mg-Cu tube are fundamentally associated to the grain refinement
according to the modified Hall-Petch relationship [1,39,40].

The microstructural analyses indicate that grain boundaries of the
initial annealed tube are almost straight, while they have wavy shape
and ill-defined for the processed conditions due to the high level of
internal stress and elastic distortion of the crystallographic system as
well as the presence of many dislocations, especially at the cell
boundaries. All these features reveal that the material's boundaries
processed by the ECAE process are in high energy and non-equilibrium
condition due to the intense plastic strains, which is well-consistent
with the previous reports on the SPD processed AA7XXX structures
[41–45]. Moreover, it is clear that the elongation of grains is reduced
and the homogeneity of the microstructure is increased by adding the
ECAE pass number due to the sample rotation by route C. As can be
observed, the grains are more elongated in the one-pass sample in
comparison with the two-pass condition. The production of fully
equiaxed microstructure may be possible through imposing higher
passes of the ECAE process. Furthermore, investigation of the selected
area electron diffraction patterns in Figs. 5(c) and 6(c) indicates that
there are notable grains with low angle grain boundaries (LAGBs) for
the one-pass processed tube due to the absence of continuous diffrac-
tion ring and the existence of discrete diffraction spots. However, more
continuity of the diffraction ring is attained for the second pass sample
compared to the first one. It means that the grain size is decreased with
increasing the ECAE pass number which leads to the increment of high
angle grain boundaries fraction. The fraction of HAGBs is relatively
high for the final pass sample; because the relevant diffraction ring is
not fully continuous [39,42,46–48].

4. Discussion

It is accepted that the improvement of the static mechanical

Fig. 2. Color-coded contour map of Vickers micro-hardness for Al-Zn-Mg-Cu tube before and after the ECAE process up to two passes.

Fig. 3. Engineering stress-strain of Al-Zn-Mg-Cu alloy before and after the ECAE
process up to two passes.
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properties such as tensile strengths and hardness is attributed to the
work-hardening phenomenon due to the ECAE process at room tem-
perature. Through this well-known SPD process, imposing intense
strains on the tube material leads to the microstructural evolution such
as grain refinement and production of high angle grain boundaries
(HAGBs). Also, generation, movement, and multiplication of disloca-
tions occur simultaneously. For these reasons, it can be concluded that
the tube strength and hardness is improved and its ductility is reduced
after introducing the ECAE process [1,49,50].

The achieved results showed that there is a reverse relationship
between the strength and ductility of the aluminum tube. Previous
works demonstrated that this is correct with some minor revision after
applying the various SPD processes for the UFG/NS metals and alloys
[5,37]. According to the attained stress-strain curves, lack of ductility is
one of the disadvantages in mechanical properties of the ECAEed ma-
terials [13], especially for the Al-Zn-Mg-Cu alloy; hence, work-hard-
ening which is straightly related to the formability of aluminum alloy is
discussed in this work using two different methods including work-
hardening capacity, WHC, and the Modified Crussard-Jaoul, C-JM.

It is worth mentioning that formability and toughness of the various
materials are strongly dependent on the work-hardening capacity of the
metals and alloys. Accordingly, materials with the higher magnitude of
WHC possess better formability for further metal forming operations
[51]. Work-hardening capacity may be defined in various types; but, in
this study, the form of relation represented in Eq. (2) is used to analyze

this property:

=
−

= −WH σ σ
σ

σ
σ

1C
UTS YS

YS

UTS

YS (2)

Where σYS is the yield strength and σUTS is the ultimate tensile strength.
Based on the results listed in Table 3, the amount of WHC is equal to
0.1979, 0.1289, and 0.0599 for the as-received condition, the first pass,
and the second pass of ECAE process at room temperature by route C,
respectively. Therefore, imposing the ECAE process on the Al-Zn-Mg-Cu
alloy leads to the reduction of the WHC. It is clear that about 35% and
69% WHC reductions have been respectively achieved by applying one
and two passes of the ECAE process as compared to the initial condi-
tion. The reduction of work-hardening capacity or formability is in
good agreement with the result of the elongation to failure; see Table 2.

Next to the WHC relationship for determining the formability of the
materials, there is another factor entitled modified Crussard-Jaoul (C-
JM) which is based on the modified Swift relationship as shown in Eqs.
(3) and (4) [26]. Accordingly, the work-hardening behavior of alu-
minum tube can be expressed by the modified Crussard-Jaoul (C-JM)
relationship [52] during the two passes of the ECAE process.

= +ε ε c σ0 s t
m (3)

= − −Ln(dσ/dε) (1 m)Lnσ Ln(mc )t s (4)

Where ε, ε0, σt, cs, and m are true strain, maximum elastic true strain,
true stress, inverse work-hardening exponent, and strength coefficient,

Fig. 4. Microstructural images of Al-Zn-Mg-Cu tube for the initial condition, (a) OM image, (b) TEM image, and (c) corresponding SAED pattern.

Fig. 5. Microstructural images of Al-Zn-Mg-Cu tube after one-pass ECAE, (a) and (b) TEM images at different magnifications and (c) corresponding SAED pattern.
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respectively. It is obvious that the magnitude of inverse work-hardening
exponent can be easily obtained by plotting Ln(dσ/dε) versus Lnσ; see
Fig. 7. Consequently, the slope of this diagram is equal to (1-m); hence,
strength coefficient can be attained; see Fig. 7. It is found that each
material condition is divided into two stages separated by a transition
strain point (εtr). Also, the work-hardening exponent of each stage de-
termined by m1 and m2 and the related transition strain is listed in
Table 3 for the aluminum tube before and after the ECAE process up to
two passes. The results show that strength coefficient of the first region
is improved 61% and 128% after the first and the second passes of the
ECAE process as compared to the initial condition, while the strength
coefficient of the second region is enhanced 17% and 23% by applying
the aforementioned conditions. By considering the amounts of m1 and
m2 for each condition of the aluminum tube, it is found that increased
rate of the flow stress in stage one is higher than the stage two. Also, the
flow stress rate decreases after applying the ECAE process, so that the
lowest flow stress rate takes place in the second pass; see Table 3.
Additionally, the flow stress of stage two increases slower than the stage
one. Based on the obtained results, it is concluded that there is a plastic
region through applying the ECAE process due to the lower capability

of work-hardening at the first stage and the softening mechanism at the
second stage in comparison with the initial tube material. This is at-
tributed to the dislocations generation, their annihilation, intragranular
dislocations strain, grain boundaries sliding, and rotation of the grains.
The lower work-hardening capacity of the first stage and the softening
mechanism of the second stage lead to the restriction of the uniform
plastic deformation zone at the tensile curves of the processed alu-
minum tubes. The achieved results have a good coincidence with the
previous studies [52]. There are two governing mechanisms for the FCC
metals such as aluminum alloys including a thermal dislocations sto-
rage for the first stage and thermally activated recovery for the second
stage from yield to necking zone [52,53].

Investigation of the shear strain role as one of the main causes of
grain refinement during the various SPD processes has been numerously
reported till now. According to the attained results, it can be said that
the annealed coarse grain aluminum tube is transformed into the sub-
grains with ultrafine size during the ECAE process. It may be attributed
to the significant increment of the dislocations density due to the im-
posing high magnitude of shear strain through the process. By imposing
intense shear strain, many dislocations are produced at the micro-
structure of the material. Then, the accumulation of the aforementioned
dislocations density is led to the formation of incidental dislocation
boundaries (IDBs) and geometrically necessary boundaries (GNBs).
IBDs are formed by the random trapping of the dislocations and also, by
blocking the mobile dislocations, while GNBs are produced at the re-
gion of the grains via different local strain patterns and/or activation of
the different slip systems [54,55]. The regions surrounded by the IDBs
and GNBs generate cell blocks and cells, subsequently. Imposing the
higher magnitude of plastic strain using the addition of the pass number
leads to the increment of misorientation angle at both aforementioned
boundaries; therefore, low angle grain boundaries or sub-boundaries
are produced. As known, rate increment of the grain boundaries mis-
orientation at GNBs is higher than the IDBs. So, GNBs are changed to
HAGBs at the higher ECAE pass numbers. The misorientation angle of
IDBs is usually small (less than 3 degrees), while GNBs are made up of
the HAGBs [54–58].

5. Conclusion

Al-Zn-Mg-Cu tube was successfully processed by the conventional
ECAE method using polyurethane mandrel up to two passes by route C
at room temperature with the die channel angle of 90°. Accordingly,
aluminum tubes with acceptable shape and dimension are obtained.
The following points could be concluded from this work:

Fig. 6. Microstructural images of Al-Zn-Mg-Cu tube after two-pass ECAE, (a) and (b) TEM images at different magnifications and (c) corresponding SAED pattern.

Table 3
Work-hardening of Al-Zn-Mg-Cu alloy before and after the ECAE process up to
two passes using work-hardening capacity (WHC) factor, and modified
Crussard-Jaoul (C-JM) analysis.

Specimen WHC m1 m2 εtr (%)

Initial condition 0.1979 4.67 127.9 1.38
After the 1st pass 0.1289 7.49 149.7 0.56
After the 2nd pass 0.0599 10.63 157.6 0.59

Fig. 7. The modified Crussard-Jaoul (C-JM) plot based on the experimental data
for Al-Zn-Mg-Cu alloy before and after the ECAE process up to two passes.
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• The yield strength, ultimate tensile strength, and Vickers micro-
hardness of the tube are increased dramatically by applying the one
pass of ECAE process as compared to the initial condition, while the
aforementioned magnitudes are enhanced slightly after the second
pass of the process. Also, elongation to failure of the aluminum tube
as a criterion of the material ductility does not change significantly
after the second pass compared to the first one.

• Hardness measurement results showed that the hardness homo-
geneity is decreased remarkably by applying one pass ECAE process;
but, it improves after the second pass. It was also found that the
formability and flow stress rate of the aluminum tube are decreased
by increasing the ECAE pass number.

• The microstructural analyses demonstrated that the grain size of the
aluminum tube is reached less than 1 µm after the first and second
passes of the process. It was recognized that the LAGBs of initial
sample with the straight shape are transformed into the HAGBs with
wavy shape after introducing the second pass.
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