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a b s t r a c t

The effect of equal channel angular pressing (ECAP) at different temperatures (room temperature, 120,
150 and 180 °C) on microstructure and mechanical properties of Al-7075 solid solution alloy was in-
vestigated. Microstructure of the specimens was examined using orientation imaging microscopy,
transmission electron microscopy as well as X-ray diffractometer, and mechanical properties were
measured by Vickers microhardness and tensile tests. Microstructural investigations showed that after
3 or 4 passes of ECAP, fine grains with average grain sizes in range of 300–1000 nm could be obtained at
different ECAP temperatures. Increasing ECAP temperature from 120 to 180 °C caused a decrease in
mechanical properties as a result of increasing grains and precipitates sizes, decreasing fraction of high
angle boundaries and also transformation of η′ into η phase, while increasing ECAP temperature from RT
to 120 °C leads to an increase in mechanical properties due to the formation of small η′ precipitates. So it
can be concluded that ECAP process at 120 °C is the optimum process for attaining maximum mechanical
properties. Quantitative estimates of various strengthening mechanisms revealed that the improvement
of mechanical properties was mainly attributed to grain refinement strengthening, precipitation
strengthening and dislocation strengthening.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Equal channel angular pressing is the most attractive, and po-
tentially the most useful severe plastic deformation (SPD) process.
By this process, ultra-fine grained (UFG) materials with grain sizes
generally in the range of �100–1000 nm can be produced [1]. In
the ECAP process, a specimen in the form of rod or bar is pressed
repetitively through a die constrained within a channel which is
bent at an abrupt angle. By considering the fact that the cross-
section of the specimen is constant during each pass, a noticeable
strain can be achieved by repeating the deformation and conse-
quently significant grain refinement and extraordinary mechanical
properties can be obtained [2–6]. The imposed strain mainly de-
pends on two parameters: the inner intersection angle of the
channels (Φ) and corner curvature angle (Ψ). It can be shown that
for a die having an intersecting channel angle of 90° and corner
curvature angle of �20°, the imposed strain in each pass is ap-
proximately equal to 1 [7]. For a given material, many processing

parameters such as ECAP die design (die angle (Φ), corner cur-
vature angle (Ψ), etc.), strain rate, processing route (billet rotation
between passes), number of passes (N), and processing tempera-
ture can affect the properties and microstructure of the billets
subjected to ECAP process [1,5–7].

High strength aluminum alloys, such as Al-7075, can be pro-
mising candidates for use in aviation and aerospace applications as
well as automotive and marine industries due to their high
strength and low density [8,9]. Al-7075 is a heat treatable alloy
and can be strengthened appreciably during aging [10]. Further-
more, SPD processes such as ECAP combined with aging can be
applied to Al-7075 alloy to improve its strength more effectively.
During the ECAP process of age-hardenable Al alloys, strain
hardening and grain boundary strengthening occur together with
precipitation hardening [11,12]. Therefore, the combination of
ECAP process and aging treatment may help to attain superior
properties due to the high dislocation density and very fine pre-
cipitate distribution in the UFG microstructure [13,14].

In practice, the formation of precipitates during ECAP process
of solution treated age-hardenable Al alloys leads to decline the
formability of the material. Hence, cracking or segmentation of the
material is expected during the ECAP process at ambient tem-
perature. By increasing the processing temperature and using
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backpressure, these problems can be avoided or can be reduced
[15–18]. Backpressure is especially important for alloys with low
ductility which may fail after even one single pass. Applying
backpressure decreases the accumulation of damages in deformed
specimens, due to the fact that the shear strain takes place under
compressive hydrostatic pressure [15–18]. In ECAP process,
pressing at high temperatures is beneficial for materials which do
not have good ductility, since the intense shear strain occurring
during each ECAP pass may cause cracking in these materials.
Working at high temperatures normally improves the workability
of the materials, and consequently prevents the generation of
shear cracks [19,20]. So increasing the ECAP temperature normally
leads to material strength decrease, which makes ECAP much
easier. With these advantages, ECAP performed at elevated tem-
peratures could be a very promising technical approach having a
great commercial potential [21]. In addition, severe plastic de-
formation at elevated temperatures has a significant effect on the
grain structure (grain size, grain shape and grain boundary mis-
orientation angle) and aging response (precipitation rate, pre-
cipitation sequence and the precipitate morphology) of age-
hardenable Al alloys [20,22,23]. Despite the high significance of
ECAP temperature, extrusion temperature is the least understood
processing parameter among the above mentioned parameters.

The goal of present investigation was to study the effect of
different ECAP temperatures on mechanical properties and mi-
crostructure of an Al-7075 alloy. Followed by ECAP process at 25,
120, 150 and 180 °C, the mechanical properties have been mea-
sured by microhardness and tensile tests and the microstructures
have been characterized by using transmission electron micro-
scopy (TEM), Electron Backscatter Diffraction (EBSD) and X-ray
diffractometer (XRD). The effect of ECAP temperature on
strengthening mechanisms has been also investigated in this
paper.

2. Experimental procedures

The Al-7075 alloy used in this study had the following com-
position in weight %: 5.7 Zn, 2.65 Mg, 1.5 Cu, 0.21 Cr and balanced
Al. ECAP billets with dimensions of 7�7�50 mm3 were cut along
the extrusion direction of the as-received rods. Prior to ECAP, the
billets were solution heat treated at 470 °C for 1 h and then water
quenched to form a super saturated solid solution (SSS). In order
to avoid crack formation, all the specimens have been ECAPed
immediately after quenching. The specimens were processed by
ECAP at room temperature (RT) and 120 °C up to 3 passes and they
were processed at 150 and 180 °C up to 4 passes. Further ECAP
passes at RT and 120 °C led to the formation of catastrophic cracks
and segmentation. For high temperature ECAP, the ECAP die was
heated to desired temperature by a resistance furnace and main-
tained for 15 min before inserting a specimen into the entrance
channel. All specimens were held inside the ECAP die for 5 min
before pressing. ECAP was conducted through a die having a
channel angle of Φ¼90° and an outer curvature angle of Ψ¼20°.
All pressings were conducted by using processing route BC (90°
rotation around longitudinal axis after each pass) with pressing
speed of �0.5 mm s�1. Molybdenum disulfide (MoS2) was used as
a lubricant. The image of applied die and employed coordinate
system were presented in our previous papers [24,25]. In order to
avoid crack formation during ECAP process, back-pressure of
180 MPa was applied within the outlet channel of the ECAP die by
plunger of hydraulic valve.

Followed by ECAP process, Vickers microhardness and tensile
tests were conducted to evaluate the mechanical properties of
ECAPed specimens. Tensile tests were carried out using an Instron
Universal tester at a displacement rate of 1 mm/min. The

specimens for tensile test were cut parallel to the pressing direc-
tion with a gauge length of 10 mm and cross-section of
2.0 mm�1.5 mm. Prior to microhardness measurement the billets
were sectioned perpendicular to their longitudinal axes and then
polished to a mirror-like finish. Indentation and microhardness
measurements were undertaken with a Mitutoyo HM-124 micro-
hardness tester equipped with a Vickers indenter under a load of
1 kg. The reported microhardness values are the average of at least
20 individual measurements.

The microstructure of processed specimens was analyzed by
transmission electron microscopy using JEOL JEM 3010 equipment
operating at accelerating voltage of 300 kV. For TEM character-
ization, 0.5 mm thick discs were sectioned from the center of the
cross-section of the extruded billets (ED-plane), and then me-
chanically ground and polished down to about 15 μm thick foils.
Afterwards, 3 mm discs were punched from the specimens and
subsequently polished to perforation using a twin-jet electro-
polishing facility with a solution of 30% nitric acid in methanol at
�25 °C and 15 V. Selected area electron diffraction (SAED) pat-
terns were obtained from regions having a reasonably homo-
geneous microstructure consisting of 2 μm diameters.

The microstructural examinations have been also carried out by
using a Quanta 3D FEI field emission scanning electron microscope
(FE-SEM) with EBSD attachment at an accelerating voltage of
15 kV and a beam current of 10 nA with. The EBSD images were
obtained on the area of about 4�10 μm with the step size of
50 nm. The results were analyzed using the TSL software. The
collected data were subjected to a clean-up procedure consisting
of: (i) grain dilation with grain tolerance angle of 5° and a mini-
mum grain size¼2 pixels; (ii) grain confidence index (CI) stan-
dardization with grain tolerance angle of 5° and minimum grain
size equal to two pixels; (iii) neighbor orientation correlation (le-
vel 4) with a minimum CI of 0.02. For specimen preparation, the
surface of cross-section (ED-plane) was first mechanically ground
up to 4000-grit SiC paper, then electropolishing was employed in a
30% nitric acid and 70% methanol solution. The electropolishing
was carried out with a DC voltage of 15 V for 10 s at �25 °C.

In order to characterize the precipitates and also estimate the
crystalline size and dislocation density, XRD measurements were
also performed by using RIGAKU, D/MAX-2500 X-ray dif-
fractometer with Cu Kα radiation. XRD samples were taken from
the cross-sections of the billets.

3. Results

3.1. Microstructure

3.1.1. X-ray diffraction
The magnified XRD patterns of T6 specimen and ECAPed spe-

cimens at different temperatures are illustrated in Fig. 1. In order
to determine the exact 2θ angle of η (MgZn2) peaks, the XRD
pattern of annealed specimen is also represented. The indexes of
diffraction planes of the hexagonal η (MgZn2) have been also in-
dicated in the figure. As stated in previous investigations by Car-
doso et al. [26] and Zhao et al. [27] the broad peak at about 20°
corresponds to the GP zones (GPZs), and the other weak peaks in
range of 40° to 45° whose positions are a little lower than those of
hexagonal η phase are from the transition hexagonal η′ phase,
whose lattice parameters are a little different from those of η
phase. As displayed in Fig. 1 the GPZs broad peak can be observed
just in the XRD pattern of T6 specimen and ECAP processed spe-
cimens at RT and 120 °C. The intensity of the broad peak in the
ECAP processed specimens at RT is higher than that in the T6
specimen and ECAP processed specimen at 120 °C. So it can be
deduced that the GPZs are present in T6 specimen and ECAPed
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specimens at RT and 120 °C, and the amount of GPZs in the T6
specimen and ECAP processed specimen at 120 °C is lower than
that in the ECAPed specimen at RT. It is also obvious that the
amount of GPZs in the ECAP processed specimens at 150 and
180 °C are negligible.

Similarly, the XRD results indicate that the η′ or η peaks cannot
be seen in diffraction pattern of ECAPed specimen at RT, while by
increasing ECAP temperature, η′ peaks appear and then move to-
wards η peaks. So it can be concluded that the precipitates in
ECAPed specimens at RT, 120, 150 and 180 °C are mainly composed
of GPZs, GPZs þη′, η′þη and η, respectively. On the other hand,
the increment in peak intensity of η′ or η phase shows that the
volume fraction of η′ or η precipitates increases by increasing
ECAP temperature. XRD pattern of T6 specimen demonstrates that
the precipitates of T6 specimen are composed of GPZs and η′
phase.

The crystalline size and the dislocation density were measured
by using XRD patterns of ECAP processed specimens at different
temperatures. The crystalline size (D) and the lattice microstrain
(ε) were determined using Williamson–Hall equation [28] based
on the slope and the ordinate intersection of the line plotted ac-
cording to the following equation [29]:

β θ λ θ= + ϵ( ) ( )
K
D

cos 2 sin 1

where β, θ and K are the full-width at half maximum height
(FWHM) of the main peaks with maximum intensity (in radian),
Bragg's angle of the peak and the wave length (in nm), respec-
tively. On the other hand, the average dislocation density (ρ) can

be estimated from Rietveld method [30] according to the following
equation:

ρ ε= ( ) ( × ) ( )D b2 3 / 22 1/2

where D, ε, b are the crystallite size, the lattice microstrain
and Burger's vector, respectively [27,31].

The effect of pass number on the crystalline size and disloca-
tion density of the ECAP processed specimens at different tem-
peratures is shown in Fig. 2. As illustrated in Fig. 2(a) ECAP process
leads to significant decline in crystalline size. As can be seen, in-
creasing the pass number caused a decrease in the crystalline size
of the specimens; however, the effect of the first pass is more
profound compared to the subsequent passes. It is apparent from
Fig. 2(b) that the dislocation density of ECAP processed specimen
at RT increases by increasing pass number, while the dislocation
density of ECAP processed specimen at high temperatures in-
creases in initial passes of ECAP and then decreases. As shown in
Fig. 2(b) the dislocation density decreases considerably by in-
creasing ECAP temperature. The maximum dislocation density of
ECAPed specimen at RT is about 2 times greater than that of
ECAPed specimen at 180 °C.

3.1.2. Transmission electron microscopy
Fig. 3 shows optical image (etchant: Keller's etchant containing

HF:HCl:HNO3:H2O in a proportion of 2:3:5:190) and TEM micro-
graphs of the starting material (coarse grain (CG)) in T6 heat
treatment condition. Careful inspections over a wide area showed
that the average grain size of the initial microstructure calculated
by area fraction method is observed to be about 60 μm.

Fig. 1. Magnified XRD patterns of unECAPed Al-7075 in T6 and annealed condition as well as ECAP processed Al-7075 at different ECAP temperatures.

Fig. 2. The effect of pass number on (a) crystalline size and (b) dislocation density of ECAP processed specimens at different temperatures.
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Characterization of precipitates by TEM reveals that two types of
precipitates coexist in the microstructure of the T6 specimen. The
first type refers to MgZn2 phase which are large plate-like pre-
cipitates with a size in range of 40–80 nm (Fig. 3(b)). Precipitates
of a second type have been found in high density and an average
diameter of about 5–10 nm (Fig. 3(c)) representing the metastable
η′ phase. In fact, similar precipitates characterization presented by
Gjonnes et al. [32] and Park et al. [33,34] which stated that the
microstructure of Al-7075 alloy in T6 condition contains pre-
dominantly η′ transition phase and also minor quantities of GPZs
probably exist but their size is too small to be imaged. So it can be
concluded from the XRD results (Fig. 1) and TEM investigations
(Fig. 3) that both G-P zones and η′ phase are present in the mi-
crostructure of the T6 specimen.

Fig. 4 displays TEM images of specimens subjected to three or
four passes of ECAP process at various ECAP temperatures. Ad-
ditionally, corresponding SAED patterns have been also included in
Fig. 4. The mean grain size of the ECAP processed specimens at RT,
120, 150 and 180 °C are about 250, 400, 500 and 700 nm, respec-
tively. So it is obvious that an increment in ECAP temperature
causes an increase in grain size and consequently the ECA pressing
at RT is the most impressive process for grain refinement. Due to
the high density of dislocations in grains and especially in grain
boundaries, the grain boundaries are wavy and diffuse and the
microstructures of ECAP processed materials are in high energy
and non-equilibrium state [26,27]. Analysis of the SAED patterns in
Fig. 4 reveals that the SAED patterns consist of rings of diffraction
spots showing most of the grain boundaries have high angles of
misorientation, while, by increasing ECAP temperature, the
sharpness and continuity of the rings decreases and some discrete
spots appear in the SAED patterns. So it can be deduced that the
fraction of high angle grain boundaries (HABs) decreases with
increasing the ECAP temperature [35–36].

Details on precipitation characteristics of the 3 or 4 passes
ECAPed specimens at different temperatures are illustrated in
Fig. 5. The microstructural data of the specimens determined from

TEM images are also reported in Table 1. As shown in Fig. 5(a) and
(b) no precipitate is visible in the TEM micrograph of ECAPed
specimen at RT, while small spherical precipitates of η′ phase with
a size ranging from 3 to 5 nm are present in the microstructure of
ECAPed specimen at 120 °C. As stated in XRD section, the GPZs
exist in the microstructure of ECAPed specimens at RT and 120 °C
while they are not visible in TEM images. Increasing the ECAP
temperature increases the precipitates' size and accelerates η′ to η
phase transformation. Both η′ and η precipitates are present in the
microstructure of ECAPed specimens at 150 °C. η′ and η pre-
cipitates sizes in ECAPed specimens at 150 °C are about 10 and
20 nm, respectively. Most of the precipitates in ECAPed specimens
at 180 °C are η phase and their sizes are in the range of 14–45 nm.
The ECAPed specimens at 150 °C have precipitates with spherical
morphology, while the precipitates in the ECAPed specimens at
180 °C are mostly plate-like.

3.1.3. Electron backscatter diffraction
Fig. 6 shows EBSD inverse pole figure maps (IPF maps) obtained

from the center part of the specimens subjected to 3 or 4 passes of
ECAP at different temperatures. The color maps in Fig. 6 indicate
the crystallographic orientations of the grains perpendicular to the
pressing direction, where the grain colors are determined by the
orientation of each grain as depicted in the unit triangle. In present
investigation, the grains with misorientation angle greater than
15° are considered as effective grains, and area fraction method
was used for average grain size calculation by TSL software. As
shown in Fig. 7 the initial average grain size of about 60 μm was
refined down to about 300, 450, 700 and 1000 nm after the final
ECAP pass at RT, 120, 150 and 180 °C, respectively. It is obvious
from Fig. 7 that by increasing ECAP temperature the final grain size
of ECAPed specimens increases and the aspect ratio of the grains
decreases and subsequently the grains become more equiaxed.
The average grain sizes measured by EBSD and TEM are approxi-
mately equal. Comparison of the crystalline sizes measured by
XRD with the grain sizes measured by EBSD and TEM reveals that

Fig. 3. (a) Optical microscope image and (b,c) TEM micrographs of unECAPed Al-7075 alloy in T6 heat treatment condition.
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the latter results are approximately five times greater than those
measured by XRD. This difference may be attributed to char-
acteristics of each technique of measurement. The coherent scat-
tering length of the lattice, which is limited by lattice defects such
as dislocation tangles, can be detected by X-ray diffraction and
taken as an independent grain, while the boundaries with mis-
orientation angle below 15° were not considered as grain bound-
aries in the EBSD microstructures of current investigation
[31,37,38].

Fig. 8 illustrates the corresponding grain boundary maps of
ECAP processed specimens at different ECAP temperatures. The
high angle boundaries with misorientation angle above 15° are
shown as blue lines and the boundaries with misorientation angle
between 5° and 15° and between 2° and 5° are shown as green and
red lines, respectively. As demonstrated in Fig. 9, the specimens
microstructure mainly consists of HABs and the fraction of the
HABs decreases with increasing ECAP temperature. For example,
the HABs fraction in specimen subjected to 3 passes of ECAP at RT
is 25 percent greater than that in specimen subjected to 4 passes
of ECAP at 180 °C.

3.2. Mechanical properties

3.2.1. Microhardness
Fig. 10 shows the effect of pass number on the microhardness of

the specimens subjected to ECAP process at different ECAP tem-
peratures. In general, ECAP caused an accentuated increase in the
alloy microhardness. As can be seen, pass number increase caused
an increment in microhardness of the specimens; however, the
effect of the first pass is more profound compared to the sub-
sequent passes. As demonstrated in Fig. 10, by increasing ECAP
temperature from RT to 120 °C, the microhardness of the specimen
increases about 10%, while increasing ECAP temperature from 120
to 180 °C decreases the microhardness considerably. This decrease
is about 15% for the temperature increment from 120 to 150 °C and
about 30% for the temperature increment from 120 to 180 °C.
Another important finding from Fig. 10 is that the effect of ECAP
passes on the microhardness increment decreases with increasing
ECAP temperature from 120 to 180 °C.

3.2.2. Tensile behavior
The engineering stress–strain curves of unECAPed Al 7075-T6

and ECAPed materials at different temperatures are shown in
Fig. 11. Information regarding yield stress (Rp), ultimate tensile
strength (Rm), and elongation to failure (A) of the unpressed and
the pressed materials are also summarized in Table 2. The stress–
strain curves show that yield strength and ultimate tensile
strength of ECAP processed specimens at RT, 120, 150 and 180 °C
are about 25, 35, 15 and 5%, respectively, higher than those of T6
specimen. On the other hand, the elongation to failure of

Fig. 4. TEM micrographs and corresponding SAED pattern of Al-7075 alloy subjected to ECAP process at different temperatures, (a) 3 passes at RT, (b) 3 passes at 120 °C, (c) 4
passes at 150 °C and (d) 4 passes at 180 °C.
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processed specimens at RT and 120 °C is about 15% smaller than
that of T6 specimen, while elongation of processed material at 150
and 180° C is approximately the same as that of T6 specimen. Si-
milar to the microhardness, ECAP processed specimen at 120 °C
possessed the highest yield strength and ultimate tensile strength.
According to TEM investigations, it can be concluded that the main
reason of higher mechanical properties of ECAPed specimen at
120 °C compared with those of other specimens lies in presence of
very fine particles of η′ phase and minor amount of G-P zones. In

general, it is apparent that tensile test results are reasonably in
good agreement with microhardness data. Careful inspection of
stress–strain curves reveals that the rate of strain hardening in-
creases with increasing the ECAP temperature. The reason lies in
the nature of the interaction of precipitates with dislocations
during plastic deformation. The existence of limited work hard-
ening between yield stress and ultimate tensile strength in ECAPed
specimens at RT and 120 °C can be attributed to the formation of
coherent GP-zones and semi-coherent η′ phase during ECAP. So
the low strain hardening rate suggests that dislocations mostly cut
through the GP-zones and η′ phase. By increasing ECAP tem-
perature from 120 to 180 °C, the incoherent η phase forms and
consequently the interaction mechanism changes gradually from
cutting the particles to Orowan looping and cross-slip, and
therefore the rate of strain hardening increases.

4. Discussion

4.1. Influence of ECAP temperature on the microstructure

From the results presented above, the effect of raising ECAP
temperature on the microstructure development during ECAP
process of Al-7075 alloy can be summarized as: (a) the grain size
increases, (b) the grain shape becomes more equiaxed, (c) the

Fig. 5. Precipitates characterization of Al-7075 alloy subjected to ECAP process at different temperatures, (a) 3 passes at RT, (b) 3 passes at 120 °C, (c) 4 passes at 150 °C and
(d) 4 passes at 180 °C.

Table 1
Details on precipitation characteristics of unECAPed Al 7075-T6 and ECAP pro-
cessed Al 7075 at different ECAP temperatures.

Size
range
(nm)

Mean
size
(nm)

Number den-
sity (μm�3)�
103

Volume
fraction (%)

Aspect
ratio

T6 4–7 5 630 4.1 1.33
3 pass at
RT

– – – – –

3 pass at
120 °C

3–5 4 950 3.2 1.2

4 pass at
150 °C

7–24 12 67 4.7 1.25

4 pass at
180 °C

14–45 21 6.8 3.3 1.72
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fraction of HABs significantly decreases and (d) the precipitation
rate accelerates.

Increasing grain size by increasing ECAP temperature is con-
sistent with data reported for other materials processed by ECAP
[39–42]. The bigger grain size of specimens ECAPed at high tem-
perature compared with those of specimens ECAPed at RT can be
due to the fact that the higher processing temperature leads to
lower stress on the specimens and accordingly this produces lar-
ger final grain size. As stated by Shaeri et al. [8], by increasing
ECAP temperature, the sharpness and amount of shear bands de-
creases significantly and the strain exerted to the specimens

declines. On the other hand, the increment in grain size by in-
creasing ECAP temperature can be also related to the dynamic
recovery and grain growth processes of the UFG microstructure
occurring at elevated temperature.

As stated above, the proportion of HABs decreases dramatically
at elevated temperatures. This result is in agreement with the
reports by Wang et al. [39], Goloborodko et al. [40] and Yamashita
et al. [42]. An acceptable mechanism for the decline of boundary
misorientations formed at elevated temperatures has been pro-
posed by Yamashita et al. [42]. It was found that the transforma-
tion of low angle grain boundaries (LABs) formed at early stages of

Fig. 6. EBSD orientation color maps of Al-7075 alloy subjected to ECAP process at different temperatures (the unit triangle depicted the orientation of each grain), (a) 3
passes at RT, (b) 3 passes at 120 °C, (c) 4 passes at 150 °C and (d) 4 passes at 180 °C.

Fig. 7. The effect of ECAP temperature on grain size and aspect ratio of Al-7075
alloy subjected to 3 or 4 passes of ECAP process.

Fig. 8. EBSD grain boundary maps of Al-7075 alloy subjected to ECAP process at different temperatures (the boundaries with misorientation angle above 15°, between 5° and
15° and between 2° and 5° are shown as blue, green and red lines, respectively), (a) 3 passes at RT, (b) 3 passes at 120 °C, (c) 4 passes at 150 °C and (d) 4 passes at 180 °C.

Fig. 9. The effect of ECAP temperature on fraction of high and low angle boundaries
of Al-7075 alloy subjected to 3 or 4 passes of ECAP process.
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deformation into HABs accompanied by dynamic recovery during
hot deformation resulted in formation of new grains. The LABs into
HABs transition can be controlled by recovery rate. At higher
pressing temperatures the rate of recovery increases and therefore
annihilation of dislocations within the subgrains becomes easier,
and consequently the absorption of dislocations into LABs be-
comes less frequent. This suggests that the evolution of the

microstructure into an array of high angle boundaries is more
difficult at the higher pressing temperatures.

As observed in this work, ECAP temperature considerably af-
fects the precipitates formation and consequently the mechanical
properties of the specimens. TEM investigations demonstrate that
ECAP process of Al-7075 solid solution alloy does not change the
expected precipitation sequence for conventional aging treatment
(GPZs-η′-η), but accelerates the precipitation rate; meanwhile
increasing ECAP temperature leads to further acceleration of pre-
cipitation rate due to the increment in diffusion rate [26]. There-
fore, by increasing ECAP temperature GPZs transform to η′ phase
and subsequently η′ phase transforms to η phase.

4.2. The influence of ECAP temperature on strengthening
mechanisms

The current investigation demonstrates that the micro-
structural changes during ECAP lead to an increase in the me-
chanical properties of the Al-7075. To provide insight into the
measured differences in the mechanical properties unECAPed
materials and ECAPed materials at different temperatures, it is
important to establish the active strengthening mechanisms. Me-
chanical properties improvement in particle-hardened UFG alloys
is attributed to several different strengthening mechanisms. These
mechanisms are (i) solid solution hardening, (ii) grain boundary
strengthening, (iii) dislocation strengthening and (iv) precipitation
strengthening. The first three of these mechanisms occur if the
alloy is in solid solution state and the fourth mechanism must be
additionally taken into account if the material contains pre-
cipitates [18,43–45]. Quantitative estimates of the contribution of
each mechanism in the UFG and CG Al-7075 materials are de-
scribed below; the strength increments stemming from the four
mechanisms are summarized in Table 3.

(i) Solid-solution strengthening
Solid-solution strengthening occurs when other elements are
alloyed with a metal matrix as solute atoms that differ from
the matrix atoms in size and/or shear modules, which can
cause a variation of strain fields. These local strain fields in-
teract with dislocations and impede their motion, leading to
an increase in the yield strength of the material. According to
Labusch–Nabarro model [46,47], solid solution hardening is
proportional to εci L i

2/3
,
4/3, where ε ε α= ′ +( ε )L i G b,

2 2 is the
Fleischer parameter of element i, ε ε ε′ = ( + )/ 1 0. 5G G G

2 and
α¼9–16:

∑σΔ = ϵ ( )K c 3ss i L i
2/3

,
4/3

where Ci is the concentration of element i, K is a constant and
taken as 246 MPa for Al alloy. The size ( εb) and elastic ( εG)
misfit parameters of solute atoms (Mg, Zn, Cu) in Al-7075
calculated by Zander were used to measure Δsss [48,49]. Mg,
Zn and Cu are not all in solid solution in the specimens
because they form second-phase precipitates or segregate to
the grain boundaries. As an upper bound, assuming that all of
the solute atoms are in solid solution and the effects of the

Fig. 10. The effect of pass number on microhardness of ECAPed specimens at dif-
ferent temperatures.

Fig. 11. Engineering stress–strain curves of unECAPed Al 7075-T6 and ECAP pro-
cessed Al 7075 at different ECAP temperatures.

Table 2
Mechanical properties of unECAPed Al 7075-T6 and ECAP processed Al-7075 at different ECAP temperatures.

Yield strength (MPa) Ultimate tensile strength (MPa) Elongation to fracture (%) Microhardness (Hv)

T6 493 551 11.6 174
3 pass at RT 622 658 10 210
3 pass at 120 °C 672 708 9.8 228
4 pass at 150 °C 575 623 11.2 197
4 pass at 180 °C 507 579 11.9 171
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different solute atoms are additive, solid-solution strengthen-
ing in this alloy accounts for a strength increase of �52 MPa.
The actual contribution of solid solution strengthening is less
than 52 MPa, because a significant fraction of the solute atoms
have precipitated. So it can be concluded that solid-solution
strengthening provides a small contribution to the total
strength of the specimens.

(ii) Grain-boundary strengthening (Hall–Petch effect)
The introduction of grain refinement through ECAP process
leads to significant strengthening because of the Hall–Petch
effect related to the interaction between dislocations and the
grain boundaries. The Hall–Petch effect states that the yield
stress (sy) varies with the grain size (d) through the following
relationship [50]:

σ σ Δσ= + + ( )− −kd kd, 4y gb0
1/2 1/2

where Δσgb is the strength increment from grain-boundary
strengthening, σ0 is the friction stress and k is a constant of
yielding. As reported by Wert [51] the Hall–Petch coefficient
(k) for Al 7075-T6 is �0.12 MPa m and friction stress is
�20 MPa for aluminum. The average grain size measured by
EBSD was used in Hall–Petch equation. The validity of the
Hall–Petch relationship in materials processed by ECAP has
been verified by several reports [27,50,52–55]. As shown in
Table 3, the increase in yield strength due to grain-boundary
strengthening is calculated to be about 219, 179, 143 and
120 MPa for ECAP processed specimens at RT, 120, 150 and
180 °C, respectively, while this increase in T6 specimen is
about 23 MPa. It is evident that the strength increment from
grain-boundary strengthening in ECAP processed specimens is
about 4–6 times higher than that in T6 specimen. Moreover,
the strength increment from grain boundary strengthening in
ECAP processed specimen at RT is �45% higher than that in
ECAP processed specimen at 180 °C. So it can be deduced that
the strength increment from grain boundary strengthening
decreases with increasing ECAP temperature.

(iii) Dislocation strengthening
In the work-hardening process dislocations interact with
themselves and impede their own motion. Thus, increasing
the dislocation density in a metal increases the yield strength
of the material. The role of dislocations in strengthening can
be expressed by using the Taylor-model [44,45,56–59]:

σ α ρΔ = ( )M Gb 5d
1/2

where σΔ d is the strength increment from dislocation
strengthening, α is a constant (α¼0.3 is taken), G is the shear
modulus (G¼26 GPa is taken for Al and its alloys), b is the
length of the Burgers vector of dislocations (b¼0.286 nm for
Al), M is the Taylor factor (M¼3 for untextured polycrystalline
materials) and ρ is the dislocation density determined by XRD.
The applicability of the Taylor relationship for UFG materials is
supported by previous works [44,45,56–59]. The strength
increment caused by dislocation sources is measured to be
about 152, 130, 117 and 105 MPa for ECAP processed

specimens at RT, 120, 150 and 180 °C, respectively. In contrast,
dislocation strengthening contributed an increase of 46 MPa
for T6 specimen. It is clear that increasing ECAP temperature,
decreases the strength increment from dislocation strength-
ening as a result of reduction in dislocation density. These
results suggest that dislocation strengthening plays a more
significant role in the UFG Al-7075 compared to the CG Al-
7075 materials.

(iv) Precipitation strengthening

Precipitates (GPZs, η′ and η phases) are present in the micro-
structure of Al-7075 materials, in both the T6 and ECAPed condi-
tions. The precipitation strengthening results from the pre-
cipitate's ability to impede dislocations motion by forcing dis-
locations to either cut through or circumvent the precipitates. In
either case, higher density of precipitates leads to higher strength.
The usual model used to determine precipitation strengthening of
UFG Al alloy is as follows [18,44,57]:

σ
π

Δ = ( )
( − ) ( )

M
Gb x b

L x
0. 85

. ln /
2 6p

where x is the average size of precipitates and L is the average
distance between them. The different contributions to precipita-
tion strengthening were calculated from Eq. (6) using the values of
L and x obtained from TEM micrographs. As stated in dislocation
strengthening G, b and M are the shear modulus, the Burgers
vector of dislocations and the Taylor factor, respectively. Pre-
cipitation strengthening leads to strength increments of about
360, 304 and 268 MPa for ECAP processed specimens at 120, 150
and 180 °C, respectively. As can be seen in Table 3, the strength
increment by precipitation strengthening is about 363 MPa for CG
specimen at T6 condition. So it can be concluded that the max-
imum precipitation strengthening can be observed in specimens
possessed highest precipitates density. Because the precipitates
(GPZs) in ECAP processed specimens at RT are not visible in TEM
images, it was not possible to calculate the strength increment by
precipitation strengthening in ECAP processed specimens at RT.
Comparing these calculated values, it is clear that precipitation
strengthening plays a more significant role in the CG Al-7075
materials compared to the UFG Al-7075.

Totally, it can be concluded that in starting material (CG specimen
at T6 condition) the main strengthening mechanism is precipitation
strengthening, while in ECAPed specimens the three mechanisms of
grain boundary strengthening, dislocation strengthening and pre-
cipitation strengthening have considerable roles in the strength in-
crement. By increasing ECAP temperature, the strength increment
caused by each strengthening mechanism decreases.

5. Conclusions

According to the results obtained, the following conclusions
can be drawn:

� Based on the microstructural observations, the initial average
grain size of about 60 μm was refined down to less than 1 μm
after the final pass of ECAP process. TEM and EBSD investiga-
tions demonstrate that increasing ECAP temperature leads to an
increase in the grain size, the fraction of LABs as well as the
equiaxiality of the grains. XRD results also indicate that by in-
creasing ECAP temperature, dislocation density decreases
significantly.

� ECAP process caused a considerable increase in the alloy mi-
crohardness and strength. Microhardness and tensile tests

Table 3
Estimated strength increment for different strengthening mechanisms of un-
ECAPed Al 7075-T6 and ECAP processed Al-7075 at different ECAP temperatures.

Δrss Δrgb Δrd Δrp

T6 o52 23 46 363
3 pass at RT o52 219 152 –

3 pass at 120 °C o52 179 130 360
4 pass at 150 °C o52 143 117 304
4 pass at 180 °C o52 120 105 268
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reveal that by increasing ECAP temperature from RT to 120 °C,
mechanical properties of the specimens increase significantly,
while an increment in ECAP temperature from 120 to 180 °C
caused a considerable decrease in mechanical properties of the
specimens. It is clear from these observations that ECAPed
processed specimen at 120 °C possessed the maximum me-
chanical properties due to the presence of the fine dispersion of
small η′ phase in the microstructure.

� The improvement in mechanical properties of Al-7075 alloy
during ECAP can be attributed to four strengthening mechan-
isms: (i) solid solution strengthening, (ii) precipitation
strengthening, (iii) grain refinement strengthening and (iv)
dislocation strengthening. The analyses of the contributions
from different strengthening mechanisms indicate that the last
three mechanisms play more significant roles in strength in-
crement of ECAP processed specimens, while precipitation
strengthening is the predominant mechanism. In addition, this
analysis shows that by increasing ECAP temperature, the effect
of the mentioned mechanisms on strengthening of ECAPed
specimens decreases.
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