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a b s t r a c t

Fatigue failure is the main reason for the fracture of constructions; therefore, improving the fatigue
strength of the engineering alloys such as Al-7075 aluminium alloy by some methods such as equal
channel angular pressing (ECAP) is of great importance. According to this potential, fatigue behavior of
Al-7075 alloy subjected to ECAP process was investigated in this research. The ECAP process was per-
formed at ambient temperature up to 4 passes. Rotating bending fatigue test was conducted on ECAPed
specimens and microstructure and fracture surface of the specimens were analyzed using transmission
and scanning electron microscopes. Microstructural characterization revealed that the ultra-fine grains
(UFG) with mean size of about 600 nm were formed during 4 passes of ECAP. Experimental results
showed that fatigue strength of Al-7075 alloy in annealed and solution treated conditions increased
significantly in both low (LCF) and high cycle fatigue (HCF) regimes after 1 pass of ECAP. Although, the
obtained improvement by 1 pass of ECAP disappeared in LCF regime with increasing in the number of
passes, this improvement sustained in HCF regime. Fractography analysis showed that fatigue fracture
surface of 1 pass sample composed of granular and planer regions due to the bimodal microstructure
consisting of fine and coarse grains. Granular region enhanced fatigue strength in HCF regime and planer
region that was trace of shear bands formed during ECAP, improved fatigue strength in LCF regime.
Fatigue fracture surface of 4 passes sample with UFG microstructure showed only granular fracture
manner.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The most successful severe plastic deformation (SPD) method
for producing ultrafine-grained (UFG) metallic materials with su-
perior properties is equal channel angular extrusion (ECAE) or
pressing (ECAP) [1,2]. Processing by ECAP is especially attractive
because the procedure can be easily scaled-up to produce relatively
large billets and the process present a potential for producing
materials which can be used in structural and functional applica-
tions [3,4]. In this method, intense plastic strain imposes into the
specimen by repetitious pressing through a die having two chan-
nels with equal cross sections intersecting at a certain angle of F
[5,6].

AA7075 aluminium alloy is one of the high strength aluminium
alloys that extensively employed for practical applications
, Iran.
).
especially in aerospace, automotive and marine industries due to
their attractive widespread properties such as specific strength,
toughness, ductility and fatigue strength [7e10]. Since the fatigue
failure is the main reason for the fracture of constructions, one of
the crucial properties of this alloy is fatigue strength. Study on the
fatigue life of ECAP processed AA7075 aluminium is necessary
because of the structural applications of this alloy and potential of
ECAP process in improving the fatigue performance of materials
according to attainment of high strength and reasonable ductility in
this process.

There are contradictory reports about influence of ECAP process
on fatigue behavior of metallic materials. For example, it has been
reported by Vinogradov et al. [11,12] and Estrin et al. [13] that ECAP
process is not useful for improving the fatigue strength of some
precipitation hardenable Al-alloys. On the other hand, in number of
studies was observed bimodal microstructure consisted of coarse
grains and small equiaxed grains have a special influence on
improvement of the fatigue strength of ECAP processed Al alloys.
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Table 1
The chemical composition of the AA7075 aluminium alloy used in current research.

Al Si Fe Cu Mn Mg Cr Zn Ti

Base 0.07 0.09 1.50 0.04 2.65 0.21 5.70 0.02

A. Esmaeili et al. / Journal of Alloys and Compounds 757 (2018) 324e332 325
Bimodal microstructure can be obtained by the partial grain
refinement in initial passes of ECAP at room temperature, ECAP
processing at high temperature and ECAP following by subsequent
annealing treatment. It is proposed that the bimodal microstruc-
ture having fine-grained with low angle grain boundaries (LAGB)
represents the best properties in fatigue performance in some Al
alloy [14e17].

To date, investigations concerning the fatigue behavior of Al
alloys processed by ECAP were mostly performed on 2xxx, 5xxx
and 6xxx series as well as Al-Zn alloys [17e21]. In spite of the
structural applications of AA7075 aluminium alloy especially in
aircraft constructions, fatigue behavior of this important engi-
neering alloy after ECAP has not been evaluated yet. In the current
work, the effect of ECAP process on fatigue properties of AA7075
aluminium alloy was investigated for the first time. Although fa-
tigue properties of UFGmaterials evaluated by many researchers in
recent decades, available data and consequently the knowledge
about fatigue behavior of thesematerials compared to conventional
grain size materials are limited. Thus, the purpose of this research
was to study the fatigue behavior of UFG AA7075 aluminium alloy
produced by ECAP process.
2. Material and methods

The chemical composition of the AA7075 aluminium alloy
prepared from Aluminat Company (Arak, Iran) is presented in
Table 1. The ECAP specimens with the height of about 100mm and
the diameter of about 12mmwere machined from initial extruded
rods. Before processing by ECAP, the specimens were heat treated
in two different conditions. Some specimens were annealed at
688 K for 2 h followed by furnace cooling (annealed specimens (O)).
Then ECAP was performed to the specimens up to 4 passes. Other
samples were solution treated at 743 K for 2 h and water quenched
before ECAP (super-saturated solid solution specimens (SSS)). The
SSS samples were pressed just 1 pass, because they were cracked in
second pass of ECAP process. After the ECAP process, 1 pass ECAPed
SSS samples were aged at 393 K for 15 h (post-ECAP aging). As
stated previously, the maximum hardness could be obtained with
24 and 15 h aging in unECAPed and 1 pass ECAPed Al-7075 in solid
solution condition, respectively [22]. It is important to note that
ECAP process of the SSS samples was conducted immediately after
quenching to avoid cracking during ECAP. ECAP process was con-
ducted in a H13 steel die with channel angle of F¼ 90� and corner
angle of J¼ 20� resulted in the effective shear strain of about 1 in
Fig. 1. Optical micrographs of (a) initial AA7075 aluminium alloy, (b) 1 pass EC
each pass of ECAP [23,24]. The specimens were pressed at pressing
velocity of 1.5mms�1 at room temperature using BC processing
route. Route BC is the most effective route for producing UFG ma-
terials with homogenous microstructure [25,26]. MoS2 was used as
a lubricant for each pressing.

Mechanical properties of the specimens were evaluated using
microhardness, tensile and fatigue tests. Vickersmicrohardness test
was performed by a Mitutoyo HM-124 microhardness machine
under the load of 500 g and dwelling time of 15 s according to
ASTM: E-384. Tensile tests were done at a displacement speed of
1mm/min, using cylindrical specimens with a gauge length of 62.5
and diameter of 12.5mm according to ASTM-E8 standard using a
Zwick/Roell Z100 Universal Tester. Fatigue tests were conducted
under fully reversed stress-amplitude control mode (R¼ -1) using a
rotating bending Santam STF-600 machine at a frequency of
30 Hz at room temperature. In order to plot S-N curves, the fatigue
tests were performed at various stress amplitudes for each sample.
Smooth samples of a round cross section with 4mm in diameter
were employed. The surfaces of all samples were polished to
eliminate irregularities of machining that may act as stress con-
centrators in fatigue test. Fatigue and tensile tests were performed
on both annealed and SSS materials for comparison.

Microstructural examinations were carried out using optical
microscope, JEOL JEM 3010 transmission electron microscope
(TEM) and Quanta 3D FEI field emission scanning electron micro-
scope (FE-SEM) equipped with EBSD attachment facilities. Details
of the examination procedure and specimen preparation for TEM
and EBSD were represented previously [26e28]. The fatigue frac-
ture surfaces were also studied by Vega Tescan scanning electron
microscopy (SEM).

3. Results and discussion

3.1. Microstructure

Optical images of initial material and 1 pass ECAPed specimens
are shown in Fig. 1. The OM images of 1 pass ECAPed specimen are
presented in both ED (The plane perpendicular to ECAP direction)
and TD (the plane parallel to ECAP direction) planes. As can be seen
in Fig. 1, there are coarse grains with grain size in the range of
30e100 mm and dislocation tangles with less than 10 mm in size in
the microstructure of initial sample. It is clear that after 1 pass of
ECAP, deformation bands develop within the grains, width of grains
decreases and elongated grains oriented approximately at 45� to
the transverse direction (TD direction) appear in the microstruc-
ture. The mentioned changes in the microstructure caused by shear
bands that formed due to the plastic strain localization during ECAP
[22,29e31].

Fig. 2 shows TEM images of initial AA7075 aluminium alloy and
ECAPed specimen in annealed condition. The corresponding SAED
patterns of each TEM micrographs were obtained from the regions
APed specimen at ED plane and (c) 1 pass ECAPed specimen at TD plane.



Fig. 2. TEM micrographs and SAED patterns of annealed AA7075 aluminium alloy before and after ECAP process, (a) initial material, (b) 2 pass ECAPed specimen and (c) 4 passes
ECAPed specimen.

Fig. 3. Inverse pole figure maps of annealed AA7075 aluminium alloy before and after ECAP process, (a) initial material, (b) 1 pass ECAPed specimen and (c) 4 passes ECAPed
specimen.

Fig. 4. Stress-strain curves of annealed specimens before and after ECAP process.

A. Esmaeili et al. / Journal of Alloys and Compounds 757 (2018) 324e332326
having a reasonably homogeneous microstructure with diameters
of 2 mm are also illustrated in Fig. 2. The mean grain size of starting
material was found to be about 40 mm. As can be seen in Fig. 2 (a),
grain refinement enhanced by increasing in number of passes and
grain size decreased to 600 nm after the final pass of ECAP. It is
obvious that after 4 passes of ECAP, elongated grains which exist in
TEM image of 2 passes ECAPed specimen disappeared and most of
the grains became equiaxed. The increment in continuity of the
rings in SAED patterns reveals that, the fraction of high angle
boundaries (HAGBs) in the microstructure increases by increasing
the ECAP pass number. In other words, the existence of continuous
rings in the diffraction pattern of 4-pass ECAPed specimen shows
that the low angle grain boundaries mostly transformed into high
angle grain boundaries after 4 passes of ECAP [32e34].

Fig. 3 displays inverse pole figure maps of initial AA7075
aluminium alloy and ECAPed specimens in annealed condition. As
can be seen in Fig. 3 (a), initial material exhibits typical micro-
structure of conventional grain size material. Formation of bimodal
microstructure is evident in Fig. 3 (b) after 1 pass of ECAP. The
microstructure of 1 pass ECAPed specimens consists of large
elongated grains with a size higher than 3 mm and small equiaxed
grain with a size of about 500 nm. Similar to Fig. 1 (b), banded
structure is observed in the microstructure of this specimen.
Indeed, coarse grains of initial material became elongated because
of the imposed shear strain during ECAP as stated before.
Furthermore, partial grain refinement occurred within some of the
elongated grains. According to Fig. 3 (b), it can be concluded that
numerous small grains within the elongated grains represent the
formation of dislocation tangles in deformation bands. These
results indicate good agreement with previous researches [35,36].
The average grain size calculated by area fraction method was



Table 2
Microhardness values and mechanical properties derived from stress-strain curves of the unpressed and ECAPed AA7075 aluminium alloy at different passes.

YS (MPa) UTS (MPa) El (%) sYS/sUTS Microhardness (HV)

Initial material (annealed) 118±2 231±5 15.5±2 1.95 62±3
1 pass ECAPed (annealed) 267±3 300±2 5.25±1 1.12 111±2
2 passes ECAPed (annealed) 315±7 378±5 6.25±1 1.2 126±3
4 passes ECAPed (annealed) 360±5 452±6 9±1 1.25 140±3
Initial material (T6) 498±8 542±4 11.39±2 1.08 174±5
1 pass ECAPed (SSS) 622±6 664±5 8.67±1 1.07 197±4
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about 1.8 mm for 1 pass ECAPed specimen. As demonstrated in Fig. 3
(c), microstructure of AA7075 aluminium alloy became relatively
homogeneous and banded structure transformed into ultrafine-
grained structure after 4 passes of ECAP. The mean grain size
calculated by area fraction method was reduced from 40 mm to
about 600 nm after 4 passes of ECAP. It is clear from Fig. 3 that the
fraction of HAGBs (boundaries with misorientation angle higher
than 15�) increases dramatically by increasing in number of ECAP
pass. The fraction of HAGBs measured by TSL software were about
25%, 49% and 75% for initial material, 1 pass ECAPed and 4 passes
ECAPed specimens [28]. The 49% HAGBs in the 1 pass ECAPed
specimen is other evidence that indicate microstructure of this
sample is bimodal.
Fig. 5. S-N curves (Wohler curves) of AA7075 aluminium alloy before and after ECAP
process, (a) annealed specimens and (b) solid solutioned specimens.
3.2. Mechanical properties

The engineering stress-strain curves and mechanical properties
calculated from the mentioned curves of AA7075 aluminium alloy
in annealed and solution treated conditions before and after ECAP
process are presented in Fig. 4 and Table 2, respectively. As can be
seen, ECAP caused a remarkable improvement in both yield and
ultimate tensile strength of annealed specimens. The yield strength
of AA7075 aluminium alloy increases significantly (more than 2
times) after the first pass and then increases gradually with
increasing in number of passes. 4 passes of ECAP leads to about
205% and 95% increments in yield and tensile strength of AA7075
alloy, respectively. The significant increase in strength is due to the
strain hardening and grain refinement [37e39]. On the other hand,
the ductility is sharply decreased from 15.50% to 5.25% after the
first pass and then is improved gradually with increasing in number
of passes. This well-known behavior of ECAP processed materials,
i.e. significant reduction in ductility is also evident in sUTS/sYS ratio.
After the first pass of ECAP, sUTS/sYS ratio decreased drastically
from 1.95 to 1.12, in other word, sYS approached to sUTS after the
first pass. This means that the alloy exhibits low hardening rate
after processing by ECAP. This behavior can be attributed to the loss
of strain hardening capability during ECAP. Nevertheless, the sUTS/
sYS ratio and ductility is increased pass by pass and reached to 1.25
and 9% after 4 passes of ECAP, respectively. The increase in the
ductility with increasing in number of passes can be explained due
to the changes in grain boundary misorientation during repetitive
ECAP processing [39,40]. According to EBSD results, fraction of
HAGBs increased to 75% after the final pass of ECAP. It can be stated
that high amount of HAGBs in microstructure of 4 passes ECAPed
specimen prevents from early strain localization and consequently
improves the ductility.

According to Table 2, after 1 pass of ECAP, sYS and sUTS of
annealed AA7075 alloy increased about 125% and 30%, respectively,
and ductility decreased 66%, while, sYS and sUTS of solution treated
specimens increased about only 25% and 22%, respectively, and
ductility decreased only 23%. These data indicate that strength
enhancement in solution treated condition is modest compared to
that in annealed condition and consequently reduction in ductility
of solution treated samples is less than that of annealed specimens.
These results are in agreement with previous researches [12,41]
which have reported that the SPD methods are more effective for
non-heat treatable alloys. The reason lies in a certain strain hard-
ening capability of the heat treatable Al alloys such as AA7075
aluminium alloy.
3.3. Fatigue

Effect of ECAP process on fatigue behavior of the AA7075
aluminium alloy was investigated using the stress amplitude-
number of cycles to failure curves (S-N curves). Fig. 5 illustrates
the S-N curves of AA7075 aluminium alloy in annealed and solution
treated conditions. Since AA7075 aluminium alloy does not have a
definite fatigue limit (sL) as depicted in Fig. 5, the fatigue limit



Table 3
The values of fatigue limit (sL), fatigue ratio (FR), cyclic strain hardening exponent
(b) and cyclic strength coefficient (a) of specimens before and after ECAP process.

sL(MPa) FR b a (MPa)

Initial material (annealed) 68 0.29 0.102 362.5
1 pass ECAPed (annealed) 108 0.36 0.077 373.2
2 passes ECAPed (annealed) 104 0.27 0.066 299.7
4 passes ECAPed (annealed) 111 0.25 0.058 282.6
Initial material (T6) 93 0.17 0.141 903.5
1 pass ECAPed (SSS) 137 0.21 0.096 644
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defined based on 107 cycles in this research. The S-N curves in Fig. 5
could be fitted well with Basquin equation as follows:

sf ¼ aN�b
f (1)

where Nf is number of cycles to failure, sf is stress amplitude, and b
and a are cyclic strain hardening exponent and cyclic strength co-
efficient, respectively. The fatigue ratio (FR) is also calculated by
dividing fatigue limit to ultimate tensile strength. The values of sL,
FR, a and b of specimens before and after ECAP process are shown in
Table 3.

As can be seen in Fig. 5 (a), fatigue strength increases signifi-
cantly in both low and high cycle regimes after the first pass of
ECAP. However, this large improvement in fatigue strength of the
AA7075 aluminium alloy decreased slightly in the low cycle regime
by further deformation to 4 passes, but this enhancement main-
tained in high cycle regime. Totally, it is obvious that a considerable
improvement in fatigue life of AA7075 aluminium alloy occurred
during ECAP process, which was almost attributed to the finer grain
size and higher yield strength of ECAPed specimens compared to
those of annealed sample. The higher yield stress and finer grain
size of ECAPed specimens impedes the number of dislocations in
Fig. 6. SEM micrographs of fatigue fracture surface of annealed AA7075 aluminium alloy in
steady crack propagation zone showing striated plateaus, (c) striations in steady crack p
cleavages.
slip bands and the macroscopic plastic deformation. Consequently,
resistance to crack nucleation increases and fatigue performance of
ECAPed specimens improves [39,42,43]. According to Fig. 5 (a) and
Table 3, fatigue limit of AA7075 aluminium alloy increased about
59% and 64% after 1 pass and 4 passes of ECAP, respectively. So,
similar to hardness and strength results, fatigue limit increases by
increasing ECAP passes, while this increment is more profound in
first pass in comparison with other passes. This behavior is
observed in ECAPed Al alloys in many previous studies
[36,42,44,45].

As demonstrated in Table 3, the fatigue ratio of AA7075
aluminium alloy enhanced from 0.29 to 0.36 after 1 pass and then
decreased to 0.25 by further deformation to 4 passes. Therefore,
although 4 passes specimen have a maximum value of fatigue limit
(111MPa), but 1 pass specimen have optimum fatigue performance
because of the maximum value of fatigue ratio and suitable fatigue
life in both low and high cycle regimes. Furthermore, Table 3
demonstrates that the magnitude of strain hardening exponent
reduced by application of ECAP process. This magnitude decreased
gradually by increasing pass number of ECAP process. The decrease
of strain hardening exponent revealed that the work hardening
capability of annealed Al-7075 during cyclic deformation in fatigue
test is higher than that of ECAPed Al-7075. Therefore, the applica-
tion of ECAP process decreases the amount of work hardening
during cycling deformation.

Analogous to annealed specimens, the fatigue performance of
SSS specimen improved after 1 pass of ECAP process (Fig. 5 (b)).
Fatigue limit of 1 pass ECAPed and peak aged sample is about 47%
higher than that of T6 sample. Comparison of fatigue limit between
annealed and SSS specimens indicates that the effect ECAP process
on fatigue life enhancement in SSS specimens is lower than that of
annealed specimens. The reason may be due to the lower
strengthening capability of SSS samples during ECAP process in
comparison with that of annealed specimens. The mentioned
HCF regime at stress amplitude of 70MPa, (a) macroscopic view, (b) microstructure of
ropagation zone and (d) microstructure of final fracture zone containing network of



Fig. 7. SEM micrographs of fatigue fracture surface of 1 pass ECAPed AA7075 aluminium alloy in HCF regime at stress amplitude of 110MPa, (a) macroscopic view, (b) micro-
structure of steady crack propagation zone showing granular fracture, (c) microstructure of steady crack propagation zone showing planer fracture, (d) secondary cracks formed in
the planer fracture region, (e) striations formed in the planer fracture region and (f) microstructure of final fracture zone containing dimples.
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comparison also revealed that, in a same condition, the fatigue
performance of SSS samples is higher than that of annealed spec-
imens due to the higher strength of SSS samples.
3.4. Fractography

In order to investigate the fatigue behavior of AA7075 alloy in
detail, fractographic examination has been performed using SEM.
The fracture surfaces of annealed, 1 pass and 4 passes ECAPed
specimens were studied after fatigue tests to failure in HCF regime
at stress amplitudes of 70, 110 and 110MPa, respectively. Macro-
scopic view of the fatigue fracture surface of the annealed sample is
illustrated in Fig. 6 (a). Three characteristic regions of fatigue frac-
ture including fatigue crack initiation (zone 1), steady crack growth
(zone 2), and final fast overload fracture (zone 3) are clearly seen in
Fig. 6 (a). Beach marks are also visible in the steady crack propa-
gation zone. Fig. 6 (b) and (c) show the SEM images of zone 2 at
higher magnification. This figure illustrates multiple striated pla-
teaus that are at different elevations with respect to each other. It is
obvious that striations bow out in the direction of crack propaga-
tion and are oriented in perpendicular to the macroscopic propa-
gation direction. These observations indicate that fatigue crack
propagates in ductile manner, associated with crack tip retardation
and blunting as reported previously for conventional grain size
materials [46]. Fig. 6 (d) reveals network of cleavage steps which is
known as a river pattern, and is indicative of brittle final fracture.

Fig. 7 demonstrates SEMmicrographs of fatigue fracture surface
of 1 pass ECAPed sample. Substantial differences in roughness of
fatigue fracture surface of unECAPed and 1 pass ECAPed samples
could be observed in Fig. 6 (a) and 7 (a). As can be seen, fracture
surface appearance has changed from quite smooth to a mixture of
both rough and smooth after 1 pass of ECAP. Rough fracture surface
of 1 pass ECAPed specimen indicates that more energy should be
consumed for crack propagation. Three specific features can be also
observed in Fig. 7 (a). First, there are two distinct components
consisting of granular and planer regions in the fracture surface of 1
pass ECAPed specimen. Second, a step is created in the place of the
multiple cracks coalescence that initiate from granular and planer
regions near the surface. Third, the planer region goes through the
depth of the sample that means crack propagation path becomes
complicated.

Fig. 7(aec) clearly shows that the fracture surface in the crack
propagation zone was composed of granular and planer regions.
The presence of these two distinct components on the fracture
surface is due to the bimodal microstructure of 1 pass ECAPed
specimen as demonstrated in Fig. 3 (b). As reported in the literature
[16,17,36,47,48], granular and planer fracture is related to regions of
new fine grains and regions of coarse grains, respectively. As shown
in Fig. 7 (c), there are long bands in the planer fracture region that
are oriented approximately 45� from the loading axis parallel to
each other. According to results of the microstructure examination
(Fig. 1 (c)), it can be stated that observed bands in the planer region
caused by the shear planes and deformation bands introduced by
ECAP. These findings also proved by Goto et al. [47]. They have
investigated the effect of the microstructural inhomogeneity
resulting from ECAP on the fatigue crack growth behavior of copper



Fig. 8. SEM micrographs of fatigue fracture surface of 4 passes ECAPed AA7075 aluminium alloy in HCF regime at stress amplitude of 110MPa, (a) macroscopic view, (b) micro-
structure of steady crack propagation zone showing granular fracture and (c) secondary intergranular cracks formed in the granular fracture region.
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and indicated that planer surfaces formed due to propagation of
crack along the shear bands.

Micro cracks that so-called secondary cracks are visible on the
planer fracture region of 1 pass ECAPed specimen (Fig. 7 (d)). For-
mation of micro cracks indicates that fatigue crack deviated from
the main direction growth in the coarse grains region. It can be
stated that crack propagates in granular and planer regions by crack
growth mechanism of intergranular and transgranular, respec-
tively. According to Fig. 7 (a) and (e), mechanism of crack propa-
gation changes after passing from granular and planer regions.
Crack continues to propagation by formation of striations, associ-
ated with crack tip retardation and blunting. Formation of dislo-
cation tangles structure in the former coarse grains after initial
passes of ECAP has a significant influence on fatigue crack growth
behavior [49,50]. Direction of crackmovement can be altered inside
coarse grains due to propagating along dislocation walls and
dislocation tangles boundaries [17]. It can be concluded that
improvement of LCF properties of alloy after 1 pass of ECAP is
attributed to the dislocation tangles structure that formed during
ECAP.

Final fracture zone of 1 pass ECAPed specimen is also shown in
Fig. 7 (f). Fracture surface exhibits typical ductile failure consisting
of dimples covered the entire surface. No cleavage facets were
observed on the fracture surface. Therefore, final fracture mode
changes from brittle to ductile by 1 pass of ECAP. It is also important
to note the obvious difference in size of dimples which deflects
bimodal microstructure of this specimen.

SEM micrographs of fatigue fracture surface of 4 passes ECAPed
sample in macroscopic and microscopic scales are displayed in
Fig. 8. According to Fig. 8 (a), it is obvious that roughness of fracture
surface decreased after 4 passes of ECAP and crack nucleation
occurred in the depth of the sample (internal surfaces). These ob-
servations indicate that more energy consumed for crack nucle-
ation. This result is expected due to the maximum value of fatigue
limit for this sample. Similar to as-recieved specimen (Fig. 6 (a))
beach marks are also visible on the fracture surface of 4 passes
ECAPed specimen. Fig. 8 (b) shows the fracture surface of 4 passes
ECAPed specimen in the crack propagation zone. As can be seen
beach marks contain only granular component. These observations
can be explained due to the homogeneous and equiaxed micro-
structure of 4 passes ECAPed specimen (Figs. 2 (c) and 3 (c)).
Bimodal microstructure of 1 pass ECAPed specimen consisting of
fine and coarse grains transformed intomonomodal microstructure
of 4 passes ECAPed sample consisting of ultrafine grains. As a result,
fracture surface of 4 passes ECAPed sample exhibits only granular
manner crack propagation. Comparison between Figs. 7 (b) and
Fig. 8 (b) indicate that size of small facets in granular fracture
surface of 4 passes ECAPed specimen is smaller than that of 1 pass
ECAPed specimen. This is caused by the grain refinement and
reduction in grain size of sample with increasing in number of
passes.

As shown in Fig. 8 (c), secondary crack occurred between the
adjacent facets of 4 passes ECAPed specimen. These observations
indicate that mechanism of crack propagation changes as the
number of passes increases. Specimen subjected to 1 pass of ECAP
exhibits both intergranular and transgranular cracking due to the
bimodal microstructure. In planer region, transgranular cracking
occurred in shear bands that formed during ECAP and intergranular
cracking occurred along HAGBs in granular region [51,52]. After 4
passes of ECAP, only intergranular crack propagation happened due
to the increment in fraction of HAGBs. The similar results have been
reported by Meyer et al. [36] and Chung et al. [17] about UFG 6063
and 6061 Al alloy after 8 and 4 passes of ECAP, respectively. They
have also observed secondary cracks along HAGBs (intergranular
cracking) on the fracture surface of UFG (monomodal microstruc-
ture) materials. Although obtained fatigue improvement by 1 pass
of ECAP eliminated in HCF regime after further pressing (4 passes)
in Al-6061 alloy, such fatigue strength enhancement in high cycle
regimemaintained in AA7075 aluminium alloy in this research. The
decline in HCF properties after 4 passes of ECAP can be attributed to
the possibility of crack nucleation along HAGBs in Al-6061 alloy.
This assumptionwas confirmed by presence of secondary cracks on
the fracture surface of 4 passes ECAPed specimen and absence of
these cracks in 1 pass ECAPed specimen. While, secondary cracks
were observed on the fracture surface of 4 passes sample (Fig. 8 (c))
in current research, no reduction in fatigue strength of alloy was
occurred in high cycle regime (Fig. 5 (a)) and maximum value of
fatigue limit was gained after 4 passes of ECAP. As mentioned
previously, crackingwas also occurred in 1 pass ECAPed sample and
mechanism of cracking only changed.

Results of the present work showed that highest fatigue per-
formance obtained after 1 pass of ECAP in annealed condition. In
most fatigue studies about ECAP processed materials have shown
that the fatigue strength of materials significantly improves after
ECAP in the HCF regime due to the increase in strength based on
Basquin law. On the other hand, fatigue strength in the LCF regime
reduces after ECAP due to the reduction in ductility based on
Coffin-Manson law [53]. Indeed, grain refinement leads to increase
in the resistance of fatigue crack nucleation by decreasing damage
depth of intrusions or extrusions due to the reduction in number of
dislocations in slip bands. In turn, resistance to crack propagation
decreases because of the less tortuous crack path in ECAP processed
materials [43]. Thus, the enhancement of strength and ductility is
required for improvement of fatigue life in LCF as well as HCF
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regimes. Based on the results of fractography, considerable
improvement of fatigue life in LCF as well as HCF regimes after 1
pass of ECAP is attributed to the bimodal microstructure of this
specimen. While, the fine grains in the bimodal microstructure
increase the HCF performance of alloy, the coarse grains improve
the LCF properties of material due to the maintenance of ductility.
The decline of LCF performance of AA7075 aluminium alloy
occurred due to the grain refinement and formation of UFG struc-
ture (monomodal microstructure) with increasing in number of
passes. On the other hand, by increasing pass numbers, the strength
of the samples enhances and consequently fatigue performance of
the specimens in HCF regime increases slightly.

4. Conclusions

The fatigue behavior of UFG AA7075 aluminium alloy produced
by ECAP process was studied in current research. The main con-
clusions are summarized as follows:

� Mechanical properties results showed that ECAP process caused
a notable increase in microhardness and strength of AA7075
aluminium alloy. The yield and tensile strength of specimens
was increased about 200 and 95 percent after 4 passes of ECAP.
The reason of this remarkable improvement is mainly attributed
the substantial grain refinement during ECAP process.

� Analysis of S-N curves demonstrated that fatigue strength
increased significantly in both low and high cycle regimes after
the first pass of ECAP. However, this large improvement in fa-
tigue properties of AA7075 aluminium alloy declined slightly in
the low cycle regime by further deformation to 4 passes, but this
enhancement maintained in high cycle regime. Fatigue endur-
ance limit of AA7075 aluminium alloy increased about 59% and
64% after 1 pass and 4 passes of ECAP, respectively. Totally, it can
be concluded that 1 pass ECAPed specimen have the optimum
fatigue performance because of the maximum value of fatigue
ratio and suitable fatigue life in both low and high cycle regimes.

� Characterization of fatigue fracture surface by SEM revealed that
multiple striated plateaus were exist in crack propagation zone
of annealed specimen and final fracture of this specimen con-
tained network of cleavages. After 1 pass of ECAP, the crack
propagation zone was transformed to granular and planer re-
gions. The presence of these two distinct components on the
fracture surface indicating the formation of bimodal micro-
structure due to the partial grain refinement after 1 pass of
ECAP. The homogeneous and equiaxed microstructure formed
after 4 passes of ECAP resulted in formation of only granular
region in crack propagation zone of fatigue fracture surface.

� Based on the results of fractography and fatigue test can be
deduced that notable improvement in fatigue performance of 1
pass ECAPed specimen in both LCF and HCF regimes was
attributed to the bimodal microstructure of this specimen. The
fine grains in the bimodal microstructure increased the HCF
performance of the alloy and the coarse grains improved the LCF
properties of the material. Occurrence of the grain refinement
and formation of UFG structure (monomodal microstructure) in
4 passes ECAPed specimen resulted in reduction of LCF perfor-
mance of AA7075 aluminium alloy. On the other hand, the
enhancement of strength with increasing pass numbers, caused
a slight improvement in fatigue performance of 4 passes ECAPed
alloy in HCF regime.
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