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Abstract

In the present study, mechanical properties and low cycle fatigue behavior of
a solid-solutionized AA6061 aluminum alloy produced by equal channel
angular pressing (ECAP) process were investigated. The grain refinement
after two passes of ECAP significantly increased the yield stress and ultimate
tensile stress and decreased the ductility of the alloy. However, the
improvement of low cycle fatigue strength was not as remarkable as expected.
Post-ECAP aging heat treatment to the peak-aging condition imposed a
notable change in the strength and ductility of the alloy so that its fatigue
strength partly enhanced. An optimized combination of grain refinement and
distributed fine precipitates in the matrix of the alloy was achieved by
conducting aging heat treatment between passes of ECAP. The proposed
procedure was proved to yield the best combination of strength and ductility,
better distribution and size of precipitates, and thus a remarkable
improvement in the low cycle fatigue response of the investigated material.

Nomenclature

W: CG material in unstable solution treated temper

E2: UFG material underwent 2 passes of ECAP

E2Apca: UFG material after 2 passes of ECAP, aging heat treated for 210 minutes to the peak-aging

condition

E20pi: UFG material aging treated after each pass of ECAP (in total 2 passes of ECAP and 210 minutes

heat treatment)

®: Intersection angle of channels of the ECAP die

¥: curvature angle of the outer point of intersection of ECAP die
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1. Introduction

Aluminum alloys are the most attractive non-
ferrous materials playing an important role in
engineering, especially in aerospace
engineering. They have good corrosion
resistance, as well as superior mechanical
properties and light weight [1, 2]. During the last
century, alloying and age hardening capabilities
of Al alloys in improving their strength were
discovered. However, recently it has been
realized that the grain refining processes
improves the mechanical and functional
properties of these alloys [3-5]. During last
years, using SPD processes in producing ultra-
fine grain (UFG) materials have become
attractive to researchers because of their striking
effects on mechanical properties of materials.
During a Severe Plastic deformation (SPD)
process, a very high level of strain is applied to
the material [6-14]. There are different types of
SPD processes such as accumulative roll-
bonding (ARB), high- pressure torsion (HPT),
and equal channel angular pressing (ECAP).
Among these processes, ECAP seems to be the
most attractive, and potentially the most useful
process [15].

A work piece with a rectangular or circular
cross-section is pressed through a die during the
ECAP process. The die contains two equal cross-
section channels which intersect at an angle of ¢.
There is another angle W, which defines the arc
of curvature at the outer point of intersection of
the two channels. The geometry of the ECAP die
is shown in Fig. 1. As the material crosses the
intersection between channels it is mainly
deformed by a shear mechanism combined with
a high hydrostatic pressure as a consequence of
the constraint imposed by the die. The
introduced severe plastic deformation in the
material causes a reduction in grain size and
therefore the mechanical properties of the
material improve dramatically [16-18].

The advent of SPD processes make a dramatic
contribution to the improvement of fatigue
behavior of Al alloys. The fatigue behavior of
nanostructured and UFG Al alloys produced by
sever plastic deformation have been studied by
numerous researchers [3, 19-25].
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Fig. 1. Schematic of the ECAP process.

Some of these reports are contradictory. For
example, a large enhancement in fatigue life of
AA6061 alloy by ten times in high cycle
frequency (HCF) regime was reported after a
single ECAP pass. However, by increasing the
ECAP passes to four, this effect disappeared due
to a significant increase in the fraction of high
angle grain boundaries [21]. The AA2124 alloy
showed a higher fatigue life after eight ECAP
passes compared with the four-pass ECAPed
alloy and complex microstructure was observed
in both conditions [24].

It is found that unlike the significant effect of
SPD processes in enhancing the tensile strength
of Al alloys, sometimes the resulted grain
refinement does not have a notable influence on
fatigue behavior of these alloys in high cycle
regime compared to its effect on tensile
properties. On the other hand, because of the
negative effect of grain refinement on the
ductility of Al alloys on monotonic and cyclic
deformation which promotes early crack
initiation and a higher fraction of grain
boundaries favorable for crack propagation, the
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low cycle fatigue (LCF) of these alloys is of high
complexity [20]. As a consequence, some
researchers investigated different measures to
improve the HCF and LCF behavior of Al alloys.
Vinogradov et al. argued that the loss of ductility
during severe hardening through ECAP is the
main reason for the low LCF life of UFG
materials. They also claimed that another factor
which is responsible for the fatigue life of UFG
materials is their susceptibility to strain
localization as a result of increasing strain
hardening and decreasing ductility. Therefore,
finding a suitable combination of affecting
factors such as strength and ductility is necessary
to achieve a desirable fatigue behavior [26, 27].
Kim et al. introduced the combination of Pre—
ECAP solution treatment and post-ECAP aging
treatment as an effective method to enhance the
strength and superplasticity of an AA6061 alloy.
By implementing six passes of ECAP and post-
ECAP aging, the largest increase in ultimate
tensile strength (UTS) and yield stress (YS) of
the alloy was obtained. What is more, the results
of the research were striking in comparison with
pre-ECAP peak-aging treatment studied by
other investigators [28].

Hoppel et al. [29] in an investigation on the
optimization of the fatigue behavior of UFG Al
alloys produced by ECAP, and by considering
the results of other researchers [27, 30-34],
reported that the investigated UFG Al alloys
exhibited shorter fatigue lives in an LCF regime
than Coarse grained (CG) counterparts. They
proposed that the fatigue lives could be enhanced
appreciably by a suitable heat treatment
following ECAP because of an increase in the
ductility.

Malekjani et al. have investigated the cyclic
response of UFG AA2024 alloy produced by
cryo-rolling and the effect of precipitates on the
cyclic stability. Grain refining reduced the
fatigue life of the alloy under strain controlled
fatigue test. Moreover, the fatigue performance
of the peak-aged samples was higher than the
under aged samples because of their higher
fatigue ductility coefficient and higher cyclic
hardening. On the other hand, at lower strain
amplitudes the fatigue life of the peak-aged
samples tended to decrease, which might be due
to a much lower contribution of plastic strain
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amplitude against the elastic strain amplitude in
that range [19].

In a study on the strain-controlled fatigue
behavior of AA6060 alloy, a combination of
ECAP and aging treatment was investigated.
Three series of samples were prepared; two of
them were at peak- age condition (T6) before
pressing, and then subjected to two and eight
passes of ECAP. A ductility-optimized condition
was achieved for the third sample by a solution
heat treatment before two passes of ECAP
followed by a short aging treatment. The results
demonstrated that the optimized condition leads
to a slight cyclic hardening at the very first few
cycles followed by a linear softening meaning
that the thermally induced recovery does not
prevent cyclic softening in the ongoing fatigue
process. Moreover, although the optimized
specimen shows a higher ductility and strain
hardening capability in monotonic loading than
its as-processed counterpart E2, its performance
in strain-controlled fatigue life remains below
the expectations; maybe because of the
formation of extraordinarily fine precipitates
after ECAP, which make the optimized
condition more prone to shear localization in
deformation bands [35].

X-Ray studies of Sitdikov et al. on dynamic
aging in AA6201 alloy produced by SPD process
determined the quantitative characteristics of the
size, shape and spatial distribution of the
secondary phase particles formed in the alloy
during dynamic aging. Their results were solid
in making difference between the inherent
characteristics of dynamic strain aging and
conventional T6 treatment regarding their
microstructural data. These findings would
definitely be promising in future studies on
fatigue behavior of the alloys strengthened by
such methods [36].

The present study focuses on LCF behavior of
AA6061 alloy produced by ECAP combined
with aging heat treatment to achieve a suitable
LCF properties by finding the appropriate
combination of ECAP and precipitation
hardening. To the authors’ best knowledge there
is no record in the literature which investigates
the effect of performing aging heat treatment
between the passes of SPD process on the fatigue
behavior of Al alloys. Since the size, density, and
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distribution of secondary phases are important in
strengthening the alloy, and also because the
balance in ductility and tensile strength of the
alloy, which can be influenced by post/pre
ECAP aging treatments, is determinative of
fatigue crack propagation as a controlling factor
of the LCF response [22, 23, 37], one can predict
that implementing such a combined procedure
would be influencing.

2. Material and experimental procedures
2.1. Material, conditions, and ECAP processing

In this investigation, a precipitation hardened Al-
Mg-Si aluminum alloy, designated as AA6061,
in the form of 20 mm diameter and 100 mm
length rods was used. The chemical composition
of the alloy is shown in Table 1. Billets of the
alloy were first annealed to remove dislocations
and to restore the original workability of the
alloy. The annealing procedure was performed at
413 °C for 2.5 h by post cooling at room
temperature. The samples were then solution
heat treated at 527 °C for 90 min followed by
rapid quenching in cold water. The aim of this
heat treatment was to produce a super-saturated
condition for the alloy and to prepare the samples
for aging procedures.

Table 1. Chemical composition of the AA6061 alloy
used for experiments.
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ECAP was performed using a die-set with an
intersection angle of 90 ° by route B (90° rotation
of sample along its axis, this route yields the
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most homogeneous microstructure with the
finest grains and high angle grain boundaries
[38]) at room temperature by a hydraulic press
with a ram speed of 1 mm/min. For more details
of the ECAP-process refer to [4, 38].

Aging procedure was performed on the samples
at 160 °C for different periods of time. To find
the time required for the peak-age condition,
eight disks were cut from the one pass ECAPed
specimen and aged for 0 to 690 min (with the
time increment of 70 min). The micro-Vickers
hardness was measured on the cross-sectional
plane, perpendicular to the pressing direction of
the ECAPed specimens. The microhardness
measurements were performed with a load of
100 g for a dwell time of 30 s at 3 different points
around the center of the samples and the average
values were reported. Based on these results, the
AA6061 material was processed in three
different conditions. For the first group of
specimens, 2 passes of ECAP were performed on
the as-quenched material. For the second
condition, samples were subjected to two passes
of ECAP followed by aging heat treatment for
210 min to the peak-aged condition. The third
series of samples were produced by two passes
of ECAP, and after each pass of pressing, aging
treatment was conducted for 105 min (half of the
time needed for peak-aging condition). The
details of the procedures performed on the
specimens are given in Table 2.

Table 2. Different conditions of the samples, their
designation and procedures for preparation.

Name Procedure

Solution treated, As-quenched, without

W any deformation or further heat treatment”
E2 Solution treated, subjected to two passes
of ECAP”
Solution treated, two passes of ECAP,
E2-Apeak then aged at 160 °C for 210 min to the
peak-aging condition
Solution treated, one pass of ECAP, aged
at 160 °C for 105 min, one another pass
(EElQ)EI)lA of ECAP, again aged for 105 min (i.e. the

time required for peak-aging condition is
divided between ECAP passes)

* Samples were kept in the refrigerator in order to
avoid unwanted precipitations

2.2. Materials testing
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Monotonic axial tensile tests were conducted at
the strain rate of 0.1 mm/min, using round
samples with a diameter of 4 mm and a gauge
length of 20 mm extracted from the central parts
of the ECAPed rods according to ASTM E 8m-
04.

Round Dog-bone fatigue test specimens were
machined from the center of the ECAPed
samples according to ASTM E466-96 with the
gauge diameter of 6 mm, gauge length of 24 mm,
and curve arc equal to 48 mm. All samples were
well surface finished and then subjected to cyclic
axial loading under stress control using a stress
ratio of R = -1 (i.e. symmetric push-pull), and at
the frequency of 30 Hertz on Instron 8502
machine. Fatigue tests were conducted on
samples at different stress amplitudes equal to
0.9 UTS, 0.8 UTS, 0.7 UTS of each sample.
Moreover, in order to well compare the fatigue
behavior of the processed samples (E2, E2Apcak,
and E2op), fatigue loading was also carried out
at single stress amplitude 0.6 times the average
of the ultimate tensile strength values of these
three samples.

2.3. Microstructural investigations

Microstructural investigations were performed
by optical microscopy (OM) with normal and
polarized light, and scanning electron
microscopy (SEM) on UFG specimens to
observe the microstructural development,
precipitates size and distribution, and the
fracture surface of fatigued samples.

3. Results and discussion
3.1. Microstructures of processed materials

Optical microscopy with normal and polarized
lights on samples provided different images of
microstructures prior to fatigue loading (Figs. 2-
7). Microstructural characteristics relevant to the
fatigue behavior are discussed below.

3.1.1. E2 condition
In this condition, the material was subjected to

two passes of ECAP without subsequent aging
treatment. However, some small and erratically
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dispersed precipitates can be seen in the
microstructure as a result of unwanted subtle
natural aging (Fig. 2). In addition, Fig. 3 shows
that the grains are elongated and stretched out in
the direction of shear and a small but significant
fraction of grain boundaries revealed a high-
angle misorientation.

40 um
— |

Fig. 2. Unwanted precipitates which are very fine and
scares; specimen E2 (without aging).

Fig. 3. Very fine and elongated grains resulte
ECAP; specimen E2.

3.1.2. E2A4pear condition

By conducting 210 min aging heat treatment
on the material in E2 condition and
developing it to a peak-aged material, the
E2Apeak condition was obtained. As Fig. 4
demonstrates, after the heat treatment,
precipitate particles apparently increased in
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both volume fraction and size. Some larger
precipitates are also presented in the matrix
which may contain impurities and may lead
to the formation of precipitate-free zones.
The observed microstructure by polarized
light microscopy well defines the effects of
recovery and recrystallization due to the heat
treatment on grain size and boundaries as the
elongated grains and HAGBs are less
frequent in this condition. Again, large
precipitates inherent in peak-aged condition
are obvious in Fig. 5 comparing with Fig. 3.

40 pm
— |

Fig. 4. Large and abundant precipitates in peak-aged
UFG specimen, E2Apeak.

TR T T
Fig. 5. Large precipitates along
crystals as a result of peak aging, specimen E2Apea.

3.1.3. E2¢p condition
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The material reached to the peak-aging (or
near peak-aging) condition but in a two-
stage sequence of ECAP and aging heat
treatment. After the first pass of ECAP,
some level of grain refinement is achieved
and the structure contains a high fraction of
non-equilibrium grain boundaries. In this
condition, the alloy has a high strength with
a subtle decrease in ductility. By the first
period of aging treatment very fine
precipitate particles with strengthening
effect appear in the microstructure. On the
other hand, this thermal activation facilitates
the recovery process and it leads to a
reduction in the fraction of HAGBs which
has a softening effect as well as inducing
some level of increase in ductility of the
alloy. The result is a condition with
reasonable strength and acceptable ductility.
The second pass of ECAP induces
microstructural distortion in the material and
again a large number of HAGBs appears.
Moreover, the very fine precipitates of the
first stage of aging completely spread in the
distorted microstructure. By implementing
the second phase of aging, the formation of
precipitates starts rapidly due to the
increased number of diffusion pathways.
Now, a very fine size and good distribution
of these precipitates are achieved because of
numerous nucleation sites in the highly
distorted microstructure. As a consequence,
a condition is achieved which has a good
combination of recovered but not
recrystallized microstructure (because of
eliminating the time of heat treatment by
dividing it between passes of ECAP) and a
high number of HAGBSs and fine distribution
of precipitates (Figs. 6 and 7). It means that
the optimized sample supposedly has a
higher strength and ductility compared to the
other ECAPed samples. Since the balance of
these two tensile characteristics is vital in
LCF behavior, one may conclude that the
E2Aopt most likely has the best fatigue
response in low cycle regime.



JCARME

40 um
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Fig. 6. Small size particles with high density and
distribution in the matrix of alloy in E2op condition.

Fig. 7. Very distorted mic e large
number of completely dispersed precipitates, E2Aop
condition.

3.2. Stress-strain response

Results of tensile tests on different samples
are shown in Fig. 8, and Table 3. Notable
differences between the CG and three UFG
conditions can be observed. These data
shows that the optimized combination of
grain refinement and precipitation hardening
yields the highest ultimate tensile strength.
However, its total elongation to failure as a
criterion of ductility is not the best among
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three UFG conditions. The maximum value
of total elongation belongs to the peak-aged
condition (i.e. E2Apeak) but its difference
from that of E2opt is not significant (0.62%).
Thus it can be concluded that the chosen
strategy is optimized regarding the tensile
properties.

In addition to the balance of tensile strength
and ductility, another factor is involved in
the LCF behavior of metallic materials. The
ratio of UTS/YS as a measure of strain
hardening capability is used to estimate the
cyclic softening or hardening of the alloy
during fatigue loading. According to
Manson and Hirschberg [39], if the ratio of
UTS/YS is more than 1.4, the material
undergoes the cyclic hardening. For the
ratios lower than 1.2, material softens with
increasing the number of cycles. Materials
with a ratio of UTS/YS between 1.2 and 1.4
are somehow stable in cyclic loading and the
stress amplitude does not significantly
increase or decrease during cyclic loading.
Among the UFG alloys of the present study,
this ratio is higher than 1.4 for the optimized
E20pt condition which shows its probable
hardening trend in cyclic loading. One can
predict that the samples produced by this
optimized procedure would show a rapid
decrease in the slope of S-N curve after a few
cycles.

Table 3. Tensile properties of different investigated
samples.

Total
uTs YS, 0.2 -

Sample (MPa) % (MPa) elorz%tlon UTS/YS
w 245 132 27.18 1.856
E2 412 327 10.68 1.26

E2Apeak 398 297 15.59 1.34

Eopt 421 281 14.97 1.498
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Fig. 8. Stress-strain curves obtained by conducting tensile tests on the specimens.

3.3. Stress controlled fatigue test

Results of the fatigue tests in low cycle regime
are shown in Fig. 9 as Wohler S-N curves for
different samples of the present study with
additional data of AA6061-T6 extracted from
[42].

The curves show that grain refinement has a
significant effect on the S-N fatigue response of
AA6061 alloy. It can be related to the higher
tensile strength of UFG material. However,
increasing the number of cycles leads to an
abrupt and remarkable decrease in fatigue
strength. Post-ECAP aging heat treatment
generally has a positive effect on the LCF life of
the alloy and suppresses the negative effect of
grain refinement at higher numbers of cycles as
a result of the strong function of the increased
ductility. In addition, the samples do not show
such an accelerated softening at the onset of
cyclic straining, as recovery processes were
already activated during aging. Similar results
were observed in [29] and [31] as the post-ECAP
treatments was shown to be effective to limit
cyclic softening. Furthermore, in another
reference [40] where a particular aging treatment
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led to a post-ECAP peak-age condition with an
excellent combination of strength and ductility,
similar trend was indicated. This is likely
because of the stabilizing effects of post-ECAP
heat treatment on the UFG microstructure.
Among the UFG samples, the optimized
condition (E20pt) provides the best LCF response
as at the same stress amplitude of 246 MPa its
fatigue failure happens at an approximately
101900 cycles compared to 46600 and 18800
cycles to failure respectively for E2Apeak and E2
conditions. This significant better function of the
optimized condition than the peak-aged, despite
its lower ductility, is because of the great
influence of cyclic hardening capability of this
particular condition as its ratio of UTS/YS
indicates. However, this ratio is not a reliable
factor in determining the fatigue behavior of
UFG material, because the nature of fatigue
consists of numerous complex mechanisms such
as grain size, precipitate content, size and spatial
distribution, stacking fault energy and the
attendant equilibrium spacing of partial
dislocations, and crystallographic texture [41].
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Fig. 9. S-N curves for the studied specimens; data of T6 extracted from [42] is embedded here for comparison

purposes.

Generally, the grain refinement enhances the
resistance to fatigue crack initiation by
decreasing the number of dislocations in slip
bands. This reduces the depth of surface fatigue
markings and by increasing the yield stress
which restricts the macroscopic plastic
deformation in the beginning of cyclic loading.
On the other hand, the resistance to crack growth
decreases with the grain refinement. In the near-
threshold of fatigue crack growth, UFG
materials exhibit a faster rate of crack
propagation because of the reduced level of
fracture surface roughness seen in the finer
grained metal, as the deflections in crack path
promoted during crystallographic crack advance
are reduced with grain refinement [43]. LCF
behavior is mainly controlled by fatigue crack
propagation. In addition, the formation of
necking zone occurs in this regime; therefore,
the fatigue fracture mostly takes place by joining
of microvoids in the microstructure of the alloy
[22, 23, 37]. It can be concluded that ductility
play a key role in fatigue response at higher
stress amplitude.

Furthermore, aging heat treatment induces
precipitates effective in changing the

microstructural nature of the material. The
performance of the precipitates under cyclic
loading conditions may vary, depending on their
size and structural characteristics. When
dislocations cut through precipitates, a local
decrease to further dislocation motion and
consequently concentration of slip taken place
[44, 45]. Apart from the role of big constituent
particles in crack initiation, concentration of slip
caused by the easy path of dislocations
movement will normally ease the crack initiation
stage. On the other hand, when the particle is not
cut, dislocations form loops at the interfaces
resulting in more homogenous deformation,
which prevents strain localization and crack
initiation [46, 47]. Moreover, difference in the
cyclic hardening behavior of peak-aged and
optimized aging conditions might be related to
the state of precipitates in terms of their size and
coherency with the matrix. It was shown earlier
that precipitates in the optimized condition
(E20pt) are smaller in size and have more
coherent distribution which leads to the
promoted stability of microstructure under cyclic
loading and prevents grain boundary movement
and grain coarsening [29].
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3.4. Fracture surface analysis

SEM observations of the fractured surfaces of
the alloy in E2Apresx and E2op conditions
fatigued at the stress amplitudes of respectively
318 and 337 MPa are shown in Fig. 10. The SEM
images show that the fractured surfaces have
irregular conditions showing that the fatigue is
resulted from different mechanisms of failure.
The surfaces mostly consist of many microvoids
and dimples (Fig. 10. B, C, D), indicating the
ductile essence of fracture in the specimens.
Dimples are slightly larger and deeper in the
fracture surface of the E2op: specimen (Fig. 10.
D) comparing with the fracture surface of
E2Aprcak (Fig. 10. C). This may be an evidence of
the better fatigue response of the alloy in this
condition. In the fracture surface of E2Apea
specimen the presence of microvoids is more
common which can be a reason for its lower
fatigue strength than that of E2op. When a
microvoid is nucleated at a second phase
particle, it propagates through the interface
between the particle and surrounding matrix.
Since the precipitates are inclined to be formed
at high energy locations such as grain
boundaries, the growing microvoid propagates
through one grain boundary to the next and
forms an intergranular fracture mode which is
more common in E2Apex as a result of large
second phase particles (Fig. 10. B, D). On the
other hand, in both specimens in some areas of
the fractured surface, striations and brittle
fracture are revealed despite the fact that at high
stress amplitudes of fatigue loading, such a
texture is not common. This is because the
motion of dislocations does not have enough
time to become large enough (Fig. 10. E, F). This
phenomenon is more frequent in the optimized
specimen (Fig. 10. F.), as it may fails at higher
cycles compared to the peak-aged specimen.

4. Conclusions

Mechanical properties and low cycle fatigue
behavior of a solid-solution treated AA6061
alloy produced by 2 passes of ECAP process
were assessed through tensile and cyclic tests in
terms of yield stress, ultimate tensile strength,
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total elongation and fatigue strength at different
stress amplitudes. It was found that:

Ep . L l2aceiy ,xé;é“'sjﬁw.'. ;
Fig. 10. Fatigue fractured surfaces of E2Apea and
E20p at the fatigue loading with the stress amplitude
of respectively 318 and 337 MPa, and cycles to

failure respectively 3640 and 6830. A: .

- Yield and ultimate tensile stresses of the 6061
Al alloy considerably increases after ECAP
process, while ductility decreases.

- An enhancement occurs in fatigue strength of
the material after 2 passes of ECAP. However,
its fatigue strength tends to decrease by
increasing the number of cycles which may be
related to cyclic softening of the alloy.

- Aging heat treatment remarkably contributes
to the balance of tensile properties and the
increase in LCF response of the alloy. The effect
of aging heat treatment would even be more
significant if the time required for peak-aging is
divided between passes of ECAP.

- The differences in fatigue behavior of
aforementioned UFG specimens is attributed to
the differences in grain boundary angle, size,
density and distribution of second phase
particles, and the ratio of UTS to YS as a cyclic
hardening/softening criterion.

- OM observation of the cross-section of the
samples clearly shows the transformation of
crystals and second phase particles due to the
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different  procedures of severe plastic
deformation and precipitation. Moreover, SEM
analysis of the fractured surfaces of two of the
fatigued samples gives a better understanding of
the essence of the mechanisms causing fatigue
failure. It is shown that the failure is not merely
because of a single fatigue mechanism as
different areas of dimples, microvoids,
featureless cracks, and striations are seen,
altogether showing that the border of ductile and
brittle fracture is not clear. It can be attributed to
the high level of stress in which these two
samples are failed. Nevertheless, the fracture
surfaces of these two samples have some
differences, however, slight.
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