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Mechanical properties of aluminum alloys can be improved by obtaining ultra-fine grained structures

via severe plastic deformation methods such as equal channel angular pressing (ECAP). In practice,

however, the final structure may not be as homogeneous as desired. Thus, elimination of the

inhomogeneity of ECAPed samples is a challenging task. In the case of age-hardenable alloys, a

combination of ECAP and aging might provide new means of obtaining microstructural homogeneity. In

this study, the effect of post-ECAP aging on the microstructural homogeneity of 2024 Al–Cu–Mg alloy

was investigated. Following solutionization and rapid cooling, some samples were aged at 190 1C for

various times. Another group of samples were similarly aged after one-pass ECAP through a 1201 die.

Throughout the aging of the samples, maps of microhardness variation were acquired in order to

monitor the precipitation behavior. It was observed that considerable homogenization in the micro-

structure of the ECAPed samples was reached, especially right after peak aging. The homogenization

level was characterized with the hardness inhomogeneity index. EBSD and TEM investigations were

performed to observe variations in the homogeneity of the microstructure.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Al alloys are classified as light-weight, high strength materials
[1]; however their mechanical properties still need to be improved
to be used in critical applications. Al 2024 is a high-strength, age-
hardenable Al–Cu–Mg alloy, and it is widely used in the aerospace
and transport industries [1,2]. Age-hardening is one of the well-
known techniques used to improve the mechanical properties of
this alloy by providing a nearly 50% hardness increment [3]. On the
other hand, a relatively new approach is to combine cold working
with age-hardening to attain further strengthening and homogeni-
zation of the structure [4]. The main disadvantage of cold working is
the undesirable change in the size and shape of the material, which
often causes stress related cracking. For instance, in both sheet and
rod production there is a deformation limit to preserve crack-free
structures; as a result, multiple passes are obligatory to achieve
remarkable strength [4].

Severe plastic deformation (SPD), an alternative technique to
classical deformation hardening methods, aims to obtain ultra-fine
grain structure, lower than 1 mm, with high angle grain boundaries
uniformly distributed throughout the volume, free from the cracks
or damage [5]. Among the SPD techniques, equal channel angular
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pressing (ECAP) and high pressure torsion (HPT) are the most
promising. ECAP is comparatively simple and easy to perform on
various alloys and composites. It is applicable to large billets and
provides complete homogeneity in the final product [6]. ECAP can
be used for samples as large as 4 cm in diameter and 10 cm in
length [7]. In contrast, by HPT, the sample size limitation is so
dominant that an exceedingly ductile Al sample of 8.57 mm in
height and 10 mm in diameter could be hardly produced [8]. In
the case of Al 2024 alloy, production was limited to 1.5 mm in
thickness and 14 mm in diameter; a hardness value of 275 HV
was attainable [9].

In practice, however, the final structure after the ECAP process
may not be as homogeneous as desired. There are several studies
on the elimination of this inhomogeneity through annealing [10]
or further ECAP processing [11]. Finite element analyses in ECAP
have shown that the lower part of the sample has less strain
[12,13], which results in inhomogeneity in both the microstruc-
ture and mechanical properties of the sample. Usually homoge-
nization in ECAP is achieved by increasing the number of passes,
but even this treatment does not always result in total elimina-
tion of inhomogeneity. For instance, ECAP processing of age-
hardenable Al alloys of 2024 and 6061 has resulted in a minimum
hardness deviation (DH¼Hmaximum�Hminimum) of 15 HV after
6 passes. In fact, for some regions the difference becomes as high
as 30 HV [11]. In another study, the ECAP carried out inside a
copper tube led to a very low DHV of 4 HV for pure Al after four
passes [14]. As these previous studies indicate, there is still no
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agreement on the degree of homogeneity after ECAP; further
studies are necessary to reveal this relationship.

In the FEM analysis studies inhomogeneity was defined using a
parameter, called strain inhomogeneity index, which is:

ei ¼
ðemax�eminÞ

eavg
ð1Þ

where emax, emin, and eavg are maximum, minimum, and average
magnitudes of effective strain [14,15]. With a similar approach, a
hardness inhomogeneity index can be defined as:

Hi ¼
ðHmax�HminÞ

Havg
ð2Þ

where Hmax, Hmin and Havg represent maximum, minimum, and
average hardness values, respectively. In this manner, both average
values and hardness variations are included in the data analysis.
The range of deviation is an important index as it remarks weaker
regions that may act as fracture initiation sites.

The deformation inhomogeneity manifested in the first pass
diminishes after an adequate number of ECAP passes, to a certain
extent. Ultra-fine grain structure can only be achieved after some
definite number of passes, but the minimum grain size achievable
is said to be dependent mainly on the amount of strain induced
after the first pass. The first ECAP pass has the most significant
impact on mechanical properties and final grain size [5,6]. On the
other hand, subsequent passes are regarded as a means to obtain
homogeneously-distributed grains of high angle grain boundaries
[16]. Multi-pass ECAP process is essential if the strengthening
mechanism depends solely on grain refinement through deforma-
tion [6]. However, in the case of age-hardenable alloys, ECAP and
age-hardening should be considered together. Different approaches
were proposed for the optimization of these two strengthening
mechanisms, (i.e. grain-size reduction by deformation and precipi-
tation hardening by aging). For example, pre-ECAP aging, dynamic
aging and post-ECAP aging are examples of alternative choices that
are carried out in combination with multi-pass or single pass ECAP
[17–21].
Table 1
As-received compositions for Al 2024 alloy.

Cu Mg Mn Zn Si Ni Cr Al

4.900 1.240 0.595 0.156 0.106 o0.1 o0.1 Bal.

Fig. 1. (a) The 1201 ECAP de with a representative sample passing through at a shear

shown (left). (b) The sample was separated into 16 regions by locating multiple guide

coordinate system (right).
If the pre-ECAP aging is considered, previous studies showed that
over-aged 2024 Al alloy subjected to multi-pass ECAP holds a
maximum hardness of 187 HV after 3 passes at 150 1C, and further
ECAP process results in a hardness drop [17]. The observed DH

values were high which may be caused by overaging and dynamic
recrystallization. Dynamic precipitation is much more promising in
terms of hardness enhancement. Kim et al. [18] showed a remark-
able increase in strength on Al 6061 after four ECAP passes at 100 1C,
but a minimum DH of only 15 was obtained.

When multi-pass ECAP is considered, post-ECAP aging becomes
less effective for both homogenization and strengthening. This is
mainly because ECAP stimulates precipitation due to the high
quantity of nucleation sites on which precipitation becomes ener-
getically favorable. Post-ECAP aging after a single pass has led to a
hardness of 205 HV after 30 h of aging at 100 1C, but homogeneity-
correlated properties are not so clear [20]. Post-ECAP aging is
promising for homogenization, which is an outcome of the fine
distribution of precipitates nucleated on defects developed during
deformation [21]. Several hypotheses [6,10,18] have been proposed
to correlate strengthening in age-hardenable ECAPed alloys through
grain size refinement by deformation and precipitation hardening
by aging; yet, there is no commonly accepted explanation for the
exact mechanism.

In this study, two groups of 2024 Al alloy were treated such that
the first group of alloys were aged, and the second group was initially
processed with one-pass ECAP at high and low back pressures and
aged subsequently. The relation between aging time and hardness
was investigated. Inhomogeneity after ECAP and the homogenization
through aging afterwards were perceived via microhardness maps.
OIM images were consulted for further understanding of ECAP
deformations in different regions of the sample. Transmission elec-
tron microscopy (TEM) images were used to observe the deformed
microstructure of ECAPed Al 2024, as well as the precipitation
behavior of both solutionized and ECAPed Al 2024.
2. Experimental procedure

The commercial Al 2024 alloy with nominal compositions
given in Table 1 was received in rod and rectangular shapes. All
specimens were solutionized for 1 h at 49572 1C in a muffle
furnace, quenched in a salt-water-ice mixture of 0 1C, and kept at
�18 1C. The rectangular specimens were aged at 19071 1C up to
18 h without a pre-ECAP process. Rod shaped specimens were
angle of 461. The characterization studies were carried out along the AA0 section

lines as shown, two of which are passing through the center, represented as (x,y)



Fig. 3. Aging behaviors of ECAP processed samples with low back pressure (LBP)

and high back pressure (HBP) at an aging temperature of 190 1C.
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subjected to ECAP before aging. ECAP was performed at room
temperature using an H13 steel die with two channels intersect-
ing at an internal angle of 1201 as shown in Fig. 1.

60 mm long Cu blocks were fed into the channel before the
sample in order to maintain low and high back pressure. Between
each sample and Cu block, cylindrical MoS2 pellets 5 mm in length
were introduced for lubrication. ECAPed samples were kept at
�18 1C, as well. After the ECAP process, specimens were subjected
to an interrupted aging process at 19071 1C untill over-aging.
Precision cutting was performed from the central region at a
shearing plane angle (461) inclination relative to horizontal, as
indicated in Fig. 1, to observe deformation bands in pure shear [16].

The surfaces of the ECAPed and aged specimen were polished,
and the high back pressure (HBP) ECAPed sample was marked by
microhardness indenter to create guidelines in vertical and horizon-
tal directions across the center for accurate monitoring of the regions
during interrupted aging. The aging interruption at 190 1C was
performed in 5 min intervals up to 50 min and progressively
continued with 60, 65, 75 and 180 min. During each interruption
two TEM samples were punched; and a systematic hardness profile
was collected. The sample was sub-divided into 16 regions of interest
close to the central part as shown in Fig. 1. The central point was
assigned as the origin (0,0) of an (x,y) coordinate system, and each
hardness indentation was recorded with its relevant coordinate. The
hardness penetration results indentations of 60–70 mm in size,
therefore a minimum 500 mm interval between each hardness mark
(x,y) was kept to maintain data reliability. For each aging time 16
indentations were executed under a constant load of 4.9 N and 10 s
of dwell time. The variation in hardness values throughout the cross-
sectional area was represented using color-coded contour maps.

Microstructural investigations throughout the shear direction
in ECAPed specimens were performed by an electron back-
scattered diffraction (EBSD) camera attached to a field-emission
gun scanning electron microscope. Specimens for EBSD analyses
were prepared using electropolishing with a 5% perchloric acid–
ethanol mixture at 20 V. For TEM investigations, selected speci-
mens were further thinned and electropolished in a 25% nitric
acid þ75% methanol solution at �30 1C until perforation.
3. Results and discussion

The microhardness data in Figs. 2 and 3 show the aging char-
acteristics of solutionized and ECAPed Al 2024. Solution heat-treated
specimens with an increase in hardness �50% up to 148 HV show a
common aging behavior with Al 2024 series aluminum.

The Guinier–Preston–Bagaryatsky zone (GPB)-S00 peak is observed
at about 5.5 h before peak aging, the formation of S0 at 11.5 h. This
Fig. 2. Aging behavior of Al 2024 at 190 1C after quenching the sample, 1 h solu-

tionized at 495 1C, into 0 1C ice–salt–water mixture. The peak aging is observed at

11.5 h.
shows a slight variation from the 12 h peak aging time and is
probably due to differences in alloying quantity. The aging behavior
of ECAPed specimens (Figs. 2, 3) is dramatically different as com-
pared to solutionized specimens. The maximum attainable hardness
values increased considerably, and the time period required reaching
peak age condition decreased after the ECAP process. The hardness
values obtained for high back-pressure ECAP are higher as compared
to low back-pressure process. Accordingly, for homogenization and
microstructural analyses high back-pressured ECAP specimens were
selected for comparison with solutionized alloys.

The homogenization in hardness for solution heat treated Al
2024 alloys is observed at periods slightly over 11.5 h correspond-
ing to over aging. The standard deviation in this regime drops to
1.71 HV as compared to 4.02 HV for the solution heat-treated
condition. If the hardness inhomogeneity index is considered,
Hi becomes as 0.14 and 0.04 for solution heat-treated and over-
aged conditions, respectively. On the other hand, homogenization
of hardness variation in ECAPed specimens starts around 195 HV
with a standard deviation of 3.03 HV. The standard deviation
seems high as compared to solution heat treated specimens;
however, when the hardness inhomogeneity index is taken into
account there is a notable decrease. Hi values before and after
aging in ECAPed specimens are 0.083 and 0.046, respectively.
As mentioned previously, a common belief regarding ECAP is that
the deformation inhomogeneity after the first pass is considerably
higher, and subsequent passes are required to reach the desired
homogeneity [5]. However, the results of this study have shown
that deformation inhomogeneity, relatively similar to the solution
heat treated condition, can be obtained after a single pass ECAP
using age-hardenable Al 2024. In common ECAP process, the first
pass ensures the maximum increase in strength, and the follow-
ing passes provide the homogeneity and refinement of micro-
structure. In that sense, the results of the current study are
remarkable since relatively high hardness and homogenization
levels are obtained after a single pass ECAP for Al 2024 alloys.
Therefore, it is worth investigating the underlying mechanism in
single pass ECAP for an age-hardenable alloy system.

ECAP causes different levels of deformation in various parts of
the specimen. This can be easily observed from the OIM images
taken at the top, center, and bottom regions of the specimen.
Fig. 4(a) shows the OIM image from the ECAPed specimen before
the aging process, indicating randomly oriented equiaxed grains.
After a single-pass ECAP process, the level of texture is higher in
the top and bottom part of the specimen as compared to the
central region. On the other hand, grain refinement is mostly
observed in the central region.

Fig. 5 shows the spatial distribution of hardness with respect
to aging in deformed specimens after ECAP processing. The
specimen before the aging process shows regions with different



Fig. 4. OIM images of (a) solutionized Al 2024, (b) top, (c) center, (d) bottom parts of ECAPed Al 2024 sample. The grain refinement is maximized at the center of the

sample whereas elongated grains are viewed in b, c and d.

Fig. 5. The hardness contour maps for high back pressure ECAP processed Al 2024. The aging leads to precipitation sequence with a peak of S00/GPB at 30 min and a peak of

S/S0 at 60 min.
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hardness values corresponding to a Hi value of 0.083. The highest
hardness is at the center where pure shear is more effective and
the lowest value at the bottom; this is also in good agreement
with finite element studies on the corner gap effect in ECAP
[12,13], as the corner angle used in this study is below 451. Up to
20 min of aging, no prominent change in hardness is observed;
however, the region at the upper part of the specimen subse-
quently starts to age-harden. The maps for 25 and 30 min confirm
the S00 precipitation. The peak hardness is reached after 60 min of
aging. Consecutive aging does not cause any further increase in the
overall hardness; rather, it results in a homogenous distribution.
At 65 min of aging a hardness inhomogeneity index of 0.046 is
obtained, as shown in Fig. 6. This value is close to that of the most
homogeneous non-ECAPed Al 2024 age-hardened alloy and it is
even better than multi-pass ECAPed pure Al with a hardness
inhomogeneity index of 0.093 [14].

Such a low hardness inhomogeneity index may seem surprising
after an ECAP process with a single pass run. The major strengthen-
ing mechanism in ECAP is grain size refinement through severe
plastic deformation and several studies [5,6] have shown that
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multiple passes are required to reach a successful evolution of the
microstructural integrity and thus a good level of hardness homo-
geneity along the cross-sectional regions. However, it should be
noted that the material processed in this study is an age-hardenable
Fig. 6. Hardness inhomogeneity index (Hi¼DH/Havg) variations in (HBP-high back

pressure) ECAPed sample throughout aging at 190 1C. The corresponding hardness

contour maps in Fig. 5 are reprinted for 5 min, 20 min, 30 min and 65 min.

Maximum homogeneity is observed for 65 min of aging.

Fig. 7. (a) and (b) Bright field (BF) and dark field (DF) images of solutionized þ11.5 h

(Al20Cu2Mn3) as large particles (c) and (d) BF images of single pass ECAPed Al 202

ECAPedþaged (65 min at 190 1C) Al 2024 showing S0 precipitates finely distributed in th

the fine size of Al2CuMg (S0) precipitates.
alloy. Therefore, together with the microstructural refinement, pre-
cipitation hardening should also be considered.

Fig. 7 shows the TEM micrographs for solutionizedþaged,
ECAPed, and ECAPedþaged specimens. The specimens solutionized
and aged for 11.5 h to reach the maximum hardness (peak aging)
consist of S0 (Al2CuMg) precipitates and T-phase (Al20Cu2Mn3)
dispersoids on the Al matrix. The dispersoids are believed to form
during solidification [1], and the S0 phase originates from the
expected precipitation sequence in age-hardenable Al–Cu–Mg
alloy [22]. Bright (BF) and dark (DF) field analyses have shown
that S0 precipitates are needle-like in morphology and elongated to
/001SAl crystallographic direction. Their average length is on the
order of 400 nm. TEM analyses of ECAPed specimens before aging
are in good agreement with EBSD analyses. BF images indicate
elongated Al grains and T-phase dispersoids. Since these alloys are
not age-hardened no precipitate formation is detected. One inter-
esting observation is the formation of dislocation clusters after the
ECAP process. These clusters form networks within the Al matrix,
and they were routinely observed in TEM specimens prepared from
various regions of the ECAPed sample [Fig. 7(c) and (d)]. Such
dislocation networks refer to the formation of subgrains due to
severe plastic deformation [23] during the ECAP process. Mainly
due to size restrictions, these subgrains cannot be observed in EBSD
analyses. Age-hardening of the ECAPed samples results in the
formation of highly populated and randomly distributed S0 precipi-
tates, as shown by BF and DF images in Fig. 7(e) and (f). The average
size of the precipitates is �30–40 nm after the aging of ECAP
specimens. These precipitates are considerably smaller as compared
aged Al2024 showing the S0 precipitates in needle form and T phase dispersoid

4 with dislocation network and T-phase dispersoids. (e) BF and DF images of

e dislocation network, (f) BF of ECAPed þaged (65 min at 190 1C) Al 2024 showing
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to the unprocessed condition. Previous studies have shown that
dislocation networks can act as potent nucleation sites for the
formation of S0 precipitates within the subgrains [20]. This explains
the early achievement of peak hardness for ECAPed specimens as
compared to unprocessed specimens upon aging. In the case of ECAP,
the S0 precipitates can heterogeneously nucleate on the sites created
by dislocations. Moreover, it seems that the number density of
dislocations play an important role in determining the population
of S0 precipitates. The number density of dislocation clusters increases
considerably after the ECAP [Fig. 7(c)], and so does the number of S0

precipitates [Fig. 7(e)]. The average size of these precipitates is much
smaller than in the unprocessed alloy [Fig. 7(b)]. This is probably
controlled by the size of the sub-grains created by dislocations.
Perhaps the most intriguing observation is the random distribution
of the S0 precipitates in ECAPed specimen after aging. Various parts
of the specimen were investigated at peak hardened conditions
using TEM, and these precipitates were found to exist together with
the dislocation clusters. This may explain the low inhomogeneity
index calculated for peak-aged specimens after the ECAP process.
The single pass ECAP process is not effective for increasing strength
by creating a homogeneous microstructural refinement as in a
conventional multi-pass process (Fig. 4). Moreover, aging of these
alloys results in recrystallization and recovery of new strain free
grains. On the other hand, a single pass run is effective for creating
dislocation clusters throughout the specimens. Upon aging to
maximum peak hardness S0 precipitates nucleate and grow on these
sites concurrently, resulting in a high degree of hardness homogene-
ity on the cross-sectional profiles. Accordingly, it can be concluded
that single pass ECAP processing does not lead to strengthening by
forming homogeneously-distributed ultra-fine grain structure but
rather creating networks of dislocation clusters, which act as nuclea-
tion sites for S0 precipitates.
4. Conclusions
1.
 Single pass ECAP results in an inhomogeneous microstructure
and hardness. OIM images and hardness maps show that the
center is the most effectively ECAPed region compared to
upper and lower parts mostly due to corner gap.
2.
 Hardness results show that ECAP has a profound effect on the
aging time of Al 2024. The peak aging time at 190 1C was found
to decrease from 11.5 to 1 h after a single pass ECAP process.
Homogenization of single pass ECAPed Al 2024 is achieved
followed by 65 min of aging at 190 1C; 195 HV hardness with a
hardness inhomogeneity index (Hi) of 0.046 was accomplished
approximating the 0.04 of the solutionized and aged counterpart.
3.
 TEM images show that average precipitate size decreased from
400 nm down to 30–40 nm in ECAPed Al 2024 as compared to
solutionized specimens. The precipitation is specifically observed
in regions of the dislocation network, and the size limitation is
compatible with the cells formed in this network. Thus, the
homogenization can be attributed to precipitation hardening due
to very fine and well distributed precipitates.
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