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a b s t r a c t

The strength of bulk metallic materials can be improved by creating ultra-fine grained structure via
severe plastic deformation (SPD). However, the thermal stability of severely deformed materials has been
a major issue that restricts their practical use within the industry. Although there are studies on the
thermal stability of SPD metals, the long-term annealing response of particularly complex alloys, such as
the age hardenable ones, remains undetermined. In the present study, annealing behavior of the single-
pass Equal Channel Angular Pressed age hardenable 2024 Al alloy was investigated in the 0.38–0.52
homologous temperature range for up to 1000 h. Microstructures and the corresponding mechanical
properties of the samples were determined by transmission electron microscopy, electron back-scatter
diffraction analyses, and micro-hardness measurements. After long annealing durations at 80 °C and
120 °C, a secondary hardening was observed whereas a fast softening occurred at 200 °C. At 150 °C,
however, a softening followed by a slight secondary hardening was also detected. The increased coar-
sening rate of S precipitates accompanied with dislocation annihilation was found to be the major cause
of the hardness loss. Furthermore, dislocation-rich structure and Mg clusters remaining from the S
precipitate dissolution eased the nucleation of Ω precipitates which are responsible for the secondary
hardening. It was concluded that below 120 °C the single pass ECAPed Al 2024 components preserve
their improved hardness for a prolonged period of time.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Equal Channel Angular Pressing (ECAP) and high-pressure tor-
sion (HPT) are two promising techniques applied for over 20 years
to enhance mechanical properties by attaining ultra-fine grain
structure [1,2]. ECAP has been accepted to be more advantageous
as compared to HPT when sample size and homogeneity of the
structure are considered [3,4]. The application of SPD for age-
hardenable alloys requires additional optimization efforts because
of the complex dual interactions between plastically deformed
structures and the precipitation process. For this reason, in some
studies, the age hardening effect was eliminated by furnace cool-
ing or aging prior to ECAP [5,6]. Yet, in other studies the approach
was modified to apply solutionizing heat treatment before ECAP
with the subsequent aging process [7–9]. In the study by Kim et.
al., aging after single pass ECAP accompanied with pre-ECAP so-
lutionizing heat treatment worked effectively to further
gineering Mersin University,
strengthen 2024 Al alloy [10]. In another study, post-homo-
genization of the structure due to post-ECAP aging was observed
[11].

The high internal energy of severely deformed metals makes
the microstructure very prone to alterations which may lead to
instability even at low homologous temperatures of 0.3. Such a
response was observed in the multi-pass ECAPed pure Cu as a
result of discontinuous recrystallization, and lower thermal sta-
bility was reported in comparison to the 87% cold-rolled Cu [12].
The thermal stability in severely deformed products was suggested
to be enhanced by proper alloying through the drag effect of
precipitates, dispersoids or solute segregation of larger atoms to
grain boundaries so that the grain coarsening could be suppressed
[13]. In a study on alloying effect, 2 h-annealing response of Al-Li
alloys after equal-channel angular extrusion or hydrostatic extru-
sion has been examined, and improvement of the thermal stability
with increasing solute content has been observed [14]. 1 h-an-
nealing of the ECAPed 3103 and 1200 Al alloys within the 130–
330 °C range showed that the thermal stability could be enhanced
by the pinning effect of dispersoids on grain boundaries [15,16].
However, it is very difficult to generalize the effect of precipitates

www.sciencedirect.com/science/journal/09215093
www.elsevier.com/locate/msea
http://dx.doi.org/10.1016/j.msea.2016.09.048
http://dx.doi.org/10.1016/j.msea.2016.09.048
http://dx.doi.org/10.1016/j.msea.2016.09.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2016.09.048&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2016.09.048&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2016.09.048&domain=pdf
mailto:guherkotan@gmail.com
http://dx.doi.org/10.1016/j.msea.2016.09.048
http://dx.doi.org/10.1016/j.msea.2016.09.048


G. Tan et al. / Materials Science & Engineering A 677 (2016) 307–315308
on the thermal stability of severely deformed age hardenable Al
alloys because of the drastic increase in aging kinetics [3,11,17]. It
has been reported that increased kinetics causes a reduction in
strength due to early over aging of Al-4%Cu alloy at room tem-
perature after 5 turn HPT [3]. On the contrary, the thermal stability
of 8-pass ECAPed Al-0.1%Sc alloy was enhanced after 250 °C/30 h
aging due to the Zener pinning of precipitates at grain boundaries
[18].

The relationship between the number of ECAP passes and
thermal stability is not well established in previous studies.
Nevertheless, it has been reported that progressively increasing
the number of ECAP passes improves the microstructural stability
in terms of grain size and hardness of the ECAPed Al 3103 sheets
after annealing at 300–350 °C [19]. On the contrary, in another
study, it has been reported that the increased number of ECAP
passes reduces the thermal stability of Cu while the addition of a
small amount of Zr improved it through precipitate formation [20].
Therefore, there has been an inconclusive debate about whether
increasing the number of ECAP passes improves the structural
stability or not.

The thermal responses of severely deformed metals have been
mostly investigated after short annealing periods. Consequently,
they may not represent the actual industrial conditions
[3,5,12,14,15,19,21–25]. Significant fluctuations in microhardness
values were observed for one turn HPT applied Al and Cu samples
after self-annealing at room temperature up to 100 h [23]. Heating
of the 6-pass ECAPed 6082 Al alloy samples caused an increase in
hardness attributed to the continuous precipitation below 200 °C.
Above 200 °C discontinuous recrystallization was reported to in-
itiate in an hour [6]. A sharp hardness drop was observed in Al-Cu-
Mg-Si alloy samples processed by post-HPT annealing at 200 °C for
a period of 0.5 h [26]. DSC analysis of ECAPed 7075 Al alloy with a
rate of 5 °C/min showed that recrystallization of the structure
started at 228 °C and ended at 300 °C [18]. In summary, annealing
of the severely deformed age-hardenable aluminum alloys below
200 °C may cause early over-aging [3], double-peak age hardening
[27], recovery [24] and recrystallization [18,22] as a function of
annealing time.

Among one of the few studies on 2024 Al alloys reported that
near 200 °C grain growth initiates in one hour, and grain growth
rate increases above 200 °C [22]. In the extensive thermal stability
study focusing on the grain size stability, it has been concluded
that ECAPed 2024 and 7075 Al alloys are thermally stable up to
300 °C [5].

Studies representing the effect of fast aging kinetics on the
thermal stability of the solutionized-quenched-ECAPed Al alloys
are still lacking. Long-term thermal stability data exists for some
commercial Al alloys up to 10,000 h such as 2124 Al alloy in T851
condition that is solutionized, cold worked and artificially aged
[28]. A similar approach is essential in ECAPed age-hardenable
alloys.

The objective of this study is to investigate the long-term
thermal response (up to 1000 h) of ECAPed 2024 Al alloy in the
peak aged, and in the bare ECAPed conditions through annealing
within the 0.38–0.52 homologous temperature range. It was dis-
covered that there are two different behaviors depending on the
aging temperature. A secondary hardening occurred due to omega
precipitation at and below 150 °C, and a hardness loss at and
above 150 °C due to precipitate coarsening and annealing of the
deformed structure. The detailed investigation of the annealing
response of the alloy at 150 °C was carried out using TEM and
EBSD analysis. The mechanisms of hardness loss and omega pre-
cipitation were discussed, and a thermally stable utilization range
was proposed.
2. Experimental

Commercial 2024 Al alloy was received in the rod form. Fol-
lowing the solutionizing heat treatment at 495 °C for 1 h all
samples were quenched in the ice-salt-water mixture at 0 °C, and
then kept at �25 °C before the ECAP process. The samples were
ECAPed through a 120° die. The details of this process can be
found in the previous study [11]. The sample ECAPed with low
back pressure was chosen in order to obtain better thermal sta-
bility [29]. A single-pass ECAPed 2024 Al alloy rod was carefully
sectioned and two sets were prepared: 1) bare ECAPed, and 2)
ECAPed and peak aged at 190 °C for 1 h. The microhardness var-
iations were measured and compared. The lowest annealing
temperature was chosen as 80 °C considering the lowest aging
temperature found in previous experiments and the upper limit
was selected to be 200 °C just above the optimum aging tem-
perature. Two more additional temperatures within this range,
specifically 120 °C and 150 °C, were also chosen to monitor the
corresponding trend with respect to aging temperature.

The ECAPed sample of 18 mm in diameter and 50 mm in length
was cut into slices along the shear angle (�46°) lines as shown in
Fig. 1. For each temperature, 200 mm thick slice for TEM analysis
and a 50 mm thick slice for micro-hardness measurement were
used. The annealing periods were selected as 6, 12, 24, 48 and
168 h in order to observe the precipitation sequence as clearly as
possible. The process was then continued with further interrup-
tions until 1000 h. At each interruption, the samples were quen-
ched into water, and then, microhardness measurements were
conducted using a scaled map of 15 equal regions as in Fig. 1 and
the representative 3 mm diameter specimens were punched for
TEM and EBSD investigations.

TEM samples were prepared by conventional dimpling and
electro-polishing in an acid solution of 25% nitric acid with 75%
methanol at �25 °C. 3 mm diameter samples were ground and
electro-polished under the similar conditions for EBSD analysis.
3. Results

3.1. Micro-hardness response

The micro-hardness variations of the ECAPed samples during
1000-h annealing at various temperatures are plotted in Fig. 2(a).
At 200 °C, the hardness of the ECAPed sample continually de-
creases down to 100 HV. When the annealing temperature is
150 °C, peak aging proceeds between 0 and 48 h followed by over-
aging. The steady decrease in hardness, just as at 200 °C, continues
until 450 h of annealing. Interestingly, the hardness drop is in-
terrupted by a pseudo hardening peak at 676 h and the sample
maintains its hardness at about 150 HV afterward. Unlike the
hardness drop at 150 °C and 200 °C when the annealing tem-
perature is further decreased to 120 °C, a continuous hardening is
observed. At 120 °C, the initial hardening was observed after 168 h
annealing from 165 to 180 HV followed by a secondary hardening
peak between 336 and 1000 h with its maximum at 586 h. The
trend for 80 °C annealing is very similar to the one at 120 °C. The
hardness increases slightly in the first 336 h from 162 to 170 HV.
The secondary hardening event occurred between 336 and 1000 h
which raised the hardness up to 195 HV.

The optimized peak aging condition of ECAPed 2024 Al alloy
was determined to be 1 h at 190 °C in our previous study [30]. In
Fig. 2(b), the micro-hardness variations of ECAPed 2024 Al alloy
samples after peak aging are presented. The standard deviations of
hardness measurements are slightly less than the ECAPed coun-
terparts shown in Fig. 1(a) due to the homogenization effect of the
primary peak aging process. The trend in microhardness change is



Fig. 1. Sampling of ECAPed 2024 Al alloy and hardness map of 15 regions.

Fig. 2. Microhardness variations in (a) ECAPed samples and (b) ECAPed and peak
aged (1 h at 190 °C) samples during annealing at 80 °C, 120 °C, 150 °C and 200 °C.
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very similar to bare ECAPed conditions. At 200 °C, a continuous
hardness drop is observed, and at 150 °C the sample maintains its
hardness followed by a secondary hardening occurring between
450 and 676 h. During annealing at 120 °C, the peak aged sample
maintains a hardness level of 180 HV for 336 h followed by a peak
hardening between 336 and 1000 h. A similar behavior is seen at
80 °C. The final hardness of both samples (with and without peak
aging) is about 195 HV after annealing at 120 °C for 1000 h.

In current literature, the closest long term thermal stability
data available belongs to 2124 aluminum alloy in T851 [28]. The
main difference of 2124 as compared to 2024 alloy is its slightly
lower Fe and Si content. The long term annealing data of 2124-
T851 alloy for 1000 h at 150 °C and higher temperatures reveals a
continuous drop in hardness with no secondary hardening. In this
respect, the secondary hardening observed in deformed 2000
series aluminum after long term annealing deserves further ana-
lysis in order to identify its underlying mechanism.
3.2. Microstructural response

The microstructures as a result of softening at 200 °C and
hardening at 80 °C and 150 °C were investigated using TEM. Fig. 3
represents the corresponding microstructures of ECAPed 2024 Al
alloy before (a) and after (b, c) annealing for 48 h at 200 °C. The as-
ECAPed structure is mostly composed of dense dislocation forests
[11] which is source of the additional increase in strength. An
immediate hardness loss was observed within the first 48 h. The
corresponding microstructure in Fig. 3(b) shows that the density
of dislocations significantly diminished. A closer view in Fig. 3
(c) shows a rather interesting situation: the deformed view in
Fig. 3(b) is mostly composed of various precipitates formed along
the dislocation lines and their strain fields preserving the de-
formed view of the structure. This indicates that a cooperative
annealing process occurs by precipitate growth and dislocation
annihilation of the structure leading to the softening of the alloy
system. However, the relationship between annealing and coar-
sening of precipitates makes it hard to detect and define the an-
nealing mechanism as recovery or recrystallization. Mostly dis-
location-rich regions are replaced by precipitates and their strain
fields as shown in Fig. 3(c); and occasionally, precipitate growth is
interrupted by a dislocation or another precipitate formed at an-
other dislocation line leading to a truncated view of the pre-
cipitates. Further hardness drop is unavoidable through the com-
bination of over-aging and annealing. As a result, the total hard-
ness loss down to �100 HV could be regarded as the completely
over-aged and annealed state since 100 HV hardness is as low as
the solutionized state.

In contrast to the softening behavior at 200 °C, 80 °C and
120 °C, an increase in the hardness profile is detected after long-
term annealing. It is a well-known fact that the primary hardening
occurs due to the formation of S precipitation (Al2CuMg) in 2024
Al alloys [31,32]. The explanation for the secondary hardening
above 336 h could only be possible through TEM analysis on the
double-peak hardened sample. The TEM data of the ECAPed
sample after 694 h annealing at 80 °C is presented in Fig. 4. Fig. 4
(a) represents the bright-field image of a relatively large single
crystalline grain preserving the deformed structure. The corre-
sponding electron diffraction pattern in Fig. 4(b) indicates two
types of precipitates, namely S and Ω. S-Al2CuMg precipitates
(Fig. 4(d)-(e)) form during the initial hardening step as expected.
The formation of Ω-Al2Cu precipitates seems to be the reason
behind the secondary hardening mechanism. They are known to
have an orthorhombic crystal structure of Fmmm space group and
lattice parameters of a¼4.96, b¼8.59, and c¼8.48 in A° [27]. The
Ω-Al2Cu precipitate formation is rather complicated and usually
Ag addition is needed as a precursor [33] while Mg may also act in
a similar fashion [34]. The requirement of long annealing dura-
tions before the formation of Ω precipitate at the ECAPed condi-
tion may be attributed to the attainment of a chemically ideal
matrix composition. The highly deformed structure may also serve
as a precursor for omega precipitation. Similar responses were
previously reported on cold rolled [27] and stretched 2024 Al al-
loys [35] at different annealing temperatures and durations as
compared to the current study. The dark-field image Fig. 4
(c) shows a rather homogenous distribution of Ω throughout the
Al matrix.
4. Discussion

The overall results showed that the thermal stability of the
hardness in both solely ECAPed and ECAPed-peak aged samples
differs depending upon the annealing temperature. During an-
nealing at 200 °C, hardness of the samples continually dropped



Fig. 3. TEM micrographs showing the effect of annealing on the ECAPed sample: (a) Bare ECAPed structure, (b, c) annealed (200 °C/48 h) structure: (b) general view, (c) S
precipitates formed.
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due to coarsening of the precipitates and annihilation of disloca-
tions. However, a pseudo hardening observed during annealing at
150 °C whereas at 120 °C and 80 °C the hardness increased further
compared to their initial conditions. It means that a secondary
hardening process occurs at low annealing temperatures. Thus, the
reasons of fast softening at high temperatures and secondary
hardening at low temperatures need explanation.

It is known that aging of the ECAPed samples at high tem-
peratures, i.e. 190 °C, leads to the formation of finely dispersed,
small S-precipitates due to precipitation kinetics [11]. At low an-
nealing temperatures, i.e. 80 °C, and 120 °C, no softening was ob-
served, and the specimens experienced two types of precipitation,
S andΩ.Ω precipitation long after the S phase is the root cause of
the secondary hardening. At low temperatures diffusion rates are
slower therefore both coarsening of S precipitates and recovery or
recrystallization of the deformed structure are expected to slow
down.

The softening behavior of ECAPed 2024 Al alloys is difficult to
analyze because S precipitation occurs basically on dislocations. In
a recent study [36], most of the hardening of 5 pass HPT-processed
2024 Al alloy is attributed to a complex structure of clusters/zones
formed at dislocations. The study also states that softening above
210 °C during heating at a 10 °C/min rate results from the loss of
this integrated structure when precipitation supports annealing of
dislocations. Similarly, it was stated that during annealing the low
angle grain boundaries and dislocations can be controlled by
precipitate coarsening without any particular micro-mechanism
[37]. To better understand both the softening and its relationship
to the S andΩ precipitations, an analysis of the annealing behavior
of ECAPed 2024 Al alloy at 150 °C was carried out. This enabled a
better observation of the softening behavior due to the slowed
processes at 150 °C in comparison to the ones at 200 °C. The
precipitation of S phase when the sample is annealed at 150 °C is
shown in Fig. 5. Initially, the Guinier-Preston-Bagaryatsky (GPB)
zones form at the dislocations (Fig. 5(a)). It is followed by peak
aging of S precipitates (Fig. 5(b)). Later, the precipitates grow in
size (Fig. 5(c)-(d)) and they transform into coarse precipitates
(Fig. 5(e)-(f)). The precipitates formed after 336 h cannot be dis-
tinguished from the bright field image (Fig. 5(e)) but clearly ob-
served in the dark field counterpart. This may indicate partial
coherency of the precipitates and the probable strain fields formed
around them. Since precipitation occurs preferentially at



Fig. 4. Images of the ECAPed sample after annealing (80 °C/694 h): (a) Bright field image, (b) corresponding electron diffraction pattern, (c) dark field image of Ω precipitate
and (d & e) dark field images of S precipitates from the corresponding spots.
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dislocation lines it is very likely that some of the dislocations
formed during deformation were used up by precipitates while
some remained in the structure (Fig. 5(e)). Considering the par-
tially maintained hardness it is possible to say that the deformed
structure is also partially preserved. The hardness variation during
aging at 150 °C is given in Fig. 5(g) and the corresponding images
are indicated on the graph. In Fig. 5(h) the precipitate distribution
during coarsening is given. From these distributions, it is clearly
seen that the small precipitates formed after 48 h either grow into
larger ones or disappear from the structure after 336 h of aging.
The clear correlation between precipitate coarsening and hardness
drop can be seen in Fig. 6. The precipitate growth is directly pro-
portional to the softening response. While S precipitates grow up
to 48 nm in just 48 h at 200 °C, they could only grow to 33 nm in
694 h at 80 °C. As a result, at 200 °C the coarsening rate and
softening are much faster. On the other hand, the same average
precipitate size, i.e. about 46 nm, corresponds to a higher hardness
(155 HV) at 150 °C than it does at 200 °C (137 HV). This indicates
the influence of recovery and recrystallization mechanisms de-
pending on the annealing temperature. A general view of the
microstructural variations can be seen in the EBSD images of the
sample aged at 150 °C shown in Fig. 7. Formation of small grains
due to recrystallization cannot be detected in these images. When
the color coded map (Fig. 7(d)) is considered, the grains in (c) are
composed of a narrower color range than the ones in (a) and (b).
Another difference between Fig. 7(a) and (c) is the clarification of
high angle grain boundaries. Both the rather unified color of grains
and the clarified high angle grain boundaries after 336 h could be
regarded as a form of recovery/recrystallization during the gradual
transformation from the dislocations and clusters into a structure
of precipitates, their strain fields and remnant dislocations at
150 °C. On the other hand, at 80 °C and 120 °C, S precipitation does
not lead to any hardness loss but on the contrary, improves the
hardness. This fact shows that S precipitation does not always
cooperate with recovery or recrystallization especially at low
temperatures.

Fig. 8 shows the co-existence of Ω and S precipitates in two
separate grains after 812 h annealing of the ECAPed and peak aged
specimen at 150 °C. The Ω precipitates are shorter than S pre-
cipitates with a 45° orientation difference in between. When
Figs. 4(a) and 8 are compared, it is clearly seen that the micro-
structure formed at 80 °C preserves the deformed structure along
with S and Ω precipitates. However, in Fig. 8, the deformation is
confined to the thick grain boundary which also supports the re-
covery/recrystallization of the structure besides the annealing of
dislocations through precipitation. In conclusion, at the tempera-
tures above 150 °C, both fast coarsening of S precipitates and an-
nihilation of dislocations due to recovery or a different form of
recrystallization lead to the fast softening of ECAPed 2024 Al alloy.

It is known that artificial aging of Al-Cu-Mg alloys at moderate
temperatures results in the precipitation of several phases θ, θʹ, S
and Ω which are in competition with one another for nucleation
sites and solutes [35]. In previous studies, it has been reported that
at 190 °C the formation rate of S precipitates in ECAPed Al 2024 is



Fig. 5. Microstructural variation during annealing of ECAPed 2024 Al alloy at 150 °C (a) for 6 h, (b) for 48 h, (c&d) for 168 h, (e&f) for 336 h, (g) hardness variation with
respect to the corresponding images (a–f), (h) distribution of size and number of S precipitates formed.
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twelve times faster than that in the conventional one [11], how-
ever, their coarsening rate is fast as well which leads to dissolution
of small Al2CuMg precipitates. It has been reported that formation
of Ω precipitate is induced by deformation in Al-Cu-Mg alloys
[27,35,39,40], which is mostly related to the increased number of
nucleation sites. Besides, interfacial Mg atoms greatly stabilize the
interface structure of Ω precipitates [27,38]. Slow dissolution of S
precipitates may leave some Mg clusters behind for easy nuclea-
tion of Ω phase.

The dark field images at the same zone axes show that the



Fig. 6. Precipitate size and hardness variation during annealing at 150 °C and
200 °C.

Fig. 8. Image of the ECAPed and peak-aged 2024 Al alloy sample after annealing
(150 °C/812 h): Ω and S precipitates and a thick grain boundary.
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average density of Ω precipitates after annealing at 80 °C, ap-
proximately 340 precipitate/μm2, is much higher than that of the
Fig. 7. EBSD images of ECAPed 2024 Al alloy after 150 °C annealing (a) for 6 h, (b) for 168
color in this figure legend, the reader is referred to the web version of this article.)
ones annealed at 150 °C, �40 ppt/μm2. On the other hand, there is
not a significant variation in the average size of Ω precipitates, for
instance 1575.5 nm at 80 °C and 1676.5 nm at 150 °C. This
shows that precipitation kinetics of Ω is not affected much by
h, and (c) for 336 h, (d) the color coded map. (For interpretation of the references to
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temperature which is most probably related to the sequencing of
precipitation. Ω-Al2Cu precipitates form from the remnants of
dissolving S-Al2CuMg precipitates using Mg atoms during nu-
cleation to stabilize the interface structure. It is probable that Cu
atoms initially diffuse away due to S dissolution then travels a
distance towards the closest Ω nucleus formed unless it meets a
larger S precipitate. The average distance that Cu atoms need to
travel depends on various parameters, but mostly on the tem-
perature and the number of Ω nuclei formed per unit volume. At
80 °C the number of Ω nuclei is considerably high in comparison
to that at 150 °C whereas the diffusion rate at 80 °C is slower than
that at 150 °C. Due to the combination of these effects, the pre-
cipitation ofΩ phase seems to be independent of temperature to a
certain degree, and the Ω precipitation has very similar timing at
80 °C, 120 °C and 150 °C. To clarify the interactions among dis-
solution of the S precipitates, precipitation of Ω phase and dis-
locations further studies involving atomistic models would be
quite useful.

Therefore, the increased number of nucleation sites by dis-
locations created through severe deformation and Mg clusters
remained during the dissolution of S precipitates seem to be re-
sponsible for enhanced formation of Ω precipitates and corre-
sponding secondary hardening in the ECAPed 2024 Al samples
during annealing at low temperatures.
5. Conclusions

The 2024 Al alloy samples in the ECAPed and ECAPed-peak
aged conditions were annealed up to 1000 h within the 0.38–0.52
homologous temperature range, namely 80 °C, 120 °C, 150 °C and
200 °C. The microstructures of the samples were characterized by
TEM and EBSD investigations, and hardness measurements. The
following conclusions can be drawn from this particular study:

� The ECAPed samples show different thermal stability behavior
depending upon the annealing temperature. For instance,
hardness continually drops at 200 °C due to coarsening of the
S-precipitates and annihilation of dislocations whereas a sec-
ondary hardening occurs during annealing at 120 °C and 80 °C
because of the Ω-phase precipitation.

� Increased number of nucleation sites, i.e. dislocations created by
severe deformation and Mg clusters remaining from the dis-
solution of S-precipitates enhances the formation of Ω pre-
cipitates and leads to a secondary hardening during annealing
at 120 °C and below.

� The single pass ECAPed components, either as-deformed or in
their peak aged condition, can be safely used at the service
temperatures below 120 °C by keeping their improved strength.
References

[1] V.M. Segal, Equal channel angular extrusion: from macro mechanics to
structure formation, Mater. Sci. Eng. A 271 (1–2) (1999) 322–333.

[2] R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Bulk nanostructured materials
from severe plastic deformation, Prog. Mater. Sci. 45 (2000) 103–189.

[3] I.F. Mohamed, Y. Yonenaga, S. Lee, K. Edalati, Z. Horita, Age hardening and
thermal stability of Al–Cu alloy processed by high-pressure torsion, Mater. Sci.
Eng. A 627 (2015) 111–118, http://dx.doi.org/10.1016/j.msea.2014.12.117.

[4] Z. Horita, T.G. Langdon, Achieving exceptional superplasticity in a bulk alu-
minum alloy processed by high-pressure torsion, Scr. Mater. 58 (2008)
1029–1032, http://dx.doi.org/10.1016/j.scriptamat.2008.01.043.

[5] Z. Horita, T. Fujinami, M. Nemoto, T.G. Langdon, Equal-channel angular
pressing of commercial aluminum alloys: grain refinement, thermal stability
and tensile properties, Metall. Mater. Trans. A 31 (no. March) (2000) 691–701.

[6] M. Fujda, M. Matvija, T. Kvackaj, O. Milkovic, P. Zubko, K. Nagyova, P. Slama,
Thermal stability of the ultrafine-grained EN AW 6082 aluminum alloy, Kov.
Mater. Mater. 51 (2) (2013) 117–122, http://dx.doi.org/10.4149/km 2013 2 117.
[7] W. Kim, J. Wang, Microstructure of the post-ECAP aging processed 6061 Al
alloys, Mater. Sci. Eng. A 464 (1–2) (2007) 23–27, http://dx.doi.org/10.1016/j.
msea.2007.03.074.

[8] W.J. Kim, J.K. Kim, H.K. Kim, J.W. Park, Y.H. Jeong, Effect of post equal-channel-
angular-pressing aging on the modified 7075 Al alloy containing Sc, J. Alloy.
Compd. 450 (1–2) (2008) 222–228, http://dx.doi.org/10.1016/j.
jallcom.2006.10.151.

[9] L. Zheng, H. Li, M. Hashmi, C. Chen, Y. Zhang, M. Zeng, Evolution of micro-
structure and strengthening of 7050 Al alloy by ECAP combined with heat
treatment, J. Mater. Process. Technol. 171 (1) (2006) 100–107, http://dx.doi.
org/10.1016/j.jmatprotec.2005.06.049.

[10] W.J. Kim, C.S. Chung, D.S. Ma, S.I. Hong, H.K. Kim, Optimization of strength and
ductility of 2024 Al by equal channel angular pressing (ECAP) and post-ECAP
aging, Scr. Mater. 49 (4) (2003) 333–338, http://dx.doi.org/10.1016/S1359-6462
(03)00260-4.

[11] G. Kotan, E. Tan, Y.E. Kalay, C.H. Gür, Homogenization of ECAPed Al 2024 alloy
through age-hardening, Mater. Sci. Eng. A 559 (0921) (2013) 601–606, http:
//dx.doi.org/10.1016/j.msea.2012.08.148.

[12] X. Molodova, G. Gottstein, M. Winning, R. Hellmig, Thermal stability of ECAP
processed pure copper, Mater. Sci. Eng. A 460–461 (2007) 204–213, http://dx.
doi.org/10.1016/j.msea.2007.01.042.

[13] M. Nikitina, R. Islamgaliev, A. Kamalov, Thermal stability of the ultrafine-
grained Al-Cu-Mg-Si aluminum alloy, Rev. Adv. Mater. Sci. 25 (2010) 74–81,
http://dx.doi.org/10.4149/km 2013 2 117.

[14] B. Adamczyk-Cieślak, J. Mizera, K.J. Kurzydłowski, Thermal stability of model
Al-Li alloys after severe plastic deformation—effect of the solute Li atoms,
Mater. Sci. Eng. A 527 (18–19) (2010) 4716–4722, http://dx.doi.org/10.1016/j.
msea.2010.04.032.

[15] M. Cabibbo, E. Evangelista, V. Latini, Thermal stability study on two aluminum
alloys processed with equal channel angular pressing, J. Mater. Sci. 39 (2004)
5659–5667.

[16] M. Cabibbo, Use of TEM Kikuchi bands for microstructure and thermal stability
study of ECA pressed AA1200 via routes A, C, Bc, Rev. Adv. Mater. Sci. 25 (2010)
113–121.

[17] M. Hockauf, L.W. Meyer, B. Zillmann, M. Hietschold, S. Schulze, L. Krüger, Si-
multaneous improvement of strength and ductility of Al–Mg–Si alloys by
combining equal-channel angular extrusion with subsequent high-tempera-
ture short-time aging, Mater. Sci. Eng. A 503 (1–2) (2009) 167–171, http://dx.
doi.org/10.1016/j.msea.2008.02.051.

[18] Y.H. Zhao, X.Z. Liao, Z. Jin, R.Z. Valiev, Y.T. Zhu, Microstructures and mechanical
properties of ultrafine grained 7075 Al alloy processed by ECAP and their
evolutions during annealing, Acta Mater. 52 (15) (2004) 4589–4599, http://dx.
doi.org/10.1016/j.actamat.2004.06.017.

[19] H.G. Kang, J.P. Lee, M.Y. Huh, O. Engler, Stability against coarsening in ultra-
fine grained aluminum alloy AA 3103 sheet fabricated by continuous confined
strip shearing, Mater. Sci. Eng. A 486 (1–2) (2008) 470–480, http://dx.doi.org/
10.1016/j.msea.2007.09.048.

[20] R. Kužel, Z. Matěj, M. Janeček, In situ X-ray diffraction study of thermal sta-
bility of Cu and Cu-Zr samples processed by ECAP, Mater. Sci. Forum 753
(2013) 279–284, http://dx.doi.org/10.4028/www.scientific.net/MSF.753.279.

[21] M. Lewandowska, K.J. Kurzydłowski, Thermal stability of a nanostructured
aluminium alloy, Mater. Charact. 55 (4–5) (2005) 395–401, http://dx.doi.org/
10.1016/j.matchar.2005.08.005.

[22] J. Mao, S.B. Kang, J.O. Park, Grain refinement, thermal stability and tensile
properties of 2024 aluminum alloy after equal-channel angular pressing, J.
Mater. Process. Technol. 159 (3) (2005) 314–320.

[23] A.P. Zhilyaev, T.G. Langdon, Long-term self-annealing of copper and alumi-
nium processed by high-pressure torsion, J. Mater. Sci. 49 (19) (2014)
6529–6535, http://dx.doi.org/10.1007/s10853-014-8208-1.

[24] A. Rebhi, T. Makhlouf, Y. Champion, J.-P. Couzinié, N. Njah, Microstructure
investigation and thermal stability of 99.1% aluminum processed by equal
channel angular extrusion, J. Mater. Sci. 46 (7) (2010) 2185–2193, http://dx.doi.
org/10.1007/s10853-010-5056-5.

[25] J. Zrnik, T. Kovarik, C. Miroslav, L. KrausThermal stability of aluminium ultra-
fine grain structure, in: Proceedings of the 2nd International Conference on
Nanomaterials, 2010, pp. 10–15.

[26] R.K. Islamgaliev, M.A. Nikitina, A.F. Kamalov, Enhanced thermal stability and
mechanical properties of ultrafine-grained aluminum alloy, Mater. Sci. Forum
667–669 (2011) 331–336, http://dx.doi.org/10.4028/www.scientific.net/
MSF.667-669.331.

[27] Y.L. Zhao, Z.Q. Yang, Z. Zhang, G.Y. Su, X.L. Ma, Double-peak age strengthening
of cold-worked 2024 aluminum alloy, Acta Mater. 61 (5) (2013) 1624–1638,
http://dx.doi.org/10.1016/j.actamat.2012.11.039.

[28] J.R. Davis (Ed.), ASM Specialty Handbook: Aluminum and Aluminum Alloys,
ASM International, Materials Park, 1993.

[29] Y.L. Wang, R. Lapovok, J.T. Wang, Y.S. Qi, Y. Estrin, Thermal behavior of copper
processed by ECAP with and without back pressure, Mater. Sci. Eng. A 628
(2015) 21–29, http://dx.doi.org/10.1016/j.msea.2015.01.021.

[30] E. Saraloğlu, E. Tan, C.H. Gür, Effect of ECAP and post-aging processes on 2024
aluminum alloy, Steel Res. Int. 2 (2008) 467–471.

[31] S.C. Wang, M.J. Starink, N. Gao, Precipitation hardening in Al–Cu–Mg alloys
revisited, Scr. Mater. 54 (2) (2006) 287–291, http://dx.doi.org/10.1016/j.
scriptamat.2005.09.010.

[32] R. Cobden, Aluminium: Physical Properties, Characteristics and Alloys 1501
Aluminium: Physical Properties, Characteristics and Alloys, 1994.

[33] Y. Gu, Z. Liu, D. Yu, B. Liu, M. Lin, S. Zeng, Growth of Ω plates and its effect on

http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref1
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref1
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref1
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref2
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref2
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref2
http://dx.doi.org/10.1016/j.msea.2014.12.117
http://dx.doi.org/10.1016/j.msea.2014.12.117
http://dx.doi.org/10.1016/j.msea.2014.12.117
http://dx.doi.org/10.1016/j.scriptamat.2008.01.043
http://dx.doi.org/10.1016/j.scriptamat.2008.01.043
http://dx.doi.org/10.1016/j.scriptamat.2008.01.043
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref5
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref5
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref5
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref5
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.1016/j.msea.2007.03.074
http://dx.doi.org/10.1016/j.msea.2007.03.074
http://dx.doi.org/10.1016/j.msea.2007.03.074
http://dx.doi.org/10.1016/j.msea.2007.03.074
http://dx.doi.org/10.1016/j.jallcom.2006.10.151
http://dx.doi.org/10.1016/j.jallcom.2006.10.151
http://dx.doi.org/10.1016/j.jallcom.2006.10.151
http://dx.doi.org/10.1016/j.jallcom.2006.10.151
http://dx.doi.org/10.1016/j.jmatprotec.2005.06.049
http://dx.doi.org/10.1016/j.jmatprotec.2005.06.049
http://dx.doi.org/10.1016/j.jmatprotec.2005.06.049
http://dx.doi.org/10.1016/j.jmatprotec.2005.06.049
http://dx.doi.org/10.1016/S1359-6462(03)00260-4
http://dx.doi.org/10.1016/S1359-6462(03)00260-4
http://dx.doi.org/10.1016/S1359-6462(03)00260-4
http://dx.doi.org/10.1016/S1359-6462(03)00260-4
http://dx.doi.org/10.1016/j.msea.2012.08.148
http://dx.doi.org/10.1016/j.msea.2012.08.148
http://dx.doi.org/10.1016/j.msea.2012.08.148
http://dx.doi.org/10.1016/j.msea.2012.08.148
http://dx.doi.org/10.1016/j.msea.2007.01.042
http://dx.doi.org/10.1016/j.msea.2007.01.042
http://dx.doi.org/10.1016/j.msea.2007.01.042
http://dx.doi.org/10.1016/j.msea.2007.01.042
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.4149/km 2013 2 117
http://dx.doi.org/10.1016/j.msea.2010.04.032
http://dx.doi.org/10.1016/j.msea.2010.04.032
http://dx.doi.org/10.1016/j.msea.2010.04.032
http://dx.doi.org/10.1016/j.msea.2010.04.032
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref15
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref15
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref15
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref15
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref16
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref16
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref16
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref16
http://dx.doi.org/10.1016/j.msea.2008.02.051
http://dx.doi.org/10.1016/j.msea.2008.02.051
http://dx.doi.org/10.1016/j.msea.2008.02.051
http://dx.doi.org/10.1016/j.msea.2008.02.051
http://dx.doi.org/10.1016/j.actamat.2004.06.017
http://dx.doi.org/10.1016/j.actamat.2004.06.017
http://dx.doi.org/10.1016/j.actamat.2004.06.017
http://dx.doi.org/10.1016/j.actamat.2004.06.017
http://dx.doi.org/10.1016/j.msea.2007.09.048
http://dx.doi.org/10.1016/j.msea.2007.09.048
http://dx.doi.org/10.1016/j.msea.2007.09.048
http://dx.doi.org/10.1016/j.msea.2007.09.048
http://dx.doi.org/10.4028/www.scientific.net/MSF.753.279
http://dx.doi.org/10.4028/www.scientific.net/MSF.753.279
http://dx.doi.org/10.4028/www.scientific.net/MSF.753.279
http://dx.doi.org/10.1016/j.matchar.2005.08.005
http://dx.doi.org/10.1016/j.matchar.2005.08.005
http://dx.doi.org/10.1016/j.matchar.2005.08.005
http://dx.doi.org/10.1016/j.matchar.2005.08.005
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref22
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref22
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref22
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref22
http://dx.doi.org/<opt_COMMENT selectedText=">delete 
http://dx.doi.org/<opt_COMMENT selectedText=">delete 
http://dx.doi.org/<opt_COMMENT selectedText=">delete 
http://dx.doi.org/10.1007/s10853-010-5056-5
http://dx.doi.org/10.1007/s10853-010-5056-5
http://dx.doi.org/10.1007/s10853-010-5056-5
http://dx.doi.org/10.1007/s10853-010-5056-5
http://dx.doi.org/10.4028/www.scientific.net/MSF.667-669.331
http://dx.doi.org/10.4028/www.scientific.net/MSF.667-669.331
http://dx.doi.org/10.4028/www.scientific.net/MSF.667-669.331
http://dx.doi.org/10.4028/www.scientific.net/MSF.667-669.331
http://dx.doi.org/10.1016/j.actamat.2012.11.039
http://dx.doi.org/10.1016/j.actamat.2012.11.039
http://dx.doi.org/10.1016/j.actamat.2012.11.039
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref27
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref27
http://dx.doi.org/10.1016/j.msea.2015.01.021
http://dx.doi.org/10.1016/j.msea.2015.01.021
http://dx.doi.org/10.1016/j.msea.2015.01.021
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref29
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref29
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref29
http://dx.doi.org/10.1016/j.scriptamat.2005.09.010
http://dx.doi.org/10.1016/j.scriptamat.2005.09.010
http://dx.doi.org/10.1016/j.scriptamat.2005.09.010
http://dx.doi.org/10.1016/j.scriptamat.2005.09.010


G. Tan et al. / Materials Science & Engineering A 677 (2016) 307–315 315
mechanical properties in Al-Cu-Mg-Ag alloy with high content of silver, J.
Mater. Eng. Perform. 22 (6) (2013) 1708–1715, http://dx.doi.org/10.1007/
s11665-013-0472-8.

[34] L.M. Wang, H.M. Flower, T.C. Lindley, Precipitation of theΩ phase in 2024 and
2124 aluminum alloys, Scr. Mater. 41 (4) (1999) 391–396.

[35] N. Unlu, B.M. Gable, G.J. Shiflet, E. a J. Starke, Ö. Stål, The effect of cold work on
the precipitation of Ω and θ′ in a ternary Al-Cu-Mg alloy, Mater. Sci. Forum
34A (2003) 2757–2769.

[36] Y. Chen, N. Gao, G. Sha, S.P. Ringer, M.J. Starink, Microstructural evolution,
strengthening and thermal stability of an ultra fi ne-grained Al Cu Mg alloy,
Acta Mater. 109 (2016) 202–212, http://dx.doi.org/10.1016/j.
actamat.2016.02.050.
[37] F.J. Humphreys, M. Hatherly, Recrystallization and Related Annealing Phe-
nomena, 2nd ed., Elsevier Ltd 2004, p. 212, ISBN: 0 08 044164 5.

[38] S.J. Kang, Y. Kim, J. Zuo, Determination of interfacial atomic structure, misfits
and energetics of Ω phase in Al–Cu–Mg–Ag alloy, Acta Mater. 81 (2014)
501–511, http://dx.doi.org/10.1016/j.actamat.2014.07.074.

[39] C.R. Hutchinson, X. Fan, S.J. Pennycook, G.J. Shiflet, On the origin of the high
coarsening resistance of Ω plates in Al-Cu-Mg-Ag alloys, Acta Mater. 49 (14)
(2001) 2827–2841.

[40] B.Q. Li, F.E. Wawner, Dislocation interaction with semicoherent precipitates
(Ω phase) in deformed Al7Cu7Mg7Ag Alloy, Acta Metall. 46 (15) (1998)
5483–5490.

http://dx.doi.org/10.1007/s11665-013-0472-8
http://dx.doi.org/10.1007/s11665-013-0472-8
http://dx.doi.org/10.1007/s11665-013-0472-8
http://dx.doi.org/10.1007/s11665-013-0472-8
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref32
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref32
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref32
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref32
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref32
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref33
http://dx.doi.org/10.1016/j.actamat.2016.02.050
http://dx.doi.org/10.1016/j.actamat.2016.02.050
http://dx.doi.org/10.1016/j.actamat.2016.02.050
http://dx.doi.org/10.1016/j.actamat.2016.02.050
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref35
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref35
http://dx.doi.org/10.1016/j.actamat.2014.07.074
http://dx.doi.org/10.1016/j.actamat.2014.07.074
http://dx.doi.org/10.1016/j.actamat.2014.07.074
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref37
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38
http://refhub.elsevier.com/S0921-5093(16)31112-1/sbref38

	Long-term thermal stability of Equal Channel Angular Pressed 2024 aluminum alloy
	Introduction
	Experimental
	Results
	Micro-hardness response
	Microstructural response

	Discussion
	Conclusions
	References




