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Grain structure evolving during severe plastic deformation (SPD) and interpass annealing strongly influences
grain refinement occurring during subsequent SPD. The aim of this research was to determine an optimum
interpass annealing condition that could lead to the formation of a nanostructure of the AA6063 alloy during
subsequent equal channel angular pressing (ECAP). Different interpass annealing temperatures and times as

well as different prior ECAP passes were used to define an optimum annealing condition that led to a minimum
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grain size for further ECAP by route A. TEM confirmed the attainment of nano-scale grains with sizes around
500 nm after six passes of ECAP. EBSD revealed the majority of grain boundaries being high-angle ones.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Grain structure is commonly recognized as the most important
microstructural feature of a metal or an alloy. For a given chemical
composition, the grain structure of a metallic material significantly
affects its mechanical properties [1-9], e.g., strength, ductility, formabil-
ity, fatigue resistance and creep behavior, and it affects its corrosion
resistance to a certain extent. A great deal of research has been
performed to establish the correlations between the grain structure of
metallic materials and their physical, mechanical and corrosion proper-
ties. In addition, the grain size at the beginning of material processing
and its evolution along with further processing have strong effects on
the thermodynamics and kinetics of diffusion and phase transformation
occurring during materials processing [10]. For example, it has been
found that diffusion rate increases with decreasing grain size [10]. The
initial grain size also affects the precipitation in aluminum alloys and
many other alloys in terms of the sizes and distribution of precipitates
as well as the kinetics of their formation [10,11]. Furthermore, the initial
grain size is one of the critical material microstructure parameters that
influences the thermodynamics and kinetics of both static and dynamic
recrystallization [4,12]. In fact, the resulting grain size after either static
recrystallization or dynamic recrystallization is strongly dependent on
the initial grain size in the starting microstructure [12]. Considering
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recrystallization in its simplest form, i.e., by nucleation and growth, it
is generally accepted that fine-grained materials recrystallize more rap-
idly than coarse ones [12]. Moreover, the resulting grain size originating
from an initially finer structure is finer than the one from a coarse initial
grain structure. The initial grain size is said to affect the rate of recrystal-
lization in several ways. The stored energy of a deformed metal
increases with reducing grain size [12]; as grain boundaries are the
favored nucleation sites [12], the number of available nucleation sites
is larger for a fine-grained material. Similar observations have been
made in the investigations on dynamic recrystallization during equal
channel angular pressing (ECAP).

It is such a significant effect of the initial grain size on the properties
of metallic materials and on the kinetics of phase transformation
that has led many researchers to search for options to achieve grain
refinement. In addition to the approaches applicable during casting
and solidification, e.g., maximizing cooling rate and adding grain-
refining agents, thermomechanical processing [13,14] has been widely
used for grain refinement in deformable metals and alloys. Among
different metal-forming techniques, severe plastic deformation (SPD)
has demonstrated its unique capabilities mainly because the amount
of strain that can be accumulatively imposed is in principal unlimited
[15]. Equal channel angular pressing (ECAP) is the most widely used
SPD technique [16,17] to create ultrafine grain (UFG) structures [16,
17]. The effects of ECAP processing parameters [15,17], such as the
number of passes, die angle, deformation route and back pressure on
grain refinement have been extensively investigated. However, to the
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Table 1

Chemical composition of the AA6063 alloy used in this study in comparison with the nominal composition of the alloy.
Element (wt.%) Al Mg Si Cu Mn Cr Zn Ti
AA6063 used in this study Balance 0.84 0.57 0.31 0.03 0.04 0.03 0.10 0.03
Nominal composition of AA6063 Balanced 0.45-0.9 0.2-0.6 Max 0.35 Max 0.1 Max 0.1 Max 0.1 Max 0.1 Max 0.1

authors' best knowledge, there has been no systematic investigation on
the effect of the initial grain size on the formation of nanostructures in
SPD. In addition, despite of extensive existing knowledge on recrystalli-
zation and grain growth, there is very little investigation on the optimi-
zation of deformation and annealing conditions towards acquiring
minimum recrystallized grain size while, it has been shown recently
that the initial grain size may be significantly effective on the evolution
of microstructure during subsequent deformation [18].

The aim of the present research was to contribute to filling this
knowledge gap. It was hypothesized that the initial grain size would sig-
nificantly affect the formation of nanostructures and their sizes during
SPD. It was thus necessary to engineer the initial microstructure in
order to achieve the finest possible recrystallized structure during
interpass annealing for the primary purpose of stress relieving, thereby
realizing a nano-sized grain structure during further ECAP passes. To
confirm this hypothesis, an investigation was performed on the effect
of annealing condition (temperature and time) on the fineness of re-
crystallized grain structure. Optimally annealed samples were subjected
to further ECAP and the resultant grain structures were examined in
terms of the sizes of nano-scale grains and the fraction of high angle
grain boundaries.

2. Experimental procedure

The AA6063 aluminum alloy was received in the form of extruded
rods with a diameter of 100 mm. The chemical composition of the

rods in comparison to the nominal composition of the alloy is given in
Table 1. The rods were machined into cylindrical samples with a length
of 120 mm and a diameter of 20 mm. The samples were annealed at
550 °C for 30 min to remove the effects of deformation induced during
the previous step of materials processing.

ECAP was performed using a die consisting of two round channels
having an inside diameter of 20 mm and equal cross section and
intersecting at an angle of 90° and an outer curved corner of 22.5°.
With this ECAP setup, a strain of one could be imposed at each pass of
deformation [19,20]. In the present research on the AA6063 aluminum
alloy, prior to interpass annealing, ECAP was carried out at room
temperature and at a ram speed of 10 mmy/s for up to four passes
using the route A, meaning that the billet was not rotated about its
axis between passes. A 20 mm long section at each end of the sample
was discarded in order to avoid the end effects on the microstructures
and the rest was cut into pieces of an equal length of 10 mm.

The microstructures of all the samples were examined on the longi-
tudinal section. Samples were annealed in a salt bath at 300, 350 and
420 °C for up to 3600 s. Their grain structures were studied using a
polarized light microscope. The sample with the finest recrystallized
microstructure after interpass annealing was chosen for further ECAP
up to six passes.

Transmission electron microscopy (TEM) was used to investigate
the formation of nanostructures during ECAP and their sizes. Discs
with a diameter of 3 mm were punched and ground down to a thickness
of less than 60 nm, followed by electro-polishing in a solution composed

Fig. 1. Microstructures of samples after (a) one, (b) two, (c) three and (d) four ECAP passes and annealing at 300 °C for 10 s.
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(c) (d)

Fig. 2. Microstructures of samples after one ECAP pass and annealing at 300 °C for (a) 120, (b) 300, (¢) 600 and (d) 3600 s.

of 30% nitric acid and 70% methanol and cooled to — 25 °Cin a double- For electron backscatter diffraction (EBSD) analysis, after cut-
jet polishing unit operating at 20 V. A CM30T Philips TEM operating at ting, samples were mechanically ground. Electrolytic polishing
300 KV was used. was performed at 0 °C, 17 V and a flow rate of 15 I/min for 80 s

(c) (d)

Fig. 3. Microstructures of samples after (a) one, (b) two, (c) three and (d) four ECAP passes and annealing at 350 °C for 10 s.
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Fig. 4. Onset of recrystallization by nucleation in the sample after one ECAP pass and
annealing at 350 °C for 10 s.

(electrolyte: 7.8% perchloric acid, 9% water, 73.1% ethanol and 10%
butylcellulose). EBSD analysis was performed using a JEOL 6500 scan-
ning electron microscope (SEM) at a step size of 0.1 um. Data were
analyzed using the HKL software. Misorientation angles between 2 to
15 ° were defined as low angle grain boundaries (LAGBs), while those
larger than 15 ° as high angle grain boundaries (HAGBs).

3. Results and discussion

3.1. Microstructural evolution during interpass annealing after different
ECAP passes

To clarify the effect of the number of ECAP passes on the fraction re-
crystallized, the microstructures of samples after different ECAP passes,
followed by annealing at 300 °C for 10 s, as shown in Fig. 1, were first

investigated. In general, none of the samples were really recrystallized,
as evidenced by severely elongated grains. This indicates that annealing
at 300 °C for such a short time could not provide enough activation
energy or time for the occurrence of static recrystallization. Only a
very small number of recrystallization nuclei could be discerned in the
sample deformed through four ECAP passes, which made this sample
appear to be slightly different from the other samples. This is due to a
higher stored energy accumulated in this sample as a result of a signifi-
cant amount of cold work, equivalent to an accumulative effective strain
of 4[19,20], and thus a higher driving force for recrystallization [21,22].

Obviously, to facilitate full recrystallization to occur at this annealing
temperature, annealing time should be prolonged. The microstructures
of samples after one ECAP pass and annealing at 300 °C for different
times were investigated, as shown in Fig. 2. It was clear that full recrys-
tallization would not occur unless the annealing time was extended to
3600 s. However, the application of such an annealing treatment
would result in a coarse grain structure, as in this case the number
density of recrystallization nuclei would be rather low according to
Eq. (1). In fact, nucleation rate density N is a function of temperature T
as described in Eq. (1) [12]:

N:Cexp<f%> (1)

where C is a nucleation rate constant, Qy is the activation energy for
nucleation and k is the Boltzman constant. Obviously, if annealing is
performed at a low temperature, the number density of nuclei will be
small and these nuclei will have to grow to form a fully recrystallized
structure. The resulting microstructure must be rather coarse. Compar-
ison of a fully recrystallized microstructure (Fig. 2d) with the micro-
structures obtained from annealing at higher temperatures, could
clearly show that the grain structure formed during annealing at
300 °C for 3600 s was coarser, thus being undesirable for achieving a
nano-scale grain structure after further ECAP. One may thus conclude

Fig. 5. Microstructures of samples after (a) one, (b) two, (c) three and (d) four ECAP passes and annealing at 420 °C for 10 s.
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Fig. 6. Microstructures of samples after two ECAP passes and annealing at 420 °C for (a) 120, (b) 300, (c) 600 and (d) 3600 sec.

that a desirable annealing temperature is the one that allows site- Based on the findings shown above, the annealing temperature was
saturated nucleation as the main mechanism and can realize full recrys- raised to 350 °C. The resulting microstructures after different ECAP
tallization within 10 s. passes, followed by annealing for 10 s, are presented in Fig. 3. It can be

(c) (d)

Fig. 7. Microstructures of samples after (a) one, (b) two, (c) three and (d) four ECAP passes and annealing at 420 °C for 600 s.
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Fig. 8. Microstructures of samples after two passes ECAP and annealing at 550 °C for 6 hrs.

seen that all the samples were partially recrystallized during annealing.
It was noted during the microstructure examination that for the sam-
ples after two, three and four ECAP passes, the fractions recrystallized
were measurable at a magnification as presented in Fig. 3, while in the
sample after one ECAP pass and annealing at 350 °C for 10 s, recrystalli-
zation was only at an early stage (Fig. 4). The fraction recrystallized
gradually increased with increasing number of ECAP passes. In addition,
the fractions recrystallized were obviously higher than those after ECAP
under the same ECAP deformation conditions and annealing at 300 °C,
as shown in Fig. 1. This is attributed to a larger number density of nuclei
according to Eq. (1) and a faster growth rate at the higher temperature
of annealing [12]. In addition, it was noticed that the fraction recrystal-
lized kept increasing up to three ECAP passes, but remained almost
unchanged at the fourth pass. This might be because more extensive
grain refinement occurred during the fourth pass of ECAP [15], which
consumed the stored energy and left a weakened driving force for sub-
sequent static recrystallization [12]. According to the results shown
above, it was decided to raise the annealing temperature further in
order to explore the possibilities of obtaining finer recrystallized grain
structures.

The microstructures of samples after different ECAP passes and
annealing at 420 °C for 10 s are shown in Fig. 5. It can be seen that all
samples were fully recrystallized. To capture a minimum recrystallized
grain size, the interpass annealing treatment must be stopped right
after the ECAP-deformed structure is fully recrystallized. However,
apart from obtaining a fully recrystallized structure, a homogeneous
distribution of temperatures, corresponding to a homogeneous distri-
bution of microstructures, must also be achieved.

Although the samples investigated in this research were small
enough to attain homogeneous temperature and microstructure distri-
butions quickly, the samples that were to be inserted in the ECAP setup
for successive ECAP deformation were on a larger scale. Therefore, in
order to yield trustable results for larger-scale applications, the anneal-
ing time was extended to the limit to which significant grain growth did
not occur. With increasing annealing time up to 600 s, no grain growth
was recognizable (Fig. 6a - c). A further extension to 3600 s, however,
indeed caused measurable grain growth (Fig. 6d). Therefore, 600 s
was considered the time long enough for interpass annealing without
causing significant grain growth. Thus, the temperature of 420 °C and
time of 600 s were taken as an optimum interpass annealing condition
to achieve a minimum recrystallized grain size.

The effect of the number of ECAP passes on the microstructure of the
samples after applying the optimum annealing treatment is shown in

Fig. 9. (a) Low and (b) high magnefication TEM micrographs of the sample after the
optimum annealing treatment, i.e., 420 °C for 10 min, followed by six ECAP passes.
(c) Low and (d) high magnefication TEM micrographs of the sample after annealing at
500 °C for 6 hrs, followed by six ECAP passes.

165
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Fig. 7. Grain size was found to decrease significantly as the number of
ECAP passes increased from one to two (see Fig. 7a and b). However,
further increases in the number of ECAP passes did not clearly affect
the grain size and thus would not be necessary. Therefore, two ECAP
passes prior to applying the optimum interpass annealing treatment
was chosen as an optimum.

3.2. Development of nanostructure during subsequent ECAP

Samples with a fully recrystallized and stress-relieved grain struc-
ture after two ECAP passes and annealing at 420 °C for 600 s (Fig. 7b)
were subjected to further ECAP. In addition, for the sake of comparison,
another sample is annealed at 550 °C for 6 h to acquire a coarse grain

structure. The resulting microstructure is shown in Fig. 8. Very extensive
abnormal grain growth is obviously observed which is due to the high
temperature and long time applied during annealing.

TEM micrographs of these samples after six ECAP passes are shown
in Fig. 9. From Fig. 9a and b, the formation of nano-sized cell structures is
clear in every region of the sample. The average cell size is around
500 nm, which is comparable with the UFG structures of aluminum
alloys reported in the literature and achieved with more complex SPD
processes [23,24]. The obtained microstructure from the coarse grained
sample is shown in Fig. 9c and d. It is clear that a coarse nanostructure is
formed with an average cell size around 700 nm.

EBSD images of the nanostructure developed during the final pass of
ECAP are presented in Fig. 10. It can be seen in Fig. 10a that thorough

(b)

Fig. 10. EBSD images of the sample (a) after the optimum annealing treatment and six ECAP passes, (b) (a) after annealing at 550 °C for 6 hrs and six ECAP passes.
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recrystallization was observed and the formation of a fine and equiaxed
nanostructure with an average cell size of 530 nm was confirmed for
the sample annealed at 420 °C for 10 min. The EBSD images also re-
vealed a large fraction of high angle grain boundaries (HAGBs) between
the refined grains for this sample. However, it can be seen in Fig. 10b
that a coarse and elongated cell structure is developed when the sample
is annealed at 550 °C for 6 h. In addition, lower fraction of HAGBs are
measured for this sample in comparison to the one annealed at 420 °C
for 10 min.

Misorientation angle values extracted from EBSD results are
presented in Fig. 11. It is clear from Fig. 11a that the cell structure
formed during ECAP is mostly composed of high angle boundaries in
the case of the sample annealed at 420 °C for 10 min. In fact, more
than 50% of grain boundaries had misorientation angles larger than 15
°, i.e., defined as high angle grain boundaries (HAGBs). In other words,
thorough recrystallization and nanostructure formation occurred
during post-annealing ECAP in the fine grain sample. It should be
added that When an initial coarse grain structure is utilized, the
resulting fraction of HAGBs is similar to that of fine grain structure, as
indicated in Fig. 11b.

The distribution of grain sizes in the sample was extracted from
EBSD results as well and they are shown in Fig. 12. It is clear from
Fig. 12a that the majority of cells fell in a size range of less than
1000 nm with an average value of 530 nm. Comparison of the results
with those extracted from the sample with coarser grain structure,
i.e., Fig. 12b, indicates that that the average grain size is indeed signifi-
cantly reduced by using the finest initial microstructure and demon-
strates the efficiency of the SPD approach applied in this research.

25
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Fig. 11. Distribution of missorientation angles in the sample (a) after the optimum
annealing treatment and six ECAP passes and (b) after annealing at 550 °C for 6 hrs and
six ECAP passes.
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Fig. 12. Cell size distribution in the sample (a) after the optimum annealing treatment and
six ECAP passes and (b) after annealing at 550 °C for 6 hrs and six ECAP passes.

4. Conclusions

To prove the hypothesis that a fine initial structure could lead to
nanostructure formation during SPD, a study was conducted to achieve
a fine, homogeneous grain structure of the AA6063 alloy during
interpass annealing and then nanostructure after subsequent six passes
of ECAP. The results obtained led to the following conclusions.

1- Interpass annealing at temperatures lower than 420 °C could not re-
sult in full recrystallization unless extensive time was allowed,
which caused grain growth. The finest grain structures in the
stress-relieved samples of the AA6063 alloy were obtained after
annealing at 420 °C for 600 s.

N

Regarding the number of ECAP passes prior to interpass annealing, it
was found that grain refinement mostly occurred during the first
pass and the second pass. Further increases in the number of ECAP
passes did not significantly affect the grain size after interpass
annealing any more.

3- With the optimum interpass annealing, the average nanostructure
size obtained after six ECAP passes was down to 530 nm, confirming
the capability of ECAP by route A in achieving a nanostructure of the
aluminum alloy.
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