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a b s t r a c t

In this research, evolution of hardness and strength in ultrafine grained AA6063 alloy during annealing is
investigated and correlated to the evolution of microstructure and particle dissolution. After four passes
ECAP, formation of ultrafine grained (UFG) structure with average grain size less than 1 μm is demon-
strated. Evolution of hardness and strength in addition to the microstructural stability of the samples are
investigated during annealing at 300–500 °C. At 300 °C, volume fraction recrystallized gradually in-
creases by time and after 1 h, the sample is fully recrystallized. An in-line trend is observed for the
evolution of hardness. In fact, hardness decreases gradually with annealing time as the volume fraction of
recrystallization increases. However, at 350 and 420 °C, the samples are fully recrystallized after 30 s and
consequently, a severe drop in hardness is observed. At 500 °C, the microstructure is quite unstable. By
10 and 30 s annealing, the samples exhibit fully recrystallized structures which turns to abnormal grain
growth when the annealing time increases to 120 s. The average grain size is in general larger than the
samples annealed at 350 and 420 °C. Therefore, a lower hardness is expected. However, an inverse trend
is observed. In fact, hardness of the sample annealed at 500 °C is higher than those in the samples
annealed at 350 and 420 °C. In addition, after the initial significant drop in hardness due to full re-
crystallization after 30 s at 500 °C, a gradual increase is observed. Higher hardness at 500 °C and its
increase by annealing time are correlated to dissolution of second phase particles which contribute in
more significant solid solution hardening.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Sever plastic deformation (SPD) has been extensively used for
production of bulk nanostructured materials. Among well-known
SPD techniques, equal channel angular pressing (ECAP) is unique
owed to its simplicity [1], mode of deformation [2], homogeneity
of deformation [3], possibility of manufacturing with round [4] or
rectangular [5] cross sections and possibility of being applied to
different initial billet geometries like flat products [6] and in
continuous mode [7]. By ECAP processing, grain refinement occurs
together with significant strain hardening which results in re-
markable enhancement of strength in engineering alloys [8]. The
particle sizes and distribution may have mutual effects in ECAP.
They may contribute in grain refinement as investigated by Ni-
kulin et al. [9] or be subject of change in size and distribution
depending on the nature of particles [10] and may contribute in
strengthening of the ECAP products [9,11,12]. The most significant
drawback of SPD techniques, is the considerable reduction in

ductility which may limit the use of UFG products in some critical
applications [13,14]. Of course, this does not mean that UFG ma-
terials with their unique mechanical properties are not desirable.
However, they would be more applicable if stress relieved UFG
materials are produced which can provide high elongation with
remained high strength. Such stress relived and equiaxed grain
structures are as well convenient for superplastic applications if
they provide reasonable stability. Therefore, SPD processing fol-
lowed by a controlled annealing treatment would be of interest to
those applications looking for mutual improvement of strength
and elongation or applications in superplastic deformation.

There are many research concerning the correlations between
the physical, mechanical and corrosion properties of metals and
the grain structure and the effect of annealing treatment on the
development of microstructure [15–19]. It is generally desirable to
apply an annealing treatment to promote grain refinement but
inhibit grain growth, since a coarser grain structure is expected to
indicate lower strength, hardness and elongation. However, in
complex alloy systems, e.g., AA6063, in which lots of simultaneous
metallurgical phenomena, e.g., precipitation, particle dissolution,
grain growth, and etc., play role in determination of strength and
ductility, some other characteristics of the alloy are subject to
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change during annealing and may have consequent effect on the
strength and ductility of the alloy. Recrystallization in cold or hot
worked aluminum alloys and its effect on the evolution of hard-
ness, strength and ductility has been extensively investigated
[20–22]. In addition, there are lots of investigations on the pre-
cipitation hardening and it's contribution to strengthening of
aluminum alloys [23,24]. However, to the knowledge of the au-
thors, there is no study aiming at correlating the simultaneous

effects of grain refinement, recrystallization and grain growth and
dissolution or formation of precipitates on the evolution of me-
chanical properties of the alloy.

In this investigation, samples of ultrafine grained AA6063 alu-
minum alloy produced by ECAP are subjected to annealing aiming
at obtaining the finest recrystallized and stress relieved micro-
structure with the highest strength. It is found that the evolution

Table 1
Chemical composition of the alloy used in this study.

Element Al Mg Si Zn Fe Cu Cr Mn
Wt% Base 0.84 0.57 0.10 0.31 0.03 0.3 0.04

Fig. 1. Evolution of hardness by increasing number of ECAP passes.

Fig. 2. Microstructure of the alloy (a) as-received and after (b) one, (c) two and (d) four passes ECAP.

Fig. 3. Backscattered SEM image showing the nanostructure of AA6063 alloy after
four passes ECAP. Micrograph is taken from the longitudinal cross section of the
specimen.
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