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Abstract. Grain refinement taking place in a commercial 7055 aluminum alloy under equal channel
angular extrusion at a temperature of 250°C, was examined. The material was deformed up to a
total strain, €, of ~12. At e~1, the development of subgrain bands was found. Upon further straining
the average misorientation of deformation-induced boundaries increases, low-angle grain
boundaries (LAGBs) gradually convert into true high-angle grain boundaries (>15°) (HAGBs). At
e~4, a structure consisting of boundaries with low and high angle misorientations was observed. At
e~12, a structure with an average grain size of ~0.7 um was formed. This size is roughly similar to
that for subgrains developed at preceding strains. It was shown that the formation of
submicrocrystalline grains occurs through continuous dynamic recrystallization both along initial
boundaries and within interiors of original grains as well.

Introduction

Aerospace industry has a great interest in the fabrication of complex parts from novel 7055
aluminum alloy, denoted as 7055 Al herein, due to its high strength combining with sufficiently
high fracture toughness, fatigue, ductility and corrosion resistance [1]. At the same time, a low
formability restricts the use of the coarse grained 7055 Al. It is known [2] that the formation of a
uniform submicrocrystalline (SMC) grained structure in aluminum alloys by severe plastic
deformation provides enhanced workability and serves properties.

Recent work has demonstrated that substantial grain refinement in a 7055 Al can be achieved
through the introduction of severe plastic deformation via equal channel angular extrusion (ECAE)
[3]. However, in these studies not attention has been given to the microstructure evolution resulting
in the grain refinement in these studies; examination of the deformed state during severe
deformation of 7055 Al seems to have not been carried out as yet.

The general features of the microstructure evolution during deformation processing of aluminum
alloys were examined by various works [4-11]. It was reported [4,5] that SMC structure occurs by
the extension and compression of initial grain boundaries followed by the discontinuous formation
of transverse HAGBs. Other investigations have emphasized the role of continuous dynamic
recrystallization (CDRX). The mechanism of CDRX frequently operates in a wide range of metallic
materials including aluminum alloys during deformation at elevated and high temperatures [2,6-11].
It is originally associated with formation of low angle subgrain boundaries at early stages of
deformation and their gradual transformation into high angle ones with further straining due to
accumulation of lattice dislocations [10,11]. New grains result from the gradual increase in
misorientation between subgrains during plastic deformation.
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Fig. 3. Effect of strain on (a) population of LAGBs, MAGBs and VHAGBEsS; (b); the
crystallite size, d, and AR; (c) average misorientation of deformation-induced grain
boundaries, 6av, and fraction of recrystallized grains; (d) density of the boundaries.

It was observed that pressing to a strain of ~8 leads to the formation of a partially recrystallized
structure; most of deformation induced boundaries are high-angle in nature. LAGBs were observed
within relatively coarse grains. The EBSD and TEM data suggest that the subgrains evolved at
earlier strains are replaced by fine grains at higher strains. The average misorientation of ~28° and
the population of HAGBs of ~70% suggest that grain refinement is almost complete at this strain.
At g ~8, the volume fraction of grains outlined by HAGBs is about 55%.

After e~12, the uniformity of the recrystallized structure increases (Figs. 2e and 2f). The fraction
of HAGBs attains a value of ~81%. Most of the deformation-induced boundaries are high-angle in
misorientation and the recrystallized grains exhibit an equiaxed shape (Fig. 2¢). Grain aspect ratio
(AR), is close to ~1.1. However, a low fraction of LAGBs was found within deformed
microstructure (Figs. 2f).

3.2. Parameters of Deformed Microstructure as a Function of Strain. The effect of strain on
the relative frequencies of boundaries is shown in Fig. 3a. These boundaries defined as; low angle
(LAGBs 3-15°), medium angle (MAGBs 16-30°) and very high angle grain boundaries (VHAGBs
31-62.8°). As the strain rises the incidence of LAGBs gradually decreases from 70 % to 19% at ex1
and & ~12, respectively. At ¢ <2 the incidence of VHAGBs decreases due to an increment of the
incidence of MAGBs which is decreased at higher strains. No significant densities of boundaries
with misorientation greater than 30° are formed up to strains of 4, and these boundaries start
saturating at larger strain levels.

The effect of strain on the crystallite size, d, and the aspect ratio (AR) of crystallite defined as
the ratio of the crystallite dimension in the shear direction to that in the transverse direction is
summarized in Fig. 3b. In the strain interval from 1 to 4 the crystallite size rapidly decreases owing



to an increasing fraction of equiaxed (sub)grains. It is worth noting that the transverse size of
subgrains remains practically unchanged and the longitudinal size of the elongated subgrains tends
to decrease with strain due to the formation of transverse LAGBs (Figs. 2a-2d). As a result, the AR
decreases from ~2.49 at e~1 to ~1.29 at ¢~4 (Fig. 3b). Upon further ECAE processing the
crystallite size tends to slightly decrease, and AR decreased to ~1.1 at e~12.

Changes in the average misorientation (fav) and fraction of recrystallized grains, with increasing
strain are summarized in Fig. 3c. It can be seen that the average misorientation remains unchanged
until €2 and then rapidly increases to 23.3° at e~4, followed by gradual rise with further
deformation. A rapid increase in the average misorientation and the fraction of recrystallized grains
can be associated with the development of new HAGBs. The data in Fig. 3 clearly demonstrate the
rate of grain refinement in 7055 Al. At e~8, the average misorientation of 0=28° is close to 30°, that
is, to the saturation value for FCC materials under severe plastic deformation [14]. The fraction of
HAGBs (i.e. MAGBs+VHAGBSs) (6>15°) attains a value of ~70% (Fig. 3c), which is the critical
HAGBEs fraction for the granular structure [4].

4, Discussion

The experimental data shows that grain refinement in Al 7055 occurs through a continuous
strain-induced reaction, which has elsewhere been termed continuous dynamic recrystallization
(CDRX) [11,14]. This mechanism of microstructure evolution during severe deformation in Al
7055 can be summarized as follows:

1. At initial stages of deformation (¢ <2) the three-dimensional arrays of LAGBs are developed
in original grain interiors due to formation of DBs. These DBs formed roughly parallel to
shear direction and contain elongated subgrains with misorientation angles of 5°<0<15°,

2. The number and the average misorientation of DBs increase with further deformation by
ECAE, leading to fragmentation of original coarse grains into different orientation regions
and finally to the development of fine equiaxed grains at high strains.

It was shown in [8,9 15-18] that DBs, such as microshear and kink bands, can be developed by
strain heterogeneity taking place due to compatibility requirements of neighboring grains or any
intrinsic instability of grain during plastic deformation. Formation of DBs can be strongly
dependent on deformation mode and deformation conditions as well as material composition and
the initial microstructure of materials. At elevated temperatures, dynamic recovery and grain
boundary sliding are frequently operating and so can generally result in difficult development of
DBs through relaxation of strain heterogeneity [17,18]. The present Al 7055 alloy, however,
contains high density of coarse T(Al;Mg;Zn;) and S(Al;,CuMg) second phases particles [19] which
are homogeneously distributed in the grain interior (Fig.1). Probably, the T(Al,Mg;Zn;) and
S(A1l,CuMg) phase particles produce deformation gradients providing particle-stimulated nucleation
[5,18] in Al 7055. DBs can be easily developed under such severe deformation conditions.
Moreover, it has been pointed out in [9,16,17] that inhomogeneous deformation characteristics of
ECAE can lead to the formation of DBs due to accommodation of strain gradients evolved by
ECAE. Repeated ECAE by route B can also introduce DBs in different directions and so results in
intersection of DBs.

The microstructural changes of the Al 7055 in an initial strain interval (¢ <2) are mainly
characterized by homogeneous formation of DBs and dislocation subgrains with LAGBs within
individual coarse grains (Fig. 2a, 2b). DBs are continuously formed with increasing the strain to ~2,
so that the density of LAGBs rapidly grow (Fig. 4d), leading to a fragmentation of grains in
differently misoriented regions. It was recently shown [10,20] that LAGBs are formed at a high rate
if they are located in the primary slip planes in the shear direction. The LAGBs aligned in the shear
direction exhibit increased misorientation in comparison with transverse LAGBs [21] at low strains.
It is apparent, that the formation of LAGBs at e~2 can be attributed to the easy formation of such
LAGBs. Transverse LAGBs form within these elongated subgrains by dislocation rearrangement.
This provides the transformation of elongated subgrains into relatively equiaxed subgrains.



It is obvious that at € >2, a decrease in density of LAGBs (Fig. 4d) occurs due to their conversion
into HAGBs. The recrystallized grains replace subgrains evolved over a small number of passes
through continuous transformation of their boundaries. Dislocation glide occurs within the subgrain
interiors [20]. Mobile dislocations move across subgrains and are absorbed by sub-boundaries
resulting in an increase in their misorientation. As a result, subgrains convert to SMC equiaxed
grains outlined by true HAGBs. It is concluded, therefore, that the process of development of new
fine grains can be a series of deformation-induced continuous reactions, which is similar to CDRX
[8,9,17,18].

5. Summary

Grain refinement taking place in commercial aluminum alloy 7055 subjected to ECAE at
T=250°C was examined. The formation of new grains during ECAE occurs through continuous
dynamic recrystallization. At the initial stage of deformation (¢ <2), three-dimensional arrays of
LAGBs evolve homogeneously both within interiors of initial grains and along old boundaries as
well. High density of coarse second phase particles accompanied by lower recovery rate operating
during lower temperature ECAE leads to rapid development of DBs initially. Further deformation
leads to a gradual transformation of LAGBs into HAGBs at a high rate. A new fine-grained
microstructure with an average crystallite size of about 0.7 [ Jm develops at strains above ~ 8.
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