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Abstract. The mechanisms of grain refinement during severe plastic deformation have been
studied, by comparing the microstructure evolution in an AA2219 aluminium alloy, containing
AlsZr nanoscale particles, with that in a dilute Al-3%Cu alloy deformed identically by equal-
channel angular extrusion (ECAE) at 250°C to a maximum strain of ~12. Transmission electron
microscopy (TEM) was used on the AA2219 alloy to reveal the misorientations of deformation-
induced boundaries. Microstructural evolution in the Al-3%Cu alloy was studied by electron-back
scattering diffraction (EBSD) orientation mapping. It was shown that the mechanism of grain
refinement in the AA2219 alloy is continuous dynamic recrystallization (CDRX) consisting of two
main elementary processes. In the initial stages of plastic deformation, the formation of three-
dimensional arrays of low-angle boundaries (I.LABs) takes place. Further strain results in increasing
misorientation of these boundaries providing their gradual transformation into high-angle
boundaries (HABs). A fully recrystallized structure with an average grain size of ~0.9 um is evolved
after a total strain of ~12. In the dilute Al-Cu alloy the evolution of ultrafine grains with an average
size of ~6 um is attributed to the formation of deformation bands outlined by HABs and extended
medium to high-angle boundaries at moderate strains. The subdivision of these deformation bands
into fine grains rarely occurs through the mechanism of geometric recrystallization (GRX). In this
alloy the main contribution in the grain refinement gives CDRX occurring within fibrous structural
features. At e~12, a partially recrystallized structure is formed in the Al-3%Cu alloy.

Introduction

There is significant commercial interest in the development of aluminum alloys with ultra-fine grain
structure for structural applications due to the fact that extensive grain refinement has many
technological benefits and may increase the strength and toughness of materials at room
temperature. [1]. The most attractive method for achieving submicron-scale grain size in aluminum
alloys is the application of very large plastic strains through techniques in which a sample can be
deformed without any net change in its dimensions [2]. The most popular technique for subjecting a
bulk material to intense plastic straining (IPS) at the laboratory scale is equal-channel angular
extrusion (ECAE) [2]. Recently, several reports dealt with the characterization of the
microstructures and mechanical properties of aluminum alloys processed by ECAE [3]. However,
the mechanisms leading to grain refinement in pure Al and aluminium alloys under ECAE
processing have only been the object of a limited number of studies [4-10]. In addition, very few
systematic studies have employed orientation imaging microscopy (OIM) to examine the evolution
of misorientation distribution with strain [4,8-10]. As a result, the exact structural mechanisms
responsible for the formation of ultra-fine grains in aluminium alloys during ECAE are still
unknown. There exist two main concepts of the structural changes taking place during severe plastic
deformation in aluminium alloys.

Authors [2.8] suggested that at low temperatures, the grain refinement to the submicron level in
aluminium alloys under ECAE occurs by the extension and compression of grain boundaries with
strain followed by subdivision of ribbon grain structure by transverse high-angle boundaries (HAB)
being formed discontinuously. It was assumed that this process provides the major fraction of



resulting HABs. The formation of additional deformation-induced boundaries as geometrically
necessary dislocation boundaries (GNB) [8] plays a minor role in the grain refinement. This
mechanism is based on the assumption that the original grains are deformed as the whole sample
due to a limited number of active dislocation slip systems. It is worth noting that this mechanism
was suggested on the base of OIM observations of microstructure evolution in dilute aluminium
alloys and aluminum alloys containing micron-scale second-phase particles.

The other mechanism of grain refinement, continuous dynamic recrystallization (CDRX), was
suggested in work [11] in which the microstructural evolution of an Al-Mn alloy containing
submicron-scale second-phase particles was examined after ECAE. Recently, Belyakov et al.
[12,13] showed that in materials with fcc lattice such as copper and austenitic steel new nanoscale
grains could result from a kind of continuous reaction, i.e. CDRX. It is known [14,15] that the
process of CDRX resulting in micron-scale grains involves two main elementary mechanisms:

(1) the formation of arrays of low-angle subboundaries;

(i1) the transformation of low-angle boundaries (LABs) into true high-angle boundaries
(HABS) due to a gradual increase in misorientation of LABs with strain.

It was shown that CDRX results in submicron-scale grains in aluminum alloys contaning a high
volume fraction of nanoscale dispersoids [16-18].

The aim of the present work is to report the mechanisms of grain refinement in a dilute Al-3%Cu
alloy and an Al-6%Cu alloy containing dispersoids during severe plastic deformation at a similar
temperature of 250°C. Microstructural evolution in the both materials was studied by the OIM
technique.

Materials and experimental procedures

The 2219 aluminum alloy with a chemical composition of Al-6.4%Cu-0.3%Mn-0.18%Cr-0.19%7Zxr-
0.06%Fe (in weight pct), denoted as AA2219 herein, and the Al-3%Cu alloy were manufactured by
direct chill casting. The AA2219 and Al-3%Cu alloys were subjected to solution treatment at 530°C
for 6 hours and 520°C for 4 hours, respectively. Next, both ingots were finally cut into cylinders
with 20 mm diameter and 100 mm length. The initial grain size was ~140 um in the AA2219 alloy.
Initial structure in the Al-3%Cu was non-uniform with different areas in the material possessing

average grain sizes of ~120 um and ~450 pum.
The ECAE pressing was carried out in air using an isothermal die with a circular internal cross-

section. The channel had an L-shaped configuration. Deformation through this die produces a strain
of ~1 on each passage [6]. Repetitive extrusion up to fixed pressings was used to achieve high
strains. Route A in which the specimen is removed from the die and the pressing is repeated without
any rotation of the sample [4,6,11] was used. The repetitive extrusion was continuously conducted
without any intermediate holdings in a furnace. Total time, at which the specimen was held at
deformation temperature during ECAE processing, was ~15 min per each extrusion pass. The
specimens were water quenched after ECAE pressings to the strains of ~1, ~2, ~4, ~8 and ~12.
Following ECAE, each sample was sectioned parallel to the extrusion directions, and the deformed
structure was characterized at the centre of the die symmetry plane [8]. Discs of 3mm diameter were
cut from these slices and then ground to a thickness of ~0.25 mm. Misorientation analysis of the Al-
3%Cu was carried out by the EBSD technique. For this purpose, these discs were lightly
electropolished to give a strain-free surface. EBSD orientation maps were acquired using a LEO-
1530 SEM fitted with automated HKL-EBSD pattern collection system with a spatial resolution of
~500 nm and an angular resolution of ~0.5° provided by Oxford Instruments. Arbitrary areas were
automatically scanned with 1 um steps. HABs were defined as being greater than, or equal to, 15° in
misorientation and low-angle boundaries (LAB) as having a misorientation less than 15°. HABs and
LLABs are depicted in OIM maps as dark and light lines, respectively.



Misorientation analysis of the AA2219 alloy was performed by the TEM technique. For TEM
analysis similar discs were electropolished to perforation with a Tenupol-3 twinjet polishing unit

using a ggandard 75%CH;COOH+25%HNO5 solution at -30°C and 20V. The thin foils were
examined using a Jeol-2000EX TEM with a double-tilt stage at an accelerating potential of 160 kV.
All the clearly defined (sub)grain boundaries were taken into account to determinate the
(sub)boundary misorientations. Misorientations of the deformation-induced boundaries were
analysed using the conventional Kikuchi-line technique [19]. The accuracy of the measurements
was about 0.8°. The (sub)boundary misorientations were determined from, at least, four arbitrary
selected typical areas for each specimen. A total of ~60 (sub)boundaries were analysed for each
sample.

Experimental results

The AA2219 alloy. Apparently, the structures evolved in the AA2219 alloy are essentially
homogeneous. At €<2, two types of subgrains were formed. Elongated subgrains alternate with
areas of essentially equiaxed subgrains. At €~2, isolated segments of deformation-induced
boundaries acquire increased misorientation, which is significantly higher than the misorientation of
the whole boundary. Deformation-induced boundaries have low-angle origin (Fig.1a). It is seen that
three-dimensional arrays of LABs were evolved.

At e~4, the formation of deformation-induced HABs was detected in the vicinity of some initial
boundaries (Fig.1b). Mixed arrays of LABs and HABs were found at this strain. In general, the
deformed structure consists of elongated crystallites comprising band-like features (Fig. 2a) that are
approximately aligned in the shear direction. Most of these longitudinal boundaries have high-angle
origin, whereas the transverse boundaries have low-angle or moderate-angle misorientation. The
average misorientation of the transverse boundaries is ~11° (Fig. 2b). Notably the deformation-
induced LABs are predominant within the initial grain interiors; near old boundaries the
deformation-induced boundaries have high-angle origin.

Upon further strain the average misorientation of deformation-induced boundaries becomes
higher than 15° (Figs. 1¢ and 2b). Three-dimensional arrays of HABs are formed (Fig. 1¢). At €~8,
true recrystallized grains outlined by HABs from all sides were revealed (Fig. 2b). However,
crystallites surrounded by both HABs and LABs dominate. Notably, the continuous boundaries
aligned in the shear direction consist of isolated segments having high-angle misorientation
alternating with segments with low-angle misorientation. It is seen that extensive formation of
transverse LABs takes place within elongated (sub)grains (Fig. 1¢) which acquire equiaxed shape
(Figs. Ic and 2a). As a result, an average misorientation of transverse boundaries is less than that of
longitudinal boundaries aligned in the shear direction (Fig. 2b). Further strain leads to an increasing
fraction of recrystallized grains. The volume fraction of the true recrystallized grains surrounded by
HABs from all sides (Fig. 3) at €~12 is about 85%. The misorientation of the longitudinal HABs
increases with strain, whereas the average misorientation of the transverse boundaries remains
essentially unchanged (Fig. 2b). The latter point is attributed to the persistent formation of
transverse LABs within new grains elongated in the shear direction (Fig. 2a).

The parameters of deformed microstructure as a function of strain are summarized in Fig. 2a. It is
seen that the (sub)grain size, d, tends to decrease with increasing strain. This decrease in the average
grain size is attributed to the subdivision of the elongated (sub)grains by transverse LABs resulting
in a decrease in the grain aspect ratio, defined as the ratio of the grain dimension in the shear
direction to that in the transverse direction. This subdivision provides more a equiaxed shape of the
average, new grains (Fig. 2a).





















Summary

It has been shown that the main mechanism resulting in grain refinement in Al-Cu alloys under
intense plastic straining is continuous dynamic recrystallization (CDRX). The prerequisite condition
for occurrence of CDRX is maintaining stable arrays of subboundaries at early stages of plastic
deformation. In the AA2219 the Al;Zr dispersoids play a role of effective pinning agents. As a
result, CDRX occurs homogeneously. In the dilute Al-3%Cu alloy the arrays of low-angle
boundaries are stabilized by boundaries of deformation bands, which have high-angle origin, and
extended medium to high-angle boundaries. New grains in the dilute alloy results from a strain-
induced continuous reaction occurring heterogeneously.
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