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Abstract. Microstructure evolution during equal channel angular extrusion at 400 °C was studied
in a cast 1421Al alloy. The structural changes were investigated by using transmission and
scanning electron microscopes incorporating an orientation imaging microscopy. The
microstructure evolution is characterized by the development of new fine grains with a size of
about 2 um primarily at triple junctions and near original grain boundaries, leading to the formation
of necklace-like microstructure. The interlayers consisting of new fine grains do enlarge with
increasing the total strain that results in a gradual rise of the volume fraction occupied by fine
grains. The mechanism for the fine-grained microstructure evolution is discussed as a kind of

continuous dynamic recrystallization.

1. INTRODUCTION

Inthe past decade, considerable interest has been
aroused among materials scientists and metallur-
gical engineers in production of ultra fine-grained
aluminum alloys by intense plastic straining. Equal
channel angular extrusion (ECAE) was considered
as an attractive techniques for development of ultra
fine grains in relatively large billets of aluminium
alloys [1-10]. Cold to warm working by ECAE was
shown to result in the formation of
submicrocrystalline structures in numerous alu-

minium alloys [3-10]. Despite of much activity in
this field, only a limited number of studies was fo-
cused on the mechanism of grain refinement during
severe deformation [2,4-7,9]. Atlow temperatures,
the new nanoscale grains developed as a result of
grain subdivision mechanism, i.e. formation of dis-
location subboundaries like dense dislocation walls
followed by a gradual increase in their misorientations
that finally led to the development of new fine-grained
microstructures. In the previous study [11], the new
grain development in an Al-Li-Mg-Sc alloy during
ECAP at moderate temperature of 300 °C was dis-
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cussed in terms of continuous dynamic recrystalli-
zation, which has been originally proposed for hot
working by conventional deformation methods [12-
16]. Generally, the new grain development via con-
tinuous dynamic recrystallization (CDRX) involves
three elementary mechanisms: (i) formation of ar-
rays of low-angle subboundaries; (ii) transformation
ofthe subboundaries into high-angle boundaries due
to accumulation of mobile dislocations; (iii) the elimi-
nation of lattice dislocations and subboundaries,
leading to a steady state deformation behaviour.
However, the microstructure evolution during ECAE
at elevated temperatures has not been studied in
sufficient detail. The structural mechanisms respon-
sible for the development of new high-angle grain
boundaries are still unclear.

The aim of the present work is to study the mi-
crostructure evolution in a cast Al-Mg-Li-Sc alloy
during ECAE at 400 °C. This study is focused on
the structural mechanisms leading to the formation
of new fine grains during large strain deformation.

2. EXPERIMENTAL

A 1421 aluminum alloy with a chemical composi-
tion of Al-4.1%Mg-2%Li-0.16%Sc-0.07%Zr (in
weight pct.) was manufactured by direct chill cast-
ing and then was solution treated at 460 °C for 12
hours. The ingot was machined into rods with a di-
ameter of 20 mm and a length of 100 mm. The
samples were deformed by ECAE using an isother-
mal die, circular in cross-section, containing L-type
intersecting channels with 90° bend. Extrusion
through this die resulted in a strain of about 1 at
each pass [2,6]. The samples were extruded to
several strains (namely: 1, 2, 4, 8, and 12 passes)
at400 °C. Route A, in which the specimen is repeti-
tively extruded in the same sense without any rota-
tion, was used [2,4,6]. The ram speed was about 2
mm/s. The repetitive extrusion was continuously
conducted without any intermediate holdings in a
separate furnace. Total time, at which the speci-
men was held at deformation temperature during
ECAE processing and reloading, was ~2 min per
each extrusion pass. The deformed specimens were
water quenched after the final extrusion pass. To
study the static annealing effect on the deformation
microstructures, some extruded samples were an-
nealed in a muffle furnace for 2 hours at 400 °C.
Structural analysis of the deformed samples was
carried out on sections parallel to longitudinal di-
rection of the extruded rods. The deformation mi-
crostructures were studied by various metallographic
methods: optical microscopy (OM), scanning elec-

tron microscopy incorporating an orientation imag-
ing system (OIM), and transmission electron mi-
croscopy (TEM). At least ten typical areas in each
sample were analyzed to estimate the evolved grain
sizes and the recrystallized volume fractions. The
OM/TEM (sub)grain sizes were measured by the
linear intercept method and the recrystallized frac-
tion was evaluated by the point-count technique.
Strain-induced misorientations between (sub)grains
were studied by electron backscatter diffraction tech-
nique with OIM software provided by TexSem Lab.,
Inc. Depending on magnification, various step sizes
between analyzed points were set up for OIM mi-
crographs. The step size in each OIM picture can
be evaluated by division of the scale mark by the
number of steps that are indicated on figures. An
average Confidence Index for the indexing of the OIM
maps was about 0.7. Low and high angle bound-
aries were conventionally defined as being less, or
greater, than 15°, respectively. For TEM examina-
tions, the samples were thinned to about 0.2 mm
andthen electro-polished to perforation with Tenupol-
2 twinjet polishing unit using 70%CH,COOH +
30%HNO, solution at —20 °C and 6 V. The electron
diffraction patterns were obtained from the selected
areas of 10 um in diameter.

3. RESULTS

The initial microstructure after solution treatment
consisted of coarse equiaxed grains with an aver-
age size of ~60 um. Two kinds of second-phase
particles were identified by the TEM: the Al LiMg
with a size ranging from 0.5to 1.0 um and the Al(Sc,
Zr) dispersoids with a size of 20 to 60 nm. Interpar-
ticle spacing between the Al,(Sc, Zr) dispersoids
was about 300 nm [11].

Typical deformation microstructures are shown
in Fig. 1. These microstructures are represented by
OIM maps, where the low-angle subboundaries
(misorientations from 2 to 15 degrees) and the high-
angle grain boundaries (misorientations above 15
degrees) are indicated by thin and thick lines, re-
spectively. It is seen that one ECAE pass leads to
the appreciable elongation of initial grains along the
extrusion axis as well as the evolution of many
subboundaries (Fig. 1a). It should be noted that the
subboundary densities are higher in the vicinity of
initial grain boundaries than those in the grain inte-
riors. This suggests the large local strain gradients
near grain boundaries. The formation of new
equiaxed fine grains appears mainly near the triple
junctions of initial grain boundaries (Fig. 1b). The












formation exceeds some critical strain. The new fine
grains are readily formed near the junction of initial
grain boundaries. Then, the dynamic recrystalliza-
tion propagates along the initial grain boundaries,
leading to the formation of necklace microstructure
at intermediate strains of about 2-4. Upon further
straining, the recrystallized layers expand and the
fraction recrystallized increases up to about 80%
at large strains. Apparent inhibition of the recrystal-
lization kinetics at large strains may result from in-
creasing activity of the grain boundary sliding among
the fine recrystallized grains. Since, the grain bound-
ary sliding is extensively operative deformation
mechanism in this material at 400 °C [10], the plas-
tic flow can localize within the recrystallized layers.
As a result, an effective strain in unrecrystallized
volumes diminishes, delaying the further recrystal-
lization progress. Finally, it may be interesting to
note that the present CDRX behaviour looks similar
to that for conventional (discontinuous) dynamic
recrystallization taking place during hot working of
materials with low-to-moderate stacking fault energy
[13,16], although their structural mechanisms are
different.

5. CONCLUSIONS

Microstructure evolution in an aluminum alloy of Al-

Mg-Li system (1421 alloy) has been studied during

equal channel angular extrusion up to 12 passes at

400 °C. The main results can be summarized as

follows:

1. The ECAE results in a considerable grain refine-
ment. The new fine-grained microstructure with
a grain size of about 2 pm develops at large cu-
mulative strains of above 8.

2. The new fine grains result from continuous dy-
namic recrystallization. Early deformation brings
about the formation of dislocation subboundaries,
leading to the evolution of homogeneous sub-
structure with a subgrain size of about 2 pm;
misorientations between the subgrains gradually
increase with strain, finally resulting in the trans-
formation of the subgrains into the new fine grains
with almost the same size of 2 um.

3. The recrystallized grains primarily develop near
the initial grain boundaries and, especially, near
the triple junctions. This results in the evolution
of necklace-like microstructure at moderate
strains. Upon further straining, the fraction re-
crystallized increases due to expansion of the
recrystallized regions into the initial grain
interiors.
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