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Abstract Microstructure evolution of 99.1% aluminum
after equal-channel angular extrusion (ECAE) and sub-
sequent heat-treatment was investigated. After deformation
the samples were annealed at different temperatures. The
deformed and annealed states were characterized by
Transmission Electron Microscopy (TEM), X-ray diffrac-
tion (XRD), and microhardness tests. It was shown that the
observed microstructure changes during subsequent
annealing have to be associated with recovery and cells
formation. The initial stages of recovery were investigated
using weak-beam technique. The microstructure obtained
after annealing for 1 h at 100 °C consists of some
arrangements of the dislocations into sub-grain boundaries
within the wide preexisting grains. Annealing at 300 °C led
to the appearance of a duplex microstructure consisting of
bands of slightly coarsened grains associated with refined
grains. No growth of dislocation cells was observed up to
400 °C. In XRD measurements, the lattice parameter
increase with subsequent heating. This indicates a contin-
uous grain growth during annealing. This is due to the
important increase of coherency length, D observed par-
allel to a substantial decrease of rms-strain, e.
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Introduction

Equal channel angular extrusion (ECAE), as one of the
important severe plastic deformation (SPD) methods, is at
present the most promising technique to produce bulk
nanostructured and ultrafine-grained materials for struc-
tural application [1-3].

During the ECAE process, a metal billet is pressed
through a die consisting of two channels with equal cross-
section and intersecting at an angle ® [4-6]. The billet
undergoes essentially SPD mainly shearing but retains the
same cross-sectional geometry, so that it is possible to
repeat the extrusion several times. By multiple pressings, a
very large effective shear deformation can be developed in
bulk products [4, 5].

In the last two decades, ECAE experiments have mostly
focused on the effect of the number of pressings, extrusion
route and die shape on the obvious microstructure, and the
resulting mechanical or physical properties [7-13].

The mechanical properties and thermal stability are the
main concerns for the commercial application of SPD metals.
The yield and ultimate tensile stress are significantly enhanced
for ultrafine-grained metals processed by SPD techniques
compared to their coarse grained counterparts, but they often
exhibit low ductility because of the absence of work hardening
during subsequent deformation [13]. Furthermore, most
ultrafine-grained metals processed by ECAE, especially the
high purity metals, are reported to exhibit poor thermal sta-
bility, which can limit their commercial application [14, 15].
Both of these properties may be improved by subsequent
annealing to modify the microstructure/defects nature of the
ultrafine grained materials for further improvement of their
mechanical properties and thermal stability.

Recently, many researches have focused on the evolu-
tion of microstructures during heating of materials
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processed by SPD. Valiev et al. [1] found that the meta-
stable states resulting from SPD followed by heating lead
to new unusual properties of the material. Oh-ishi et al.
[16] studied the microstructure of an Al-Mg-Si alloy using
ECAE combined with heat-treatment, they found that
during ECAE the shape of grains was changed, and the
aging process was accelerated. Kim et al. [17] studied
the effect of ECAE combined with heat-treatment on the
hardness of industrial aluminum alloy, and found that the
method of pre-ECAE solid-solution treatment combined
with post-ECAE ageing treatment exhibited much higher
strength. It should be very interesting, therefore, to inves-
tigate the annealing behavior of SPD materials with the
objective of studying the stability of ECAE-deformed
materials especially it has been little studied in the low
strain and low temperature regime.

In the present study, the deformed and annealed states
were characterized by Transmission Electron Microscopy
(TEM), X-ray diffraction (XRD), and Vickers hardness
tests. The microstructural changes were recorded and the
observed phenomena were analyzed with regard to recov-
ery and associated thermal stability of the material.

Experimental details

A 99.1% aluminum was used in the present study. The
chemical composition is given in Table 1. Prior to ECAE
deformation, the material was annealed for 24 h at 500 °C
in order to obtain a fully recrystallized homogeneous
microstructure. The resulting grain size is about 85 pm.
Specimens with (10 x 10) mm? cross-section and 70 mm
length were machined from the annealed ingots. ECAE
deformation was carried out at room temperature with a
90° die angle corresponding to a total equivalent strain of
about 1 for one passage [18]. After ECAE deformation for
one passage, isochronal annealing for 1 h was carried out at
various temperatures ranging from 50 to 400 °C.

The microstructures of materials before, after ECAE
processing and after subsequent annealing were examined
by transmission electron microscopy (TEM) using JEOL
2000EX microscope. For this purpose, samples of 3 mm
diameter were obtained by punching and finally thinned by
twin-jet electropolishing in a 33% nitric acid and 67%
methanol solution at —30 °C under 12 V. The plane X,

Table 1 Chemical composition of the investigated material (ppm
weight)

Cr Cu Fe Mg Mn  Si Zn Al

345 409 3,600 1,700 385 3,500 1,900 Balance
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perpendicular to the longitudinal axis of the pressed sample
[3], was chosen for study.

Hardness changes upon annealing for extruded sample
(N = 1) were followed by Vickers hardness testing with a
load of 1 kg applied for 5 s.

X-ray diffraction was performed on a wide angle dif-
fractometer in the 6-20 step scan mode by using Co-Ka
radiation. Scans were collected over a 20 range of 20-160°
with a step of 0.017°. An acquisition time of 4 s was used
at each step to obtain good statistics. The shape of peaks
was approximated by the Koy + Ko, superposition of a
pseudo-Voigt function by using WinPLOTR software; a
good agreement is generally found [19].

Results and discussions
Microstructure after ECAE

Figure 1 shows TEM micrographs of the microstructure
of the undeformed material (N = 0). The aluminum of the
present investigation contains 0.9% of impurities, mainly
iron, silicon, magnesium, and zinc. Iron and silicon are
known to form, in aluminum, several ternary compounds
unequally rich in silicon. From XRD data and X-ray
emission spectrometry coupled with SEM, these precipi-
tates were found to be AlgFe,Si of the hexagonal structure
[20]; they are located essentially at the grain boundaries
and denoted by letter “P” in Fig. la. Figure 1b shows
that the undeformed sample contains a low dislocation
density. Many of these dislocations are pinned by the
precipitates.

After ECAE, the microstructure of deformed material
(N = 1) shows the presence of almost parallel and elon-
gated grains (Fig. 2a). In addition, newly created subgrains
separated by dislocation walls are remarked (Fig. 2b).
Moreover, many dislocations are observed at the bound-
aries as well as inside the “grains”. Sub-grains are of about
400 nm in size with many dislocation walls. The contrast
difference between the inner part and the outer part of the
subgrains shows a bending of the latter indicating a non-
equilibrium state. The tendency of grains for bending can
be related to size and orientation effects. In order to obtain
more detailed information on the dislocation structure of
the deformed state, weak-beam (WB) investigations were
conducted on selected specimens.

Quantitative analysis of dislocation density in the
material could not be performed using TEM micrographs
due to presence of too many dislocations highly entangled.
Details of microstructural parameters of the material after
SPD have been presented in a previous study using XRD
measurements [19]. It has been shown that the dislocation
density reached 0.5 x 10'® m™2 after the first pass, the
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Fig. 1 TEM images and corresponding selected-area electron diffraction (SAED) pattern of the material without deformation (N = 0)
(P Precipitates)

Fig. 2 TEM micrographs after
first pass (N = 1): a Bright-field
image and corresponding SAED
pattern; b—f A series of weak-
beam images
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value of coherency length D achieved was 85 nm and the
rms-strain ¢ was equal to 0.1%.

An important observation consists of the presence of
dislocation loops with a diameter of ~ 15 nm (Fig. 2c, d).
The intersection of dislocations on different slip planes
often creates vacancies, thus we have the most probable
source. Indeed, the stress in the ECAE experiment applied
to background of existing dislocations both within the
grains and at grain boundaries will continually nucleate and
cause dislocations to glide forming the tangles. Intersec-
tions between dislocations in these high dislocation density
(~10'"® m™?) tangles will subsequently provide localized
concentrations of vacancies sufficient to form the loops.

Subgrain boundaries are clear in micrographs as seen in
Fig. 2e—f. However, SAED pattern comparison between
the two different states (N =0 and N = 1) indicates
development of higher number of very small subgrains
with higher grain boundary misorientation angles in the
extruded one.

It has been shown in a previous study [19] that a sig-
nificant strengthening was achieved after ECAE. In parallel
to the increase of g, a significant decrease of the hard-
ening exponent is observed after the first pass. Thereafter, a
slight increase is observed for route C whereas data points
of route Bc do not show any variation. The superior
strengthening in the extruded samples is believed to be
primarily related to high dislocation accumulation gener-
ated by ECAE whereas strain hardening is deeply related to
the probability of the emission of dislocations by Frank
Read sources. The decrease of the strain hardening in
highly deformed materials is due to a saturation density of
dislocation. These results are in agreement with those
obtained by TEM and XRD experiments.

Thermal stability

Figure 3 shows TEM micrographs of the microstructure of
the ECA extruded material (N = 1) and annealed for 1 h at
100 °C. The microstructure (Fig. 3a) is characterized by the
appearance of new larger grains in the deformed structure.
The annealing at this temperature is associated with a
recovery process in which the subgrain boundaries became
more clearly delineated. The bright-field image of Fig. 3a is
typical of those of severely deformed materials showing a
very high dislocation density inside the grains. The WB
images shown in Fig. 3b—f are important in providing sharper
dislocation contrast at higher magnification. High density of
dislocations is retained after this annealing, indicating low
recovery activity during this process at 100 °C (Fig. 3b).
In this figure, the letter “P”” denotes AlgFe,Si precipitates and
the symbols “*” show different sub-grains containing many
dislocations. Examination of the material in selected region,
Fig. 3d shows some arrangement of the dislocations into
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subgrain boundaries within the 0.5 pm-wide grains.
Figure 3e shows that in the same deformed grain there is a
presence of subgrains boundaries perfectly formed and others
during their formation. In fact, many dislocations are still
observed. The micrograph of Fig. 3f shows the early stages of
sub-grain boundary formation. The dislocation walls arrowed
on the figure are the consequence of dislocation arrangement
even though a high dislocation density is still retained nearly.
Many dislocations seem to be emetted in the vicinity of
subgrains boundaries. The latter acts as a dislocation emis-
sion source during further deformation (double arrows).

Annealing at 300 °C for 1 h leads to slightly coarsened
structures with an average grain size of about 2 um as
is illustrated in Fig. 4. In this stage, the microstructure is
fairly equiaxed. It is also clear from Fig. 4a that there is
some poorly resolved substructures within the grains. This
annealing led to the appearance of a duplex microstructure
consisting of bands of slightly coarsened grains associated
with refined grains. Figure 4b shows some arrangement of
the dislocations into cells.

Comparatively little is known about the mechanisms of
microstructural change during annealing. A non-uniform
coarsening leading to the appearance of a duplex micro-
structure was reported by several authors [13, 21-23]. This
is usually attributed to abnormal grain growth, but equally
well it can be due to discontinuous recrystallization.
Moreover, it appears that the grain structure was not
completely stable in the present material since many grain
boundaries meet at acute angles and dislocations remain in
many of the grains.

The microstructure obtained at 400 °C shows the same
behavior to that at 300 °C. No growth of dislocation cells
was observed (Fig. 5). However, well resolved grain
boundaries are observed indicating an advanced stage of
recrystallization (Fig. 5a). The “perfect grains” may arise
from a pure recrystallization process, i.e., nucleation and
growth, and/or from a duplex microstructure consisting of
highly deformed grains in which dislocations or dislocation
cells are observed (Fig. 5b), and low-deformed grains; in
subsequent heating, the latter grow with the costs of the
formers.

Moreover, the material used in this work could have
similar temperature annealing behavior as the ECA pres-
sed Al-Mg alloy in which the recovery took place in the
temperature range of 100-200 °C. Then the non-equilib-
rium grain boundaries gradually transform into equilib-
rium ones in the temperature interval 200-400 °C and
finally intensive grain growth was observed above 450 °C
[24].

The Vickers hardness, Hv was measured for each sam-
ple (N = 1) after isochronal annealing, using a diamond
pyramidal indentor. Figure 6 shows the variation of Hv
with annealing temperature up to 400 °C. Error bar on each
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Fig. 3 TEM images showing
ECAE-deformed material

(N = 1) and annealed for 1 h at
100 °C: a Bright-field image
and corresponding SAED
patterns; b—f A series of weak-
beam images

S00nm

S00nm

Fig. 4 TEM images showing ECAE-deformed material (N = 1) and annealed for 1 h at 300 °C
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Fig. 5 TEM images showing ECAE-deformed material (N = 1) and annealed for 1 h at 400 °C
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Fig. 6 Vickers hardness evolution during isochronal annealing
for 1 h for extruded samples after one passage

experimental point represents the total range of individual
values recorded for Hv in six separate measurements. The
plot shows a gradual decrease in the values of Hv with
increasing annealing temperature up to 200 °C; a hardness
drop is observed between 200 and 300 °C, and stabilization
at higher temperatures, 300 °C and above. This result can
be explained by the formation of sub-grain boundaries and
dislocation walls observed in TEM by anneals at 100 °C.
The appearance of a duplex microstructure associated
with some arrangement of dislocations into cells explain
the hardness fall observed for samples annealed for
200-300 °C. In this temperature range, the material is
partially recrystallized. The above observations are in
agreement with TEM experiments which reveal that the
microstructure recrystallization took place after annealing
at 400 °C.

@ Springer

From XRD patterns of the deformed samples (N = 1)
before and after annealing at different temperatures, three
highest intensities were found at (111), (200), and (220)
peaks and these were analyses in Fig. 7. The broadening
observed in the as-deformed sample was progressively
removed by a subsequent annealing. However, the Ko; and
Ko, doublet become well resolved around 300 °C, which
indicates that the recrystallization was achieved at this
temperature. The observed decrease of the peak broadening
can be attributed to the decrease of the lattice distortions
and the increase of the material grain size. In addition,
when the temperature increased, all fundamental peaks are
shifted to lower values of . Calculated values of the lattice
parameter are plotted on Fig. 8, one can see a slight
decrease of this parameter up to 150 °C then an important
increase for elevated annealing temperature. It should be
noted that for low number of passes (N = 1), the defor-
mation is located mainly in the outer part of the specimen;
the dislocation density is higher than that in the inner
part. This applies a compression stress field leading to a
decrease of lattice parameter. Since X-ray patterns were
recorded on the total surface of the X-plane, the results
may depend on which effect is dominant: high dislocation
density leading to an increase of the lattice parameter and
compression leading to its decrease [25-27]; this may be
the reason of the decrease observed below 150 °C. The
important value of this parameter obtained toward 300 °C,
which correspond to the observed decrease of hardness,
indicates the material recrystallization.

XRD measurements enabled us to calculate the coher-
ency length, D (crystallite size) and the rms-strain, ¢ (lattice
distortions) a function of the temperature, using the
Halder—-Wagner approach [19]. The obtained results are
given on Fig. 9. It should be noted that the parameters cal-
culated from the breadth of peaks are sensitive on the choice
of the instrumental breadth fins. For a given 20 value, fins
was determined using LaBg as standard reference materials.
A strong increase of D is observed toward 200 °C and



J Mater Sci (2011) 46:2185-2193

2191

100
90 1 111) peak e
(111 pe ——150°C
= (80 ——200°C
< ——300°C
g‘ ——400°C
=z 60 - ——H=1 (Unannealed)
4
N -
=
E 30
2
20 4
10 -
o E = i . 5
7 M3 H9 15 454 452 £$3 454 45
20 (deg.)
100
% —=—100°C
(220) peak ——150°C
- 8 —— 200°C
~ 10 —— WC
.g' —— J0°C
s 60
— =1 (Unannealed)
Ea
g o»
E .
2
= 2
10
oF : . - . & !
76.9 714 .3 715 7.7 .9 78.1
20 (deg.)

Fig. 7 The (111), (200), and (220) peaks of the ECA extruded (N =

4.05075

4.0505 -

4.05025 -

4.05

4.04975 -

4.0495

Lattice parameter (Ang.)

4.04925

100 200 300 400
Annealing temperature (°C)

0 500

Fig. 8 Changes of the lattice parameter determined in the X-plane
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above, parallel to a substantial decrease of ¢. This is due to
the recovery of microstructure consisting in dislocation
annihilation and cell formation. The means of the values
after annealing at 400 °C are 312 nm and 0.06% for D and ¢,
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Fig. 9 Evolution of coherency length, D and of the rms-strain ¢ as a
function of the annealing temperature

respectively. The reduction of ¢ can explain the detected
increase of the lattice parameter at this temperature.

The heavy deformation produced by ECAE leads to
grain refinement, to values of the order of 85 nm for
the present material at strain of ey = 0.906 (the calcu-
lated value of imposed strain). This microstructure is
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characterized, however, by a high dislocation density and
newly created subgrains separated by dislocation walls.
Annealing leads to several structural changes. The initial
loss of dislocations leads to cell formation, and then sub-
grain walls form. From TEM observations, grain size
increases by combinations of grain growth and discontin-
uous recrystallization, which leads to an inhomogeneous
microstructural state.

It has been reported in the literature [28-31] that
severely deformed materials can recrystallize continu-
ously during annealing. The conventional recrystallisation
concept, however, can hardly be applied to SPD materi-
als, since they contain an unusually high density of
deformation-induced defects. The material investigated in
the present study provides an example of such a situation.
In fact, the dominant process occurring at lower anneal-
ing temperatures (100 °C) is the recovery of the grain
interiors at almost constant grain size. At higher tem-
peratures (300 °C), the recovered grains begin to grow.
The grain growth is accompanied by the presence of
dislocation cells as evidenced by a hardness fall. This is a
common pattern of microstructural evolution during
annealing of SPD processed materials reported in other
works [30, 32].

Improvement of the thermal stability of SPD processed
nano-structured materials is a crucial problem from the
applications point-of-view. Moreover, one of the aims of
grain refinement is to enhance plasticity; the main difficulty
is to preserve a small grain size at the forming temperature
which is close to. In this range of temperature, diffusive
transformations are to be considered such as recrystalliza-
tion. It is then necessary to dragging recrystallization and
grain growth; this can be achieved by introducing second
phases like precipitates. However, this leads to an increase
of the flow stress and a decrease of ductility of the material,
and therefore, a limitation of the amount of deformation
which can be introduced. The use of low purity metals may
be an interesting way since they are relatively easy to work
and may retain a suitable grain size at sufficiently high
temperatures due to the presence of impurities. In the
present investigated material, the presence of AlgFe,Si
precipitates delay the diffusion process into the ECA
extruded material.

Conclusion

A 99.1% aluminum was severely deformed by ECAE. The
microstructure of ECAE deformed material (N = 1) show
the presence of almost parallel and long grains which
contain a very high density of dislocations. At this stage,
ECAE leads to the formation of sub-grains of about
400 nm in size with many dislocation walls. In addition,
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dislocation loops were observed within the deformed
grains.

The microstructural changes observed during annealing
were supported by the evolution of hardness. Continuous
grain coarsening at lower temperatures led to a gradual
hardness decrease and resembled softening due to recovery
prior recrystallization. Thereafter, at annealing tempera-
tures above ~ 200 °C, the softening was more rapid.

The microstructure obtained after annealing for 1 h at
100 °C, contains some arrangement of the dislocations into
sub-grain boundaries within 0.5 pm-wide grains. Anneal-
ing at 300 °C led to the appearance of a duplex micro-
structure consisting of bands of slightly coarsened grains
associated with refined grains. At 400 °C, a fully recrys-
tallized structure was observed and no growth of disloca-
tions cells was observed.

In XRD measurements, the observed decrease of the
peak broadening is attributed to the decrease of the lattice
distortions and the increase of the material grain size. In
fact, when increasing annealing temperature, an important
increase of D is observed parallel to a substantial decrease
of ¢.
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