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Effect of pre-annealing on microstructure evolution of
TRC AA3003 aluminum alloy subjected to ECAP
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Abstract: An AA3003 aluminum alloy prepared by twin-roll casting was modified by a small amount of zirconium. Annealing at
450 <C led to precipitation of coherent AlsZr phase and a simultaneous co-precipitation of Mn-rich a-Al(Mn,Fe)Si phase. Severe
plastic deformation by equal channel angular pressing resulted in the grain refinement and increase of microhardness. Observation by
electron back-scatter diffraction and in-situ transmission electron microscopy revealed influence of pre-annealing on microstructure
changes during post-deformation heat treatment. Dislocation recovery and precipitation of a-Al(Mn,Fe)Si particles preceded
recrystallization at 450 <C in material which was not annealed before deformation. The pre-deformation annealing enabled
dynamic recovery during deformation as it depleted the solid solution from Mn atoms. Recrystallization was enhanced by AlsZr

precipitates.

Key words: aluminum alloy; AlsZr; a-Al(Mn, Fe)Si; pre-annealing; recovery; recrystallization; microstructure evolution

1 Introduction

The production of materials with fine grain size is
of a great importance. The reduction of the grain size
results generally in a strength increase at low
temperatures and in a formability enhancement at
elevated temperatures. The most common method for
grain refinement of aluminum alloys is severe plastic
deformation (SPD), which can produce grains smaller
than 1 pm.

The most often used SPD technique is equal
channel angular pressing (ECAP) [1-3]. It is a process
during which a billet is pressed through a special die
consisting of two channels of the same cross-section,
which intersect at an angle of @ (90° < @ < 1809. The
shape of the billet remains nearly unchanged after the
pressing [4]. The ECAP procedure can be thus repeated
several times and the stored deformation energy can be
multiplied. Consequently, ultra-fine grained material
with a high fraction of high-angle grain boundaries can
be produced. The strength of the material after ECAP is
affected not only by the presence of the second phase
particles, low-angle and high-angle grain boundaries and
texture, but also by the solid solution saturation, which is
given by the previous heat treatment [5].

The present study is focused on a new class of
twin-roll cast (TRC) aluminum alloys from AA3003
series with manganese, iron and silicon as main alloying
elements, modified by an addition of zirconium. TRC is
less demanding on the amount of energy and material
used during manufacturing than direct-chill casting (DC),
therefore, there is a growing interest in the application of
TRC materials. However, the initial microstructure of
TRC strips differs significantly from that of the DC ones
and has been intensively studied in recent years [6—10].
The high solidification rate around 500 K/s results in the
microstructure refinement and formation of finely
dispersed primary particles and high solid solution
supersaturation [11].

For technical applications the high temperature
stability of the deformed microstructure is required [12].
Recovery and recrystallization processes in Al-based
alloys can be significantly suppressed by the addition of
small amount of Zr and/or Sc. A dense dispersion of
coherent AlsZr, AlsSc or Aly(Zr,Sc,-,) particles can retard
both the movement of lattice dislocations and grain
boundaries and thus contribute to a better stability of the
microstructure at elevated temperatures [13,14].
Especially, the suppression of the grain growth is of great
importance in materials where superplastic deformation
should be achieved. Because of limited resources and
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high price of Sc, usually, only Zr as an additional
alloying element is used. Nevertheless, only scarce
information is accessible for Zr-containing TRC Al
materials [15,16]. Moreover, no results are at present
available on the application of ECAP or other SPD
techniques on TRC Al-based materials, although
combinations of high supersaturation due to TRC and
ultra-fine grained structure formed by SPD and stabilized
by Al;Zr dispersion may generate materials with superior
properties.

2 Experimental

A standard AA3003 aluminum alloy with addition
of 0.16% Zr (mass fraction) cast by the TRC method into
a strip of about 10 mm in thickness was used in this
work. This alloy will be referred as Material A. The
as-cast structures consist of large subgrains with
relatively high dislocation density in their interiors and
almost no particles of secondary phases [17].

The alloy was annealed in an air furnace with a rate
0.5 K/min to 450 <C, held at 450 €€ for 8 h and
subsequently water-quenched in order to induce the
precipitation of AlzZr phase (Fig. 1) [18]. The annealed
alloy will be referred as Material B. The annealing also
led to the precipitation of numerous Mn and Si-rich
particles of cubic a-Al(Mn,Fe)Si phase, which are
generally observed in AA3003 alloys after the high
temperature annealing [19,20].

Fig. 1 Precipitates of Al;Zr phase formed during pre-annealing
at 450 T (Inset represents selected area electron diffraction
near [100] 4 zone axis)

Both as-cast and annealed materials were subjected
to severe plastic deformation by ECAP at room
temperature. The used ECAP channels had a square
cross-section of 10 mm <10 mm and they intersect at an
angle of 90< A pressing speed of 10 mm/min and route

B were applied, while the specimen was rotated after
each pass by an angle of 90<around its axis [4].

The main aim of this work is to evaluate the
influence of pre-ECAP annealing on the microstructure
and mechanical properties evolution of the alloy after
ECAP. In order to investigate thermal stability of the
alloy at elevated temperatures, the deformed materials
were step-by-step isochronally annealed in an air furnace
with a heating scheme of 50 K/50 min.

The measurement of Vickers microhardness (HV 1)
with a load of 100 g at QNess 10A, electron back-scatter
diffraction (EBSD) in scanning electron microscope FEI
Quanta FEG 200 and in-situ heating in transmission
electron microscope JEOL 2000FX (TEM) with the same
heating scheme as the one employed during isochronal
annealing were used for the material characterization.
For the microhardness measurement, 10 indents on each
sample were performed. The scanned area by EBSD was
either 250 pm = 250 pm with a step size of 0.5 pm or
50 pm x50 pm with a step size of 0.05 pm. The average
sizes of grains and particles from TEM micrographs were
measured by an NIS-Elements 3.1 software.

3 Results

3.1 Vickers microhardness

The evolution of Vickers microhardness during
isochronal annealing after ECAP is shown in Fig. 2. The
deformation induced by ECAP results in a significant
increase of microhardness in both materials [21].
A moderate increase of microhardness occurs in Material
A below 150 € and is followed by a two-stage drop.
However, only two-stage decrease of microhardness
without any observable increase can be recognized in
Material B. The first stage of microhardness drop is more
pronounced in the as-cast Material A.
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Fig. 2 Evolution of Vickers microhardness during isochronal
annealing with heating scheme of 50 K/50 min
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The values of microhardness are comparable for
both materials at 400 <C; final drop is observed at
450 €. Above this temperature, the values of
microhardness are similar for both specimens within the
limits of the experimental error and remain constant
during further annealing.

3.2 EBSD measurement

EBSD measurements reveal elongated grain
structure in both as-cast Material A and Material B
annealed at 450 <C. The length of grains in the casting
direction is in the order of hundreds of micrometers and
their thickness in normal direction is ~50 pm (Fig. 3(a)).
ECAP processing results in a substantial grain refinement
in both materials. The subgrain size decreases to
approximately 0.5 pm (Fig. 3(b)). The ultra-fine grained
structure remains stable up to 400 <C with no change of
the grain size (Fig. 3(c)). Further isochronal annealing at
450 <T leads to the creation of a bimodal grain structure
with larger grains with a diameter of ~50 pm and smaller
ones with the average diameter of 10 pm (Fig. 3(d)). The
average grain sizes measured by EBSD are comparable
in both materials, thus, only microstructures from
Material B are represented in Fig. 3.

3.3 TEM observation
TEM observations show that both materials contain

a large number of subgrains with the average size lower
than 500 nm after 4 ECAP passes (Figs. 4(a) and 5(a)).
The dislocation density is much higher in Material A than
in Material B.

Another significant difference between Materials A
and B is the presence of secondary particles of Al;Zr and
o-Al(Mn,Fe)Si phases, which formed during pre-
annealing at 450 <C and can be observed only in Material
B. Some of the a-Al(Mn,Fe)Si particles are marked in
Fig. 5(a).

The dislocation substructure inside grains of
Material A is nearly fully recovered during annealing at
temperatures not higher than 200 <C (Figs. 4(b) and (c)).
New particles of a-Al(Mn,Fe)Si phase nucleate at above
250 <T in this material, preferentially on subgrain
boundaries. Their average diameter increases to ~100 nm
due to the further annealing (Fig. 6). At 400 <C, their
volume fraction reaches the maximum, later on
dissolution of particles back to the solid solution prevails.
As their average diameter remains constant, their volume
fraction decreases. At 500 <€ only small numbers of
coarser particles remain undissolved (Fig. 4(f)).

The average size of precipitates in Material B
slightly increases at above 350 T (Fig. 6). No new
particles precipitate during the in-situ annealing at higher
temperatures, only coarsening and dissolution of existing
ones occur (Fig. 5).
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Fig. 4 TEM images of Material A after 4 ECAP passes (a) and during in-situ annealing up to 150 <C (b), 200 <C (c), 300 T (d),
400 <C (e) and 500 <TC (f) (Some a-Al(Mn,Fe)Si precipitates formed during annealing are marked by circles in (d))

The evolution of grain size is similar in both
materials during in-situ annealing (Fig. 7). Up to 400 C
the subgrain size remains stable. At annealing
temperature around 450 <C, the significant subgrain
growth occurs, forming a bimodal structure, i.e., a small
amount of grains retain its sub-micron size while most of
the matrix is composed of large grains with the average
size of several microns.
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4 Discussion
Annealing at 450 C is responsible for
microstructure  differences between both studied

materials. The microhardness of Material A is higher
after ECAP than that observed in Material B. This is due
to a higher work hardening rate and a limited dynamic
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Fig. 5 TEM images of Material B after 4 ECAP passes (a) and during in-situ annealing at 300 <C (b), 400 <C (c) and 500 <T (d)
(Circles in (a) indicate some a-Al(Mn,Fe)Si precipitates formed during pre-ECAP annealing at 450 <C)

160
140

o — Material A
120 e — Material B

—

(=3

(=}
T

=

Pad

Equivalent diameter/nm
(o]
S

H
(=) S

T T
i
i
»ﬁ—c

3]
(==}
T

0 100 200 300 400 500 600
Annealing temperature/°C

Fig. 6 Evolution of equivalent diameter of a-Al(Mn,Fe)Si
particles measured during in-situ annealing

recovery caused by a large amount of manganese
dissolved in the aluminum matrix.

The initial deformed microstructure after ECAP
processing has an influence on hardening and softening
at elevated temperatures. The initial faint increase of
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Fig. 7 Evolution of average subgrain size measured during

in-situ annealing

microhardness observed in Material A below 150 €
might be associated with the mechanism described by
HUANG et al [22] in a heavily deformed aluminum and
observed also in other aluminum alloys [23]. The
decrease of the dislocation density in such materials can
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result in the surprising raise of the strengths in the initial
stages of the dislocation recovery. As the dislocation
density is decreased, new dislocation sources need to be
activated to enable deformation and, thus, the strength of
the material increases. Nevertheless, above 200 < a
formation of well defined subgrains occurs and
microhardness finally decreases. No such increase of
microhardness was observed in Material B, because it
contained small subgrains with well developed subgrain
boundaries.

The microhardness of Material B is lower after
ECAP than that of Material A. The amount of dissolved
atoms in aluminum matrix is lower and dynamic
recovery during ECAP could proceed to higher extent in
Material B than in Material A, as the dissolved Mn atoms
serve as obstacles for the dislocation movement in
Material A. Due to dynamic recovery, dislocation density
after deformation is lower and the subgrains are better
developed in the pre-annealed Material B and the extent
of recovery in the course of post-ECAP annealing and
connected microhardness drop are less significant than
those of Material A.

The pronounced drop of microhardness between
400 T and 450 <T is connected with the nucleation of
new grains and full recrystallization. Both materials
recrystallize at the same annealing temperature. Even
isothermal annealing does not reveal any differences in
the recrystallization Kkinetics between as-cast and
pre-annealed alloys [24]. Because the presence of Als;Zr
particles generally shifts the recrystallization of
deformed aluminum materials to higher temperatures by
approximately 100 <T [25], different mechanisms have
to be assigned to the improved recrystallization
resistance of Material A. HUANG et al [26] have shown
that recrystallization in cold-rolled aluminum alloys
could be suppressed if the level of manganese in solid
solution is high and a concurrent precipitation of Mn-rich
particles creates effective obstacles for the grain
boundary motion. Thus, the precipitation of
a-Al(Mn,Fe)Si phase can, in accordance with previous
observations [27], postpone recrystallization to higher
temperatures (by approximately 100 <C) in comparison
with materials where the second phase particles are
present already before deformation.

Moreover, even if no AlsZr precipitates were
observed in Material A at 450 <C by TEM, their presence
in the form of very small particles (diameter less than
1 nm) could not be excluded. Their eventual presence is
very probable because annealing temperature and time
are similar to the initial conditions of the AlsZr particle
formation in Material B. Therefore, their role as
recrystallization inhibitors could not be omitted.

According to in-situ  TEM  observations,
recrystallization is also influenced by the dissolution of

secondary particles. Because precipitates form mainly on
subgrain boundaries, the motion of boundaries is
hindered by these particles. Nevertheless, precipitates in
both materials have already dissolved at 450 <C or they
are too coarse to effectively pin grain boundaries and
recrystallization can easily proceed.

5 Conclusions

1) The in-situ TEM observations were used for
direct investigation of the precipitation processes and
recrystallization of a modified twin-roll cast AA3003
aluminum alloy after ECAP.

2) In the annealed material, the recrystallization is
retarded by AlsZr precipitates formed during the
pre-annealing.

3) In the non-annealed material the recrystallization
is postponed by a co-precipitation of a-Al(Mn,Fe)Si
particles.

4) The higher value of microhardness in the
non-annealed material is caused by higher work
hardening rate during ECAP induced by solid solution
saturation and consequently higher residual dislocation
density in the subgrain interior.

5) The microhardness decrease during annealing in
the non-annealed material is caused by both recovery and
recrystallization, while that in the annealed material is
caused preferentially only by recrystallization.
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