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Recrystallization during isothermal annealing is studied in a twin-roll cast Al�Mn�Fe�Si alloy with Zr addi-
tion. Al3Zr precipitates, which are known to improve the recrystallization resistance by exerting the Zener drag on
migrating grain boundaries, form during heat treatment at 450 ◦C. Materials with and without Al3Zr precipitates
are subjected to 4 passes of equal channel angular pressing at room temperature and a submicrometric grain size
is achieved. In the course of isothermal annealing materials recrystallize at 400 ◦C, 425 ◦C and 450 ◦C. The time
required for recrystallization follows an Arrhenius equation. Recrystallization kinetics is similar independently of
the presence of Al3Zr precipitates. Precipitation of α-Al(Mn,Fe)Si particles is thought to increase the recrystal-
lization resistance in the material without Al3Zr.
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1. Introduction

Equal channel angular pressing (ECAP) is a commonly
used method of severe plastic deformation (SPD). The
main objective of SPD is grain size reduction and the
associated strength increase [1, 2]. During ECAP the
billet of the material is pressed through a die which con-
sists of two channels of equal cross-section intersecting
at an angle Φ, usually 90◦ [3]. The main advantage of
this technique is the possibility of repeating the pressing
several times, inducing a required level of strain into the
material and producing relatively large ultra-�ne grained
bulk materials.
The method of twin-roll casting (TRC) of aluminium

alloys is an alternative to conventional casting tech-
niques. It provides a high solidi�cation rate and produces
highly supersaturated materials with enhanced mechan-
ical properties. During annealing small dispersoids pre-
cipitate from the supersaturated aluminium matrix [4�
6]. Precipitation in non-heat treatable Al�Mn-based al-
loys occurs mainly heterogeneously on dislocations, sub-
grain and grain boundaries [7]. Recently, the microstruc-
ture evolution in TRC alloys was intensively studied
(e.g. [8�10]). However, nearly no results are available on
SPD processed TRC alloys, although the superposition of
higher supersaturation with intensive plastic deformation
could guarantee a new class of high-strength materials.
During the high temperature treatment recrystalliza-

tion and grain growth can take place. The methods
how to preserve the submicrometric size of the grains
are under intensive research (e.g. [11]). By adding small
amounts of zirconium into aluminum alloys metastable
coherent dispersoids Al3Zr with cubic L12 structure
can be formed. They can retard the motion of lattice
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dislocations and grain boundaries and contribute to a
better stability of the microstructure at elevated temper-
atures [12, 13]. These particles can be formed during
isothermal annealing at 450 ◦C preceded by a slow tem-
perature increase [14, 15].
The aim of the present study is to evaluate the in-

�uence of Al3Zr precipitates on the recrystallization ki-
netics in TRC ultra-�ne grained Al�Mn�Fe�Si alloy af-
ter ECAP during isothermal annealing at three di�erent
temperatures.

2. Experimental

In the present work, aluminium alloy from AA3003
series (1.02 wt.% Mn, 0.23 wt.% Fe and 0.58 wt.% Si)
modi�ed by an addition of 0.16 wt.% Zr was studied.
The alloy was twin-roll cast in industrial conditions and
subsequently annealed in an air furnace with a heat-
ing rate of 0.5 K/min to 450 ◦C and held at 450 ◦C for
8 h. This treatment led to the formation of a �ne dis-
persion of Al3Zr precipitates [16]. Both, the as-cast
material and the annealed one were subjected to four
ECAP passes at room temperature, employing the press-
ing speed 10 mm/min and the route Bc, where the sample
is rotated by 90◦ after each pass [17].
Previous investigation [18] showed that pre-annealing

at 450 ◦C does not in�uence the recrystallization temper-
ature during isochronal annealing � both pre-annealed
and non-annealed materials recrystallize between 400 ◦C
and 450 ◦C. Isothermal annealing at 400 ◦C, 425 ◦C, and
450 ◦C was applied in order to describe the kinetics of
recrystallization and determine the role of pre-annealing.
Mechanical properties were investigated by the Vickers
microhardness (HV) measurement with a 100 g load
and the microstructure evolution was observed, using
a transmission electron microscope (TEM) JEOL JEM
2000 FX and a scanning electron microscope (SEM) FEI
Quanta FEG 200 equipped with electron backscatter
di�raction (EBSD).
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3. Results

The evolution of the Vickers microhardness during
isothermal annealing at 400 ◦C, 425 ◦C, and 450 ◦C from
0.5 to 32 h is shown in Fig. 1. After a short annealing
time at elevated temperature the microhardness drops
signi�cantly from initial values of 100 HV0.1 for the
non-annealed and 90 HV0.1 for the pre-annealed ma-
terial, respectively. At the highest annealing tempera-
ture 450 ◦C the microhardness drop is very steep. After
30 min the average microhardness reaches 50 HV0.1 and
both materials preserve this value during further expo-
sure to 450 ◦C.

Fig. 1. The evolution of Vickers microhardness during
isothermal annealing at 400, 425 and 450 ◦C for both
pre-annealed and non-annealed material.

Fig. 2. EBSD orientation map of grains in the material
non-annealed prior to ECAP during annealing at 425 ◦C.
High angle grain boundaries are represented by dark
lines. a) just after ECAP, b) 1 hour, c) 3 hours (A �
deformed, B � recrystallized parts), d) 4 hours.

In materials annealed at 400 ◦C and 425 ◦C for 0.5 h
the decrease of microhardness to values around 70 and
75 HV0.1 is followed by a plateau. Nevertheless, after
longer annealing times also at these temperatures the
microhardness drops to a �nal value of about 50 HV0.1.
A signi�cantly shorter time between 3 and 4 h is neces-
sary at 425 ◦C, while at 400 ◦C the main microhardness
drop from 70 to 50 HV0.1 takes place between 12 and
16 h of annealing.
Observations in SEM by EBSD enabled examination

of the grain structure. After four ECAP passes materials
contain sub-micrometric grains which are separated by
high angle grain boundaries (Fig. 2a). During the initial
stages of annealing at elevated temperature the average
grain size increases slightly from 0.4 µm to approximately
1 µm (Fig. 2b). Due to further annealing these grains are
stable to the point, where grains of the size 20�100 µm
appear. These new grains are separated by high angle
grain boundaries.
After a short period at 450 ◦C part of the specimen

contains new, recrystallized grains with an average size
of 50 µm. The recrystallized fraction is higher in the pre-
annealed material. After 1 h at 450 ◦C the microstructure
is fully recrystallized in both materials (pre-annealed and
non-annealed prior to ECAP). After 3 h at 425 ◦C half
of the microstructure consists of micrometric grains or
subgrains, the second half is built up of new grains with
no subgrain substructure (Fig. 2c � areas A and B).
Further annealing to 4 h results in a full transformation to
a coarse-grained structure. However, small grains with a
diameter around 10 µm inside large ones are still observed
(Fig. 2d). During heat treatment at 400 ◦C, a limited
number of recrystallization nuclei is observed in the pre-
annealed material even after 4 h. Full recrystallization
takes place after 16 h in both types of materials; however,
the �rst traces of recrystallization in the non-annealed
material are not observed until 8 h of annealing.
TEM observation shows that the microstructure after

ECAP processing consists of sub-micrometric grains with
a high density of dislocations (Fig. 3a). After a short pe-
riod at 400 ◦C the dislocation substructure is fully recov-
ered and high angle grain boundaries dominate (Fig. 3b).
Precipitation of the α-Al(Mn,Fe)Si phase is another e�ect
of isothermal annealing at all temperatures. Examina-
tions in TEM show that a high density of these particles
is present in both materials after heat treatment. In the
material, which was not annealed prior to ECAP, all pre-
cipitates form during the post-ECAP heating. They are
located mainly on grain boundaries. In the pre-annealed
specimen, besides the precipitates, which were present in
the material before ECAP, new ones form, while a signif-
icant coarsening of the original ones occurs.

4. Discussion

During isothermal annealing at elevated temperatures
the sub-micrometric grains are replaced by new grains
with a size comparable to the state before plastic de-
formation by ECAP. However, the grain distribution is
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Fig. 3. (a) TEM image of the non-annealed alloy after
4 ECAP passes containing a high dislocation density
(arrows) and (b) after 1 hour of annealing at 400 ◦C
with α-Al(Mn,Fe)Si precipitates (circles) and high angle
grain boundaries (arrows).

inhomogeneous and some of the grains retain smaller size
around 10 µm. The time necessary for full recrystalliza-
tion highly depends on the annealing temperature: at
400 ◦C it takes 16 h for full recrystallization, at 425 ◦C
only 4 h. At the highest applied temperature 450 ◦C the
recrystallization is very fast, a high fraction of the ma-
trix recrystallizes already during 10 min of exposure to
the elevated temperature.
The time corresponding to 50 % recrystallization tRX

is related to the annealing temperature T with an acti-
vation energy for recrystallization QRX in an Arrhenius-
type representation

tRX = τ0 exp

(
QRX

RT

)
, (1)

where τ0 is a constant and R is the universal gas con-
stant [19]. This may be represented as a linear �t of
ln(tRX) against 1/T (Fig. 4). The activation energy
QRX is known to be strongly a�ected by the state of the
solid solution and precipitation and in cold-rolled alu-
minium alloys it varies from 200 to 500 kJ/mol [20, 21].
The value estimated from data in the present study
(QRX = (275 ± 30) kJ/mol) agrees well with the lit-
erature data.
The time required for recrystallization at all se-

lected temperatures does not depend on the alloy pre-
treatment. This means that the initial annealing at
450 ◦C, which was conducted in order to enhance ther-
mal stability of the alloy at high temperatures, does not
meet the requirement. Moreover, the �rst recrystallized
grains emerge at a given temperature in the pre-annealed
material after a shorter annealing time than in the non-
annealed one. This may be caused by the depletion of
the matrix from Mn and also by a higher density of α-
Al(Mn,Fe)Si phase particles, which are present in the ma-
trix prior to isothermal annealing. Such particles can pro-
mote recrystallization serving as preferential nucleation
sites for recrystallization through the particle stimulated
nucleation. Both e�ects thus can override the bene�-
cial in�uence of Al3Zr precipitates. Precipitation taking
place concurrently with recrystallization is known to en-

Fig. 4. Linear relation between the logarithm of time
necessary to 50% recrystallization tRX to the reciprocal
of the annealing temperature T , used for the calculation
of activation energy QRX .

Fig. 5. The relation of Vickers microhardness and av-
erage grain size d during isochronal annealing at 425 ◦C,
�tted to a Hall-Petch relation (Eq. 2).

hance recrystallization resistance [5, 22]. This is the case
of the non-annealed material, where new α-Al(Mn,Fe)Si
particles form during annealing and enhance the recrys-
tallization resistance in the same extent as Al3Zr precip-
itates in the pre-annealed alloy.
The increase of average grain size during annealing is

connected with microhardness via the Hall�Petch rela-
tion � the microhardness HV drops as the reciprocal of
the square root of the average grain size d:

HV = H0 +
KH√
d
, (2)

where H0 and KH are coe�cients typical of each
material [23]. Following the Hall�Petch relationship
(Eq. (2)) the microhardness and grain size evolution dur-
ing isothermal annealing at 425 ◦C follow a linear depen-
dence of microhardness on inverse square root of the av-
erage grain size (Fig. 5). Fitted parameters from Eq. (2)
are KH = (43±4) HV0.1/√µm and H0 = (36±5) HV0.1
for the alloy non-annealed prior to ECAP and KH =
(45±6) HV0.1/√µm andH0 = (29±4) HV0.1 for the pre-
annealed one. These values are comparable with the val-
ues obtained generally on severely deformed aluminium
alloys [23, 24].
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5. Conclusion

Twin-roll cast AA3003 aluminium alloy modi�ed by
a small amount of zirconium was studied. Ultra-�ne
grained structure was formed by ECAP. Isothermal an-
nealing at 400, 425, and 450 ◦C leads to recovery of dislo-
cation substructure, recrystallization of deformed struc-
ture and to precipitation of α-Al(Mn,Fe)Si particles. The
time necessary for recrystallization decreases with in-
crease of annealing temperature, independently of the
heat pre-treatment. In the pre-annealed material the re-
crystallization resistance is attributed to Al3Zr precipi-
tates, in non-annealed material to the concurrent precip-
itation of the α-Al(Mn,Fe)Si phase.
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