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Abstract
In this study, the effect of homogenization heat treatment
on precipitation and recrystallization kinetics as well as
geometry of recrystallized grains during subsequent
annealing of direct chill cast hot rolled and twin-roll cast
AA 3105 strips was investigated. For this purpose,
homogenization heat treatment was conducted on AA
3105 strips after cold rolling with an equivalent strain of
0.66. Homogenized and non-homogenized strips were
then cold rolled with an equivalent strain of 1.06. Results
reveal that homogenized twin-roll cast AA 3105 strip
exhibits lower recrystallization temperature as compared
to that of non-homogenized one and finer as well as
quasi-equiaxed grains through particle-stimulated nucle-
ation mechanism after soft annealing. On the other hand,
for direct chill cast hot rolled AA 3105 strip, homoge-
nization heat treatment leads to lower recrystallization
kinetics.
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Introduction

With the fact that desired final microstructure can vary based
on application [1, 2], grain structure evolution during sub-
sequent annealing of cold rolled 3xxx aluminum alloys has
been of great importance since it affects the formability and

corrosion resistance of final sheets. 3xxx aluminum alloys
with manganese as a main alloying element are widely used
in many applications such as container, packaging, archi-
tecture, automobile industry owing to their excellent specific
strength, corrosion resistance and formability [3–5]. On the
other hand, Mn has a limited solubility in Al and rapid so-
lidification during casting results in supersaturation of Mn as
well as a small portion of Mn-bearing intermetallics [6–8].
Mn can easily concurrently precipitate from supersaturated
solid solution leading to recrystallization inhomogeneity
during any subsequent heat treatment. At the same time,
concurrent precipitation of Mn-bearing particles may also
affect the texture evolution [8, 9] and recrystallization as
well as precipitation kinetics during subsequent heat treat-
ment [10]. Numerous studies have been attempted to char-
acterize nucleation behavior of cold rolled 3xxx aluminum
series. It has been reported that recrystallization inhomo-
geneity during subsequent heat treatment can be eliminated
by intermediate (homogenization) annealing prior to cold
rolling [8, 11–13] and rapid heating during recrystallization
annealing [14]. Homogenization renders to achieve fine
quasi-equiaxed grains and faster recrystallization through
decreased supersaturation of Mn and coarsening the
Mn-bearing precipitates, which encourage particle-
stimulated nucleation. All studies have shown that soften-
ing and precipitation kinetics as well as grain structure
evolution during subsequent heat treatment are strongly
influenced by initial microchemistry (Mn content in solid
solution, size and amount of Mn-bearing particles). There-
fore, to obtain the desired microstructure and texture, it is
essential to control the initial microchemistry.

In the light of this short review, the focus of this study is
to investigate the effect of initial microchemistry of AA 3105
alloy on the recrystallization and precipitation kinetics dur-
ing subsequent annealing. For this purpose, to obtain dif-
ferent initial microchemistry states direct chill cast hot rolled
and twin-roll cast AA 3105 strips were used and each strip
were processed with two different thermo-mechanical
processes.
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Experimental Studies

The materials used in the scope of this study were twin-roll
cast (TRC) strips and direct chill cast hot bands (DC, fol-
lowed by homogenization and hot rolling) of commercial
grade AA 3105 alloy with chemical compositions given in
Table 1. The thicknesses of as-received TRC and DC sam-
ples were 6.0 and 7.0 mm (coiling thickness), respectively.
The as-received samples were cold rolled (CR) with an
equivalent strain (eeq) of 0.66 and exposed to homogenization
heat treatment (HT) in an air circulating furnace at 580 °C for
8 h. Homogenized samples were cold rolled with an equiv-
alent strain of 1.06 and subsequently heat treated in an air
circulating pre-heated furnace at different temperatures and
durations. For comparison, non-homogenized as-received
materials were also processed with the same strain and sub-
sequently heat treated. In total, four different thermal
mechanically processed samples were compared (i) cold
rolled (eeq = 0.66), homogenized and cold rolled (eeq = 1.06)
TRC, (ii) directly cold rolled (eeq = 1.06) TRC, (iii) cold
rolled (eeq = 0.66), homogenized and cold rolled (eeq = 1.06)
DC and (iv) directly cold rolled (eeq = 1.06) DC.

The softening and precipitation behaviors during subse-
quent annealing were examined by tensile test, electrical
conductivity (EC) measurements and microstructural inves-
tigations. The electrical conductivity measurements were
conducted at room temperature on as-received as well as
homogenized, cold rolled and subsequently annealed sam-
ples at 60 kHz. Results of electrical conductivities were
evaluated by averaging the results of 12 successive mea-
surements. Microstructural surveys were conducted by
optical microscope on the longitudinal cross-sections of
subsequently annealed samples under polarized light after
preparing the specimens according to the standard metallo-
graphic methods etching with Barker’s solution.

Results and Discussion

Electrical conductivity measurement results of as-received,
cold rolled (eeq = 0.66) and homogenized samples are
shown in Table 2.

Among the as-received materials, DC exhibits higher EC
than that of TRC. EC of as-received TRC strip was measured
as 23.9 mS/m and was found to slightly decrease with cold
rolling, and increase with homogenization heat treatment. In

contrary to TRC, homogenization heat treatment after an
equivalent strain of 0.66 led to lower EC for DC. It has been
reported that Si and Cu have less influence on EC as com-
pared with Mn and Fe. Therefore, lower EC of as-received
TRC strip indicates supersaturation of Mn in solid solution
owing to high cooling rate encountered in twin-roll casting
and increased EC of homogenized TRC strip can be asso-
ciated with reduced concentration of Mn in solid solution
and thus precipitation of Mn-bearing particles. At the same
time, higher EC of as-received DC material indicates large
amount of precipitates present and can be attributed to the
homogenization heat treatment conducted after direct chill
casting. However, homogenization conducted after cold
rolling (eeq = 0.66) results in lower EC indicating the dis-
solution of Mn-bearing precipitates and diffusion of Mn to
solid solution [9].

Figure 1 plots the variation of yield strength (YS) and
increase in EC of all samples as a function of annealing time at
different temperatures. As can be seen in Fig. 1, EC increases
during subsequent annealing conducted after cold rolling
(eeq = 1.06). Non-homogenized TRC sample shows a sig-
nificant increase in EC with annealing time. Marked increase
in EC of non-homogenized TRC sample indicates faster dif-
fusion of Mn from supersaturated solid solution leading to
concurrent precipitation of Mn-bearing particles during
annealing.However, homogenized TRCand bothDC samples
exhibit a slight increase in EC with annealing time. This
observation can be attributed to less amount of Mn in solid
solution due to formation of Mn-bearing particles during ho-
mogenization. Among the DC samples, homogenized one
after cold rolling (eeq = 0.66) shows higher increase in EC
indicating that precipitation is stronger than non-homogenized
sample due to higher initial Mn content in solid solution.

On the other hand, as annealing temperature and time
increase YS of all samples decrease. Non-homogenized TRC
sample shows the slowest softening kinetics. It was reported
that concurrent precipitation of Mn-bearing particles during
annealing slows and retards the softening. Therefore, with
the significant increase in EC, slow softening kinetics of
non-homogenized TRC sample can be attributed to concur-
rent precipitations of Mn-bearing particles during subse-
quent annealing. Among the homogenized TRC and both
DC samples, non-homogenized DC sample, which has lower
Mn content in solid solution and thus lower potential for
concurrent precipitation, exhibits the highest softening
kinetics during subsequent annealing.

Table 1 Chemical compositions
of the samples

Sample Si Fe Cu Mn Mg Cr Zn Ti

TRC 0.13 0.45 0.05 0.37 0.39 0.01 0.02 0.02

DC 0.10 0.38 0.05 0.35 0.41 0.00 0.01 0.01
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Figure 2 shows typical etched cross sectional optical
microscope images of recrystallized samples during subse-
quent annealing. Microstructural investigations revealed that
non-homogenized TRC sample exhibits coarse elongated

grains where homogenized TRC and both DC samples
represent finer as well as quasi-equiaxed grains. Coarse
elongated grains of non-homogenized TRC sample can be
explained by concurrent precipitates. It was reported that

Table 2 Electrical conductivity measurement results of as-received, cold rolled (eeq = 0.66) and homogenized samples

Sample State Electrical conductivity, MS/m

TRC As-received 23.9

CR 23.5

HT 27.7

DC As-received –

CR 28.3

HT 27.6

Fig. 1 Variation of YS and increase in EC of samples as a function of annealing time at different temperatures, a homogenized TRC,
b non-homogenized TRC, c homogenized DC and d non-homogenized DC
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concurrent precipitations in parallel direction to rolling
inhibit grain growth in normal direction [8, 11, 13]. On the
other hand, quasi-equiaxed grains of homogenized TRC and
both DC samples can be attributed to particle-stimulated
nucleation.

Conclusions

The results of this study can be summarized as follows:
Softening behavior and precipitation kinetics of twin-roll

cast and direct chill cast hot rolled AA 3105 strips during
subsequent annealing are affected by microchemistry
(amount of Mn in solid solution and precipitation state) and
thus previous heat treatment processes.

In general, higher annealing temperature leads to faster
precipitation kinetics. Non-homogenized twin-roll cast AA
3105 strip exhibits more pronounced increase in electrical

conductivity indicating that more Mn-bearing particles
concurrently precipitate from supersaturated solid solution
during subsequent annealing.

Concurrent precipitation from solid solution slows and
retards the softening. This is more obvious in
non-homogenized twin-roll cast AA 3105 strip which shows
the slowest softening kinetics. Homogenization heat treat-
ment enhances the softening kinetics of twin-roll cast AA
3105 strips reducing the supersaturating of Mn content in
solid solution. However, homogenization heat treatment
slows softening kinetics of direct chill cast hot rolled AA
3105 strip at a constant temperature through providing more
Mn content in solid solution and thus higher potential for
current precipitation during subsequent annealing.

Non-homogenized twin-roll cast exhibits coarse elon-
gated recrystallized grains due to concurrent precipitation of
Mn-bearing particles which inhibit grain growth in normal
direction during subsequent annealing. On the other hand,

Fig. 2 Typical etched cross sectional optical microscope images of
recrystallized samples during subsequent annealing, a Homogenized
TRC annealed at 330 °C for 2 h, b non-homogenized TRC annealed at

410 °C for 2 h, c homogenized DC annealed at 330 °C for 2 h and
d non-homogenized DC annealed at 310 °C for 1 h
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homogenized twin-roll cast and both direct chill cast hot
rolled strips possess quasi-equiaxed recrystallized grains due
to particle-stimulated nucleation.
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