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The recrystallization behaviour of 92% cold rolled commercial pure aluminium has been
studied. Annealing was done at different conditions to evaluate the effect of recrystallization
temperature and time on the microstructure and texture of the alloy along with a study of
subsequent precipitation. Variation of orientation between grains has been studied by the
orientation imaging microscopy (OIM). During precipitation, cube component {001}<100> has
dropped and rolling texture component {112} < 1̄1̄1 > has increased comparatively.
Recrystallization texture is the combination of cube, rolling and random texture. However,
during grain growth strong cube grains have formed. A significant number of dislocations are
present during grain growth owing to the pinning effect of Al3Fe particles.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
It is well known that rapid solidification may result in
a supersaturated solid solution [1, 2]. After continuous
casting of commercial purity aluminium, iron stays in the
supersaturated solid solution of aluminium owing to rapid
cooling rate. Upon rolling and subsequent annealing, iron
comes out from the solid solution and precipitated as
Al3Fe particles [3]. The mutual interaction of precipita-
tion and recrystallization has been extensively studied by
Hornbogen and Köster [4]. Precipitates either enhance
or inhibit the process of recrystallization. A large num-
ber of publications are available relating to the influence
of dispersed particles on the recrystallization kinetics of
two-phase alloys [5–11]. Recrystallization phenomenon
is largely affected by the events at the particle-matrix in-
terface rather than on changes within the particles them-
selves. This happens owing to a difference in number of
dislocations at the particle-matrix interface than the matrix
during deformation process; this results in recrystallized
nuclei during annealing [12–14]. It is revealed that particle
stimulated nucleation (PSN) happens at the deformation
zone of the particle-matrix interface when critical particle

size is greater than 1 µm [15]. Fine particles (less than
0.1 µm in diameter) retard the start of recrystallization by
promoting a homogeneous distribution of dislocations.
Vatne et al. [16] discussed these two effects of particles
on recrystallization textures and microstructures at length.
Cube nuclei prevail in a heavily deformed material when
a significant amount of dispersoids are present prior to
annealing as well as when precipitation occurs during the
early stage of annealing. This is dependent on a combi-
nation of factors including nucleus size, reduced internal
subgrain boundary energy and possibly reduced energy
of cube band boundaries [17]. Some researchers [18] ob-
served a decrease in cube texture with the presence of dis-
persoids. Conversely, the formation of cube texture is also
enhanced during precipitation which occurs concurrently
with recrystallization [19]. Therefore, the development
of texture during recrystallization is quite complicated
due to the presence of particles. Generally commercial
Al alloys contain three types of recrystallization texture-
cube texture, the retained rolling texture and the random
texture [20–23]. The warm, extruded commercial purity
aluminium shows 40–75% near-cube grains (within 20◦
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of cube) frequency, compared to 4% frequency expected
for random nucleation [24]. However, cold rolled com-
mercially pure aluminium shows a significant balance
between cube orientation and random orientation after
complete recrystallization [22].

In the present study the precipitation and recrys-
tallization behaviour of 92% cold rolled aluminium
alloy AA1235 have been reported at different annealing
conditions.

2. Experimental details
The alloy chosen for this research work is a commercially
pure aluminium alloy (AA1235), which contains 0.67Fe,
0.16Si, 0.01 Ti and balance Al (all in wt%). This alloy was
cold rolled by 92% from a continuously cast slab by multi-
step cold rolling. The cold rolled alloy was recrystallized
at different temperatures with the variation of annealing
time to study the change of microstructure and texture.

Recrystallization and subsequent precipitation reaction
were jointly studied by the differential scanning calorime-
try (DSC). The DSC measurements were performed using
a Perkin-Elmer Diamond DSC instrument controlled by
the Pyris software. Runs were carried out at the heating
rate of 10◦C/min. Recrystallization peak observed in
DSC thermogram was complemented by microhardness
measurement using a Leica VMHT micro-hardness tester
at a load of 10 g for 20 s. Subsequent precipitation peak in
DSC thermogram was confirmed by a four-probe resistiv-
ity measurement method using Keithley nano-voltmeter
(2182) and source meter (2400).

For the preparation of thin foils of transmission electron
microscopy (TEM) study, sample of 10 × 10 mm dimen-
sion was cut from 0.55 mm thick aluminium sheet. There-
after, it was mounted on a jig using thermoplastic wax and
it was thinned down to 80–100 µm thickness by grinding
on a 600 grit SiC paper at a low speed (70 rpm) wheel
under flowing water. After reaching specified thickness
sample was taken out from the jig by applying acetone
and 3 mm discs were punched out using a high preci-
sion punching machine. Discs were jet-polished using a
Struers Tenupol 5 unit in an electrolyte consisting of 70%
methanol and 30% concentrate nitric acid at a tempera-
ture maintained between −30 and −20◦C. Immediately
after jet polishing, samples were stored inside a vacuum
chamber and studied in a Philips CM12 TEM operat-
ing at 120 KV. Orientation imaging microscopy (OIM)
was performed on mirror polished longitudinal sections
of specimens in the various annealed conditions. At least
two different surfaces of each sample were scanned during
OIM on the total minimum area of 400 µm by 400 µm.
Orientation data were analyzed by the software package
TSL (Tex-scan Ltd.)

3. Results and discussion
3.1. Interaction between precipitation and

recrystallization
During annealing of commercial alloys, the presence of
the alloying element in solid solution or as precipitates

is one of the important factors for controlling the mi-
crostructure and texture of alloys. Differential scanning
calorimeter (DSC) is a good instrument to study the se-
quence of precipitation and recrystallization. In DSC ther-
mogram, exothermal peak represents recovery, recrystal-
lization and precipitation where as endothermal peak is
for the dissolution of phases. In Fig. 1, the first exothermal
peak (A) is perhaps related to both recovery and precip-
itation. Although, this correlation is not quite a straight-
forward one; still a maximum decrease in electrical re-
sistivity around 300◦C suggests a precipitation reaction
at that stage (Fig. 2). The main exothermal peak (B) is
due to recrystallization. To confirm the recrystallization
peak, Vickers microhardness measurements were done
on the samples taken out from the DSC instrument after
heating to the required temperature followed by an imme-
diate cooling (120◦C/min); the results of which are also
shown in Fig. 1. The sudden drop of microhardness value
coincides with the temperature range of recrystallization

Figure 1 DSC curve for AA1235 alloy 92% cold rolled at the heating rate
of 10◦C/min. Measurements of vickers hardness during DSC run carried
out at room temperature on samples taken out of the DSC apparatus.

Figure 2 Change of resistivity of 92% cold rolled AA1235 alloy as a
function of temperatures for 60 min annealing.
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Figure 3 Microhardness and electrical resistivity of the cold rolled alloy
as a function of temperature after 60 min of isothermal annealing [25].

peak in DSC thermogram. Recrystallization completes at
around 360◦C and subsequently the precipitation reaction
starts, which is clearly explained by the third exothermal
peak at C.

Fig. 2 shows the variation of electrical resistivity as
a function of annealing temperature. It is shown that no
change in electrical resistivity up to 200◦C, and then it
continuously decreases to its lowest value at 300◦C. The
maximum decrease in electrical resistivity around 300◦C
suggests a precipitation reaction at that stage (Fig. 2). At
400◦C, a small hump in resistivity curve may be for pre-
cipitation. It is evident from DSC thermogram obtained
during linear heating and electrical resistivity that precip-
itation takes place mostly prior to recrystallization. How-
ever, present researchers have also observed the evidence
of precipitation and recrystallization taking place simul-
taneously during isothermal heating [25]. Fig. 3 shows a
sudden drop of hardness due to recrystallization and low-
ering of electrical resistivity due to precipitation at the
same temperature range during isothermal heating of the
alloy. The linear heating in DSC delays the rearrange-
ment of dislocations hence the recrystallization, where as
the isothermal heating helps in providing sufficient time
for the rearrangement of dislocations resulting in simul-
taneous occurrence of precipitation and recrystallization.
Therefore, it is likely that the precipitation of Al3Fe par-
ticles takes place simultaneously with recrystallization
during isothermal heating and prior to and after recrystal-
lization during linear heating in a DSC.

3.2. Recrystallized microstructure
Recrystallized microstructures and precipitates are ob-
served by transmission electron microscopy (TEM). The
alloy shows dislocation networks with fine precipitates of
average size of 0.2 µm in the as-rolled condition (Fig. 4a).
Figs. 4b and c show subgrain structure formation by the
reorientation of dislocations to create the stable low angle
boundaries and subsequent precipitation of fine (0.5 µm)
Al3Fe particles after annealing at 250◦C for 240 min. Dur-

ing annealing of supersaturated alloys, substructure is a
favoured site for precipitation. Particles are easily nucle-
ated at the sub-boundaries due to fast diffusion paths near
the boundaries [16]. Fine particles precipitated at sub-
boundary inhibit the boundary migration during primary
recrystallization (Fig. 4c). At high temperature (480◦C),
dissolution of particles takes place and this leads to the
grain growth at high temperature (Fig. 4d). At this stage
a pinning effect of remaining large Al3Fe precipitates is
responsible for the presence of a significant number of
dislocations even at full annealed condition (Fig. 4e).

3.3. Orientation imaging microscopy (OIM)
Inverse Pole figure (IPF) maps of different grains have
been obtained by OIM as shown in Fig. 5. In the OIM
technique, orientation of each grain is detected by elec-
tron back scattered diffraction pattern (EBSDP). The
colour/gray scale of the grains is related to crystal axis
aligning with the sample normal direction. The same
colour/gray scale grains have same crystal orientation.
The colour/gray scale change indicates a significant ori-
entation gradient developed during recrystallization of
the material. Upon annealing, three types of orientations
(cube, rolling and random) are observed here. Computa-
tional software was used to measure the size and number
of grains of different orientation from the IPF maps and
calculation of volume fraction of different texture com-
ponents [22].

Fig. 5a shows orientation of the grains at an early stage
of recrystallization. It is seen that initially a higher frac-
tion of cube-oriented grains recrystallizes and grows from
a cube band and from prior grain boundaries. Due to the
presence of small size particles there was no evidence of
nucleation at particles. Higginsion et al. have also found
the same type of nucleation behaviour in Al-Mn-Si al-
loys [17]. Small particles retard both the nucleation and
growth of recrystallized grains. For viable nuclei forma-
tion, it should reach the critical size. The cube subgrains
may easily reach the critical value due to large initial cube
subgrain size and the high recovery rate during the ini-
tial recovery period before the onset of precipitation [16].
Thus the nucleation from cube bands is not strongly af-
fected by the precipitation reaction. Initially grains with
cube orientation dominate over other orientations. How-
ever, with an increase in annealing time cube grains gen-
erally grow very slowly owing to the effect of solute drag
and/or precipitation; this accounts for the development of
the rolling component and reduction of the strength of the
cube component [26].

At high temperature, a preferred growth of cube-
oriented grains gives it the dominance in recrystallization
texture. However, it is strongly dependent on the pres-
ence of precipitates in the matrix. At 380◦C, R-oriented
(orientations close to those obtained in the former rolling
texture) and randomly oriented grains prevail with an in-
crease in annealing time owing to the hindrance of the
growth of cube-oriented grains by precipitates (Fig. 5b).
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Figure 4 Transmission electron microscopy of the alloy AA1235 (a) as cold rolled and at different annealed conditions (b) and (c) at 250◦C for 240 min,
(d) and (e) at 480◦C for 480 min.
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Figure 5 Inverse Pole Figure (IPF) maps obtained by OIM: annealed at (a) 280◦C for 30 min, (b) 380◦C for 480 min. The rolling direction (RD) is indicated.
IPF map shows the direction of crystal axis aligned with the sample normal.

Figure 6 Volume fractions of the cube component as a function of annealing
time at different temperatures.

At low temperature, a small amount of precipitates and at
high temperature dissolution of some precipitates affect
the boundary migration less drastically.

The volume fraction of cube component as a function
of annealing time at different temperatures shows that
the orientation of grains has continuously changed during
recrystallization process (Fig. 6). At 280◦C, volume frac-
tion of cube oriented grains initially increases and then
becomes constant with annealing time, and at 480◦C vol-
ume fraction of cube grains has continuously increased
with annealing time. However, at 380◦C, the volume frac-
tion of cube component has continuously decreased with
annealing time.

3.4. Distribution of grains of different
orientations

Fig. 7 shows the distribution of grain sizes of dif-
ferent orientations at 380 and 480◦C after annealing
for 480 min. This distribution is generally between

10–60 µm with the average grain size of 24 and 26 µm
for annealing at 380 and 480◦C, respectively. It is seen
that annealing temperature has no significant effect on
the grain size distribution. Recrystallized grains of all
the three orientations are inhomogeneously distributed
throughout the microstructure. Although, the average
grain size of cube oriented grains is larger than the
rest, randomly oriented grains are more in number than
other two orientations in both annealed conditions. Grain
growth as well as recrystallization texture are greatly
affected by subsequent precipitation in the alloy. The
inhomogeneous distribution of grains can be explained
by distribution of precipitated particles. The growth of
some grains is completely stopped by the precipitates
compared to other grains. It results in the co-existence of
large and small grains after complete recrystallization.

3.5. Pole figures
The deformation texture and recrystallization induced
[001] texture in the 92% cold rolled aluminium alloy
AA1235 was studied by pole figures obtained from the
grain orientation data collected by OIM. Fig. 8 shows pole
figures as cold rolled and at different annealed conditions.
The center of the pole figures corresponds to the normal
direction (ND) of specimen surface, which is denoted by
[001]. After cold rolling to 92% reduction in thickness,
the alloy AA1235 shows rolling texture, {112} < 1̄1̄1 >

(Fig. 8a). During annealing, recrystallization texture de-
velops containing mainly the cube texture component,
{001}<100>, along with the rolling texture component
and a relatively large volume fraction of random texture
components. During early stage of annealing, small parti-
cles may significantly alter the texture evolution owing to
the possible influence on nucleation and growth of recrys-
tallized grains [16]. After annealing at 280◦C for 60 min,
weak cube texture prevails along with some rolling texture
(Fig. 8b). Same thing occurs with an increase in anneal-
ing time to 480 min (Fig. 8c). However, the rolling texture
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Figure 7 Distribution of grain sizes.

Figure 8 {111} pole figures for the specimen (a) as 92% cold rolled and annealed at (b) 280◦C for 60 min, (c) 280◦C for 480 min, (d) 380◦C for 1 min (e)
380◦C for 480 min (f) 480◦C for 1 min (g) 480◦C for 480 min RD denotes Rolling direction. TD denotes Transverse direction.

continuously disappears with the formation of a random
texture. With an increase in temperature to 380◦C, just
after 1 min of annealing a strong cube texture develops
(Fig. 8d). After 480 min of annealing at 380◦C, a weak
cube texture develops along with a rolling texture owing
to a favoured nucleation of the latter (Fig. 8e). Anneal-
ing at 480◦C for 1 min also favours a weak cube texture
(Fig. 8f) and with an increase in annealing time, the cube
texture becomes strong (Fig. 8g). However, stronger cube
texture develops at 480◦C owing to the presence of large
precipitates compared to a weak cube texture at 280◦C
where fine precipitates are present. There has been a gen-

eral observation that the strength of the cube texture in
the fcc alloys has increased during grain growth [27]. It
is desirable to achieve an optimum balance between the
cube and other texture components to minimize the over-
all anisotropy.

4. Conclusion
The following conclusions are drawn from the study of
precipitation and recrystallization behaviour of 92% cold
rolled aluminium alloy AA1235 annealed at different tem-
peratures for different time:
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(1) Precipitation reaction takes place at 300 and 400◦C.
(2) Precipitation takes place concurrently with the re-

crystallization during isothermal heating and prior to and
after recrystallization during linear heating in a DSC.

(3) Upon annealing, the migration of low and high an-
gle grain boundaries is inhibited by the pinning effect of
precipitates.

(4) Due to the hindrance effect of Al3Fe, a significant
number of dislocations is evident even after the comple-
tion of recrystallization.

(5) Long annealing time at low (280◦C) and intermedi-
ate temperatures (380◦C), and a short annealing time at
high temperature (480◦C) enhance the precipitation reac-
tion, which results in a higher volume fraction of rolling
and other oriented grains due to the retardation growth
of cube oriented grains by the pinning effect of Al3Fe
precipitates.

(6) There is a coexistence of large and small recrystal-
lized grains of all orientations due to the effect of fine
precipitates.

(7) The recrystallization texture of 92% cold rolled alloy
AA1235 consists of cube texture along with rolling and
random textures.
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