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Recrystallization kinetics and grain size
distribution have been studied in commercial
purity aluminium (1050) and Al-Mg alloy (5005)
which had been previously twin-roll cast to
thicknesses of 1.5 mm and 3 mm. The samples
were annealed at 300 oc for different times up to
20 hours. The index of recrystallization was found
to be 3.2 ± 0.2 for each type of material, which
implied a three-dimensional nature of
recrystallization. The 1.5 mm thick samples had
higher nucleation rates and, therefore, a smaller
final average recrystallized grain size. The grain
size distribution was more stabilised in the 1050
samples than in the 5005 samples, and this may be
due to the drag effect of the FeAI3 particles on the
grain boundaries in the commercial aluminium
samples. The degree of spread in the distribution
of the grain sizes was bigger in samples rolled
to 3 mm than those rolled to 1.5 mm. Anisotropy
in the microstructure was observed in the 1050
sheets of thickness 3 mm, in that, the average
grain size in the rolling direction (RD) was larger
than that in the transverse direction (TD). However,
during annealing at 500 oc, the 1.5 mm-thick
samples of the 1050 sheet preceded the 3.0 mm-thick
samples in achieving an equiaxed grain structure.
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Introduction
Twin-roll strip casting of aluminium alloys has become an
energy-saving method for producing sheets of metals of
varying thicknesses. In the process molten metal is fed
between water-cooled rollers. The metal then solidifies
and is shaped by other sets of rollers which are kept at
different spacings; the ingot is subsequently reduced in
thickness by different amounts at various stages of the
operation. The aluminium sheets produced this way
are used in the manufacture of roofing sheets, cooking
utensils and sections for architectural purposes.
One of the widely used aluminium alloys is commercial
purity aluminium, known to contain some impurities
which influence recrystallization. Iron, for example, is
*Author for correspondence

Int. J. Cast Metals Res., 1998, 10, 329-334

present as intermetallic particles with sizes which range
from fractions of a micron to several microns. Particles
of such sizes act as nucleation centres, and have been
observed to accelerate nucleation rate. Evidence of
this effect has been found in Fe-Al, and Al-CuAl 2 . 1- 3
Besides this effect, it has also been established that an
increase in the number of nucleation sites could decrease
the recrystallized average grain size. 1
A deformed metal does not usually return to the
annealed condition by a single reaction because of the
complexity of the cold-worked state. The return to a more
equilibrium structure cannot occur spontaneously, but
only at elevated temperatures through thermally activated
processes involving diffusion, annihilation of dislocation,
polygonization, recovery and recrystallization.
During the recovery process the individual properties
of a given cold-worked metal recover at different
rates and attain different degrees of completion. There
is no migration of high angle boundaries involved.
Recrystallization, however, provides complete softening
of the deformed material by a process of nucleation and
growth of strain-free grains by the migration of high
angle boundaries. Various mechanisms have been put
forward to explain the formation of the new strain-free
grains. These include the classical nucleation theory, 4 the
coalescence model 5 and the preformed nucleus models. 6
Recrystallization is influenced by the presence of
impurities as precipitates. These precipitates have two
opposite influences on recrystallization, depending on
their dispersion parameters, i.e., particle shape, size or
inter-particle spacing. 7 Mould and Cotterill, 1 in their
work on Al-Fe alloys for iron concentrations larger than
50p.p.m., showed that precipitates could enhance nucleation and thus induce recrystallization by increasing the
dislocation density during deformation. There is also
the evidence by Fromageau8 that precipitate impurities
could create a dragging force on the moving grain boundaries
and thus slow down recrystallization in deformed aluminium
single crystals. Electron microscopy observations by
Messager'l on the role of impurities on the nucleation and
growth processes also showed that the temperature for the
grain growth process increased with the impurity content.
When recrystallization is complete, i.e., when the
growing crystals have consumed all the strained material,
further annealing leads to a situation in which the metal
lowers its energy still further by reducing the total area
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Table 1 Alloy composition (wt.%)

1050
5005

Si

Fe

Cu

Mn

Mg

Zn

Ti

Ni

AI

0.054
0.128

0.289
0.450

0.005
0.024

0.007
0.066

0.015
0.581

O.D18
0.020

0.023
0.021

0.004

99.58
98.71

of grain surface. In this process grain boundaries
straighten up, small grains shrink or disappear and large
grains grow even larger. The crystal boundaries tend
to move toward their centres of curvature to shorten
their length. 10 This is the reverse of recrystallization,
where the migrating front moves away from the centre
of curvature.
In this paper the results of recrystallization kinetics and
grain growth studies of two of the aluminium alloy series,
i.e. 1050 and 5005, are presented. The 1050 alloy is a
commercial purity aluminium (99.58% purity). The 5005
alloy is single phase Al-Mg alloy with magnesium content
of 0.581 wt% (the largest impurity content in that alloy
series). The low magnesium content in the alloy controls
solid solution strengthening, and therefore makes it easier
for the alloy to be reduced in sheet thickness during the
rolling process than would have been the case for a higher
Mg content.

Experimental
Sample preparation
Two twin-roll cast strips of aluminium of thicknesses
1.5 mm and 3.0mm were used in this work. The materials
were commercial aluminium ( 1050) and aluminiummagnesium alloy (5005) obtained from Aluworks Ltd.
(Ghana). The compositions are shown in Table 1.
A set of five samples of each of the 1050 and the 5005
aluminium alloys was used. The samples were assigned
symbols for easy reference (Table 2). Specimens of
area 4 cm 2 were cut from the sheets. All the sides were
careful ground on SiC paper to remove any deformation markings which could unnecessarily affect the
recrystallization phenomenon. The samples were then
annealed at 300 oc for various times. The next stage
was to electropolish and anodize for plane-polarized
light microscopy. 11

A set of five samples from each of the four categories
(Al, A2, B1 and B2) were annealed at 300°C for different times ranging from 2-20 hours. From a graph of
lnln{ 11{1-Xv)} against ln(t) the recrystallization index(n)
was found from the gradient.

Grain size analysis
The following measurements were carried out using the
linear intercept method:
(i) random measurement to obtain the average grain

size as a function of annealing time,
(ii) the variation of grain size distribution with annealing

time,
(iii) the ratio of the average grain size in transverse

direction (TD) to that in the rolling direction (RD).

Results and discussion
Microstructural studies
The deformed state
The plane polarized light microscopy was useful in the
examination of the deformed states of the metals. The
spread in orientations of the fragmented grains was
revealed as different colours which changed as the microscope table was rotated. Where the orientation changes
rapidly the change in colour was also swift. In the A1 and
B 1 samples there were few areas with the sharp contrasts,
and the microstructure was granular due to the low-level
of deformation. After a further 50% reduction in thickness, the A2 and B2 samples showed a remarkable
development of deformation structures such as transition
bands (Fig. 1). These bands are the areas with sharp
contrasts, and were observed running along the rolling
direction (RD). Less frequently, they were seen oriented
in the transverse direction (TD). Transition bands have
often been identified in moderately 13 •14 and heavily 15
deformed aluminium, and are often associated with
recrystallized grains.

Recrystallization kinetics studies
The volume fraction recrystallized (Xv) as a function
of annealing time provides information on the rates of
recrystallization in the metallic system. The Xv-values
were measured by employing the lineal analysis method. 12
The kinetics of recrystallization are affected by several
variables including the annealing temperature and the
amount of deformation. The expression most often used
to describe the recrystallization kinetics is the JohnsonMehl-Avrami-Kolmogorov equation:
Xv = 1 - exp( -Bt")

Table 2

Coding system for samples

Sample

CODE

Commercial Aluminium (1050)
Thickness: 3.0 mm
Commercial Aluminium (1050)
Thickness: 1.5 mm
AI-Mg Alloy (5005)
Thickness: 3.0 mm
AI-Mg Alloy (5005)
Thickness: 1.5 mm

A1

A2
81
82

where t is the annealing time, and B, n are constants.
330

Int. J. Cast Metals Res., 1998, 10, 329-334

Recrystallization kinetics

Dadson and Nunoo

grains in the clusters, which eventually developed into
bigger grains.

Recrystallization kinetics

Fig. 1

Commercial aluminium (1050) chilled cast
and rolled to 1.5 mm. Micrograph shows well
developed transition bands parallel to the
rolling direction (RD)

The partially recrystallized states
Nucleation of recrystallized grains was observed at the
transition bands and in the matrix bands, but much more
frequently in the former due the presence of large lattice
curvatures and high disorientations across the transition
bands. A grain which nucleates at a transition band will
grow into the deformed region if it has a size advantage
and also if at least one of its boundaries is highly
disoriented with the adjacent deformed matrix. 16 After
30 minutes of annealing, both types of materials began to
show different cluster sizes of recrystallized grains,
spanning the length of some of the transition bands and
covering them up. Soon after the nucleation of the new
grains their grain boundaries began to impinge on each
other, giving rise to clusters of equiaxed grain structure.
The clustered new grains in A2 and 82 samples were
more uniformly distributed at the nucleation sites as
shown in Fig. 2. In the A l and 8 l samples the deformation was less severe and non-uniform, but those regions
which were relatively more deformed quickly nucleated
clusters of new grains and therefore had relatively smaller
grain sizes, while the less deformed regions had fewer

The constant 'n' in equation l was found for samples Al,
A2, 81 and 82. Fig. 3 shows the plot of lnln{ 11(1-Xv)}
against ln(t) for all the samples. The least square method
was used to find the best fit for the data. The curves for
the less deformed samples, Al and 81 have been displaced toward longer annealing times, i.e., the deformed
materials (AI, 81) required longer incubation periods
for the grains to nucleate due to the small driving force
resulting after smaller degree of deformation. The curves
for A2 and 82 lie very close together, with a slight
difference in the gradients. Although the major impurity
contents (Fe, Mg) in the A2 and 82 samples were different (Table l ), the rates of recrystallization process were
about the same. This means that the density of nucleation
sites was more effectively controlled by the degree of
deformation rather than the level of impurity or the
amount of precipitates present. The effect of FeA13
particles on the nucleation rates 17 in commercial aluminium seems to have been marginalised by the moderate
amount of deformation. The Al-0.58%wt.Mg is a single
phase alloy with all the Mg atoms held in solid solution
with the aluminium solvent atoms. There are no precipitates of appreciable size to induce nucleation. A significant difference in the recrystallization kinetics appears
between the Al and 81 samples, in that, the recrystallization process was a little faster in the latter than in the
former. This difference in behaviour could be explained
by the fact that the Al-Mg alloy experiences solution
strengthening by the solute Mg atoms, leading to an
increase in stored energy in the deformed Al-Mg alloy.
It is therefore expected that the rate of recrystallization
in 81 will be faster than in the Al samples.
The indices of recrystallization (n) for the A and 8
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Commercial purity aluminium (1050)
chilled-cast and rolled to 1.5 mm and then
recrystallized at 300°C for 50 minutes.
Clusters of new equiaxed grains have
nucleated at transition bands
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7.50

ln(t) [sec]

8.50

9.50

Plots of recrystallized volume fraction with
time following Johnson-Mehi-AvramiKolmogorov equation for commercial
purity aluminium samples, A1
(thickness-3.0 mm), A2 (thickness-1.5 mm);
and aluminium-magnesium alloy samples,
81 (thickness-3.0 mm), 82 (thickness-1.5 mm)
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A line plot of the grain size against the annealing time for commercial purity aluminium samples, A1
and A2; and aluminium-magnesium alloy samples, 81 and 82

samples are shown in Fig. 3. Combining the results of 'n'
for each material separately, and taking the errors into
consideration, 18 the index of recrystallization (n) was
found to be 3.2 ± 0.2 for both materials. This indicates
that recrystallization had a three-dimensional nature.
The index of recrystallization depends on several factors
including the deformation temperature, the annealing
temperature and the size of the sample. 19 Dadson and
Doherty 13 had a value of 1.01 for dynamically recovered
high purity aluminium deformed at 300 oc by 20%, and
1.81 for aluminium cold-worked by 20%. In zonerefined aluminium containing 20 and 45 p.p.m. of Au,
Vandermeer 20 had the index to be 2.

Grain growth
Grain size distribution and average grain
size measurements
The grain size distribution arising due to grain growth has
been studied in both A and B samples as a function of the
annealing time. The average grain size was plotted against

the annealing times for the A1, A2, B1 and B2 samples
(Fig. 4). The B-samples exhibited larger average grain
sizes than the A-samples for the same annealing times. A
general increase in grain size with annealing time was
observed for most of the samples, with the exception of
B 1 which showed large fluctuations in the grain size,
possible due to experimental errors. The reason for this
behaviour is given below.
The grain size distributions were presented as bar
charts in which the relative frequency of the grain size
was plotted against the grain size. Two of the plots are
shown in Figs. 5(a), (b). The average grain size (AVG)
and the modal grain size (MG) have been shown on each
bar chart. The average grain size was largely influenced
by the modal grain size, i.e., the AVG lines can be seen
either lying close to the MG lines or coinciding with it.
In the commercial purity aluminium the modal grain
sizes (MG-values) were stabilised around 60 J.tm for the
moderately deformed samples (A2) for annealing times
between 2 and 20 hours. The grain size distribution spreads
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Histograms showing the grain size distributions. Fig. (a) commercial purity aluminium (A 1) annealed at
300°C for 9 hours; Fig. (b) aluminium-magnesium alloys (82) annealed 300°C for 9 hours
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fairly evenly about the modal grain size (the MG-value).
After 20 hours only 6% of the grain sizes were greater
than 95 J.tm. At the end of primary recrystallization, the
A2 samples had a larger amount of grain boundary area,
which meant that grain growth was more impeded in A2
samples than in AI samples. A migrating boundary in
A2 sample will have to interact with a larger number of
grain boundaries per unit volume than a similar boundary
in AI samples. The average grain size in AI will therefore
increase faster than in A2 samples.
The AI samples developed bigger average grain
sizes (70 J.tm) after long annealing times. After 4 hours
of annealing the relative frequency of grain sizes greater
than 95 J.'m amounted to only 2%, but after 20 hours this
amount had increased to 16%, as compared to 6% for the
A2 samples after the same period. The relative frequency
of the grain size corresponding to the modal grain size,
however, dropped from 35% to below 30% after 20 hrs.
These results show that rate of grain growth was faster
in AI samples than in the A2 samples. This behaviour
is attributed to the previous differences in the level of
deformation in the samples, causing larger recrystallized
grains in AI samples (low amount of deformation) and
smaller grain sizes in A2 samples (moderate amount of
deformation).
The grain size distribution in the Al-Mg alloy showed
MG-values which varied between 60 and 80 J.tm for B I
samples and between 70 and 80 J.tm for B2 samples. The
spread in grain size distribution was bigger in B I than in
B2 samples - a behaviour that was also observed in the
A-samples. The B I and the B2 samples evolved bigger
average grain sizes than their corresponding AI and A2
samples. The explanation could be that the FeA1 3 particles
in commercial aluminium (AI, A2) segregated at the
grain boundaries and exerted a strong impeding influence
on the grain boundary motion, 10 resulting in a more

1.20

stabilised grain structure in the commercial aluminium
samples than in the Al-Mg samples.
The dragging effect of particles on migrating grain
boundaries is well known. Zener 21 outlined the idea of
how particles impede grain growth. He showed that a
particle present in a grain boundary decreases the effective area of the grain boundary by the cross-section of
the particles. The motion of a boundary through a matrix
with spherical particles of some mean diameter is exposed
to a certain dragging energy which decreases its free
energy by some amount. For example, in Fe-3%wtSi
coarsening comes to an end once a certain grain size
(about 0.1 J.tm) is attained. This behaviour is caused by
the presence of very fine submicroscopic particles of
MnS that act to impede grain coarsening. Beck et al. 22
showed for the first time that secondary recrystallization
in an Al-Mn alloy is linked with the presence of fine
particles of MnA1 6 .

Anisotropy in grain structure
The ratios of the average grain size in the transverse
direction (TD) to that in the rolling direction (RD) were
plotted against the annealing time for only the AI samples
(Fig. 6). The development of equiaxed structure was
initiated earlier in A2 samples than in the Al samples.
For times below 10 hours both samples (AI and A2) had
the anisotropic structure, with an anisotropy index of
0.8. The A2 samples approached the equiaxed structure
earlier, after 10 hours, beyond which the anisotropy
index increased gradually toward the value I. In the AI
samples, the process toward equiaxed structure was
initiated after 15 hours of annealing. The delay in the
evolution of equiaxed structure in AI samples was attributed to the low level of prior amount of deformation,
and therefore, a low amount of stored energy. The rate
of change of anisotropy index with the annealing time
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A line plot of the anisotropy of the grain structure against the annealing time for commercial purity
aluminium (A1 and A2) samples
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was, however, about the same for AI and A2 samples
after 15 hours of annealing (Fig. 6).

Conclusions
The index of recrystallization was 3.2 ± 0.2 for both the
1050 and the 5005 aluminium alloy series, implying a
three-dimensional nature of recrystallization. Recrystallization kinetics was twice as fast in the 1.5 mm thick sheets
as it was in the 3 mm thick sheets. The modal grain size
was 60 l!m in the I 050 samples, and 80 /!m in the 5005
samples. The amount of spread in the grain size distribution was bigger in samples cold-rolled to 3 mm than in
those deformed to 1.5 mm thick. The average grain size
distribution was more stabilised in the I 050 alloy than
in the 5005 alloy. Within the grain growth period, the
average grain size of the 5005 alloy of thickness 1.5 mm
was larger than that of the 1050 sheet of the same
thickness. The trend was the same for both materials of
thickness 3 mm. Anisotropy in grain structure occurred
in the sheets of the 1050 series, in that, the average
grain size in the rolling direction (RD) was larger than
that in the transverse direction (TO). However, the anisotropic grain structure of the 1.5 mm-thick I 050 samples
developed faster toward an equiaxed grain structure
than that of the 3.0 mm-thick samples after 15 hours of
annealing.
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