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Recrystallization behavior of high purity aluminum at 300 C
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Abstract: The recrystallization behavior of 98.5% cold rolled high purity aluminum foils annealed at 300 ‘C was investigated, and
the evolution of the microstructures was followed by electron back scattered diftraction(EBSD). The results show that the
recrystallization process of the high purity aluminum foils at 300 “C is a mixture of discontinuous- and continuous-recrystallization.
The orientations of the recrystallization nuclei include not only the cube orientation, but also other orientations such as some near
deformation texture components which are the results of strong recovery process. However, such continuously recrystallized grains

are usually associated with relatively high free energy, so they would be consumed by the discontinuously-recrystallized grains
(cube-oriented grains) in subsequent annealing. On the other hand, the pattern quality index of recrystallized grains shows
dependence on the crystal orientation which might introduce some errors into evaluating volume fraction of recrystallization by

integrating pattern quality index of EBSD.
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1 Introduction

Because of its fast development during the last
decade, EBSD as a powerful method to determine
crystallographic  textures,

crystal structures, grain

boundary characteristic[1,2] has been increasingly
applied to qualitative and quantitative analysis of
recrystallization behavior in studies[3—22].

Among the various data from EBSD, the pattern quality

recent

index parameter (i.e. so-called g index) was rarely
considered useful in early investigations. Primal
application of the ¢ index was to give a qualitative
description of strain distribution. Recently, some
investigations[5,7,8] suggested that the ¢ index can be
used to quantify the recrystallization volume fraction
since the difference of ¢ indexes enables us to distinguish
the deformed and recrystallized grains for the partially
recrystallized samples. However, a criterion based on
pattern quality would seem insufficient on its own to
allow complete quantification of recrystallization,
because ¢ index also relies strongly on the microscope,
the imaging system, and sample preparation. Thus,
several researchers have developed methods to overcome

this restriction. KRIEGER and JUUL[9] coupled pattern
quality with a grain identification criterion to determine
the fractions recrystallized in annealed samples, and
HUMPHREYS[5] illustrated a similar method based on
the use of high-resolution EBSD measurements to
determine recrystallization fractions. In these cases, the
estimates were not systematically compared with
recrystallized fractions determined by an independent
method over the complete recrystallization range, and
this makes it difficult to evaluate the techniques. More
recently, TARASIUK et al[8] devised a differential
technique based on the pattern quality index, and
successfully used it to estimate the recrystallized fraction
over the full range of recrystallization. However, this
method does not consider the dependence of ¢ index on
the crystallographic orientation, which might introduce
error into evaluation of recrystallization fraction.

With this powerful tool—EBSD, the novel phenomena
and mechanism of recrystallization are ready to be found
and induced. In this paper, the recrystallization behavior
of high purity aluminum at 300 C was analyzed with
not only usual EBSD information (such as orientation
map and misorientations of grain boundaries), but also ¢
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index map and its distribution. A mixture mechanism of
discontinuous and continuous recrystallization process
was suggested. Furthermore, the advantage of grain
growth of cube-orientated grains was explained with a
new point of view.

2 Experimental

High purity aluminum, with chemical composition
of main impurities as (mass fraction): Fe (7-10)x107°, Si
(7-10)x10°° and Cu (30—40)x10°°, was melted in an
electric furnace. The ingots were preheated at 610 C,
scalped and hot rolled. The slabs were further cold rolled
to the foils of 0.010 4 mm in thickness. The foils were
vacuum annealed at 300 ‘C for 2 min, 10 min, 30 min,
1 h, 2h, and 6 h. EBSD examinations were carried out
by means of TSL EBSD system attached to an H-3400
scanning electron microscope.

3 Results and discussion

Fig.1 shows the microstructure evolution of as-
rolled high pure aluminum during annealing at 300 C.

After annealed for 30 min, the specimen almost retained
no change from deformation microstructure as shown in
Fig.1(a), since eclongated grains are found. Obvious
orientation transition appears through TD direction.
Furthermore, there exist many subgrains in those grains,
whose average size is lower than 10 pm.

After 1 h, many equiaxed grains were presented
which should be recrystallization nuclei or growing
recrystallized grains. Not only the cube-oriented grains
were found, but also the grains with rolling texture
orientation or R-orientation. The nucleation sites were
concentrated in pre-existing high angle grain boundaries
or highly misoriented regions mentioned before. Primary
recrystallization process has completed after 2 h for the
uniform microstructure of equiaxed grains. After 2 h, the
grain size and volume fraction of cube grains keeps
increasing. And the cube-oriented grains get larger than
the others. Even after annealed for 6 h a couple of
obvious low angle grain boundaries(LAGB) are observed
in the grains with non-cube-orientations which implies
higher energy.

As shown in Fig.2(a), most regions are charac-
terized by the low quality index that implied deformed

Fig.1 Orientation maps showing evolution of microstructure of high purity aluminum annealed at 300 ‘C for different time: (a) 30

min; (b) 1 h; (¢)2h; (d)6 h
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Fig.2 Pattern quality index maps of high purity aluminum annealed at 300 “C for different time: (a) 30 min; (b) 1 h; (¢) 2 h;(d) 6 h

microstructure. However, many fine equiaxed high
quality index regions, some of which are marked out, are
also found, which indicates that lots of recrystallization
nuclei has formed. Furthermore, most of such regions are
cube-oriented and separated by high angle grain
boundaries(HAGB) from their surroundings according to
Fig.1(a). Although the orientation map can also give such
information when inspected carefully, some regions
which are part of unrecrystallized grain show the same
shape for being intercepted by observing plane and are
apt to be considered recrystallization nuclei by mistake,
while it is easy to determine with aid of ¢ index map.

In Fig.2(b) there exist a large number of fine high
quality index regions highly clustered (marked with an
arrow), which, however, tends to be neglected in
orientation map and be thought of as usual deformed
matrix. Compared with Fig.2(a), the quality index level
of these regions increases notably, and the boundaries
between them becomes sharp. It is implied that some
process like recovery or subgrain growth is presented
here, but because of lack of local misorientation they can
not become real recrystallization nuclei.

The quality indexes of most grains and equiaxed

microstructure indicate that recrystallization is completed
after annealed for 2 h (Figs.2(c), (d)). Some distinct
boundaries in the quality index map (Figs.2(c), (d)) turn
out to be LAGB in orientation map (Figs.1(c), (d)), such
as most subgrain boundaries between cube-oriented
grains. Such boundaries were formed by impinging of
two cube grains. Besides, the recrystallized grains were
characterized by different ¢ index levels according to
their orientations.

Fig.3 shows the distribution of ¢ index of cube
grains in the sample annealed at 300 °C for 1 h, and that
of all detected grains is also plotted. It is clear that the
sample is partial recrystallized for the bimodal plot,
where the deformed grains are associated with the left
peak and the recrystallized grains are associated with the
right one. The recrystallization peak of cube-oriented
grains locates at higher quality index value. From
Fig.1(b), it is found that the cube grains are formed by
nucleation and grain growth, 1ie.
recrystallization process. The ¢ index distribution of
grains with p-fiber texture components, i.e. copper-
orientation C{112} (111) . the S-orientation {123}

(634 ) and the brass-orientation Bs {011} (211 ). were
also plotted in Fig.4. It is found that the shape and peaks

discontinuous
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positions is much similar to the whole data plot, while
the recrystallization peak of Bs-oriented grains is a little
lower than others that might indicate the recrystallization
nucleation and growth of Bs-oriented grains is relatively
harder.

Fig.5 shows the development of grain boundaries
during annealing. LAGBs less than 5° prevail when
annealed for 30 min, whereas a number of HAGBs are
presented after 1 h, but LAGBs are dominant, too. After
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Fig.4 Normalized quality index distributions for Bs, S, C grains
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2 h, percentage of high angle boundaries (HAGB%)
increases  significantly that meant discontinuous
recrystallization process was presented which could be
consistent with previous discussion. Moreover,
percentage of low angle boundaries(LAGB%) between
5°—15" keeps stable and even increases to a certain value,
which indicates that the recovery or continuous
recrystallization is presented during the whole annealing

process. Recovery made the misorientation of LAGBs be
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Fig.5 Grain boundary character distributions for EBSD maps after annealed for different time
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increased even over 15° and become HAGBs, which
makes LAGB% keep stable in the range of 5°—15°. From
Figs.2(c) and (d), it is found that almost none of the low
quality index regions exist, and there exist many LAGBs
in some grains, so these grains should be formed by
recovery or continuous recrystallization. However, it is
because of so many LAGBs what made the energy of
these grains higher than other
recrystallized ones (such as cube grains). Therefore,
these grains would be consumed and make cube grains
grow up. Fig.6 shows the development of volume
fraction of cube-orientation.
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Fig.6 Distribution of cube grains as function of annealing time

obtained from EBSD

The above results show the recrystallization process
of high purity aluminum at 300 ‘C 1is fairly slow. Only
after annealed for 30 min, some fine recrystallization
observed. Most of the
cube-orientated, but a certain number of nuclei with
(such as
components) are also found. The nuclei seemed to be
distributed in some bands parallel to rolling direction,
and the usual nucleation sites are pre-existing grain
boundaries and misoriented regions. After annealed for 1
h, a good many recrystallized grains are presented which
means occurrence of discontinuous recrystallization.
Moreover, from the quality index map(Fig.2(b)),
relatively strong recovery occurs in a large area of
deformed-like matrix since a lot of fine equiaxed high
quality index regions are found whose quality index is
very close to the recrystallized grains by discontinuous
recrystallization. This means that a subgrain growth or
some other recovery process is going on, by which the
misorientation was increased and maybe even HAGB
formed, i.e. continuous recrystallization. The primary
recrystallization completed after annealed for 2 h,
whereas the volume fraction of cube grains keeps on
increasing, at the same time, the grain keeps growing.
This might due to some of non-cube-orientated grains

nucler are nuclelr are

other orientations deformation texture

were formed by means of continuous recrystallization
process. As discussed before, the
recrystallization or continuous recrystallization occurred
from the beginning of annealing and never stopped,
which resulted in a large number of LAGB being
presented in many continuous recrystallized grains who
might be consumed by the discontinuous recrystallized
grains (such as cube grains) or shift to some other
orientations by further recovery process.

The previous results also showed that the ¢ index

discontinuous

was a very useful complementary data to analyze the
recrystallization behavior, who could offer more obvious
information about nucleation and some recovery process
like subgrain growth in the matrix. In the ¢ index map,
the recrystallization nuclei are more easily distinguished.
And with the quality index distribution the volume
fraction of recrystallization could be quantified.

TARASIUK et al[8] supposed a method to estimate
the recrystallized volume fraction by comparing the
partial recrystallization samples to be detected with the
deformed and fully recrystallized samples. However, as
found in this study, the quality value of recrystallized
grain could be very different due to their orientations.
Therefore, this orientation dependence would trouble
selection of the fully recrystallized state in qualification
recrystallization fraction with Tarasiuk’s method. As
shown in Fig.6, the fraction of cube-orientated grains
increased with the annealing time even after primary
recrystallization process completed, which resulted in
that whichever was chosen as the fully recrystallized
state would overestimate recrystallization fraction
because the positions of peaks of recrystallized grains
were usually different. As shown in Fig.7, the shaded
areas labeled A and B should be associated to the
recrystallized part, but they are counted into the
unrecrystallized part by troubling in selection of fully re
crystallized state mentioned above. So it is necessary to
separate ¢ data into groups according to their orientation
at first, then, estimate recrystallization fraction with
Tarasiuk’s method, and integrate each of group after
multiplying its proportion in the whole sample. By this
way, a more precise result will be produced.

4 Conclusions

1) The recrystallization of high purity aluminum at
300 ‘C is a mixture of discontinuous and continuous
process. Due to higher energy in the continuous-
recrystallized grains (R-orientated grains), they would be
consumed by the discontinuous recrystallized grains
(cube-orientated grains) after primary recrystallization
was completed.

2) The dependence of ¢ index on crystallographic
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Fig.7 Schematic diagrams showing errors introduced by

troubling in selection of fully recrystallization states:
(a) Samples with high fraction of cube-orientated grains as
fully recrystallization states; (b) Samples with low fraction of

cube-orientated grains as fully recrystallization states

orientation might introduce errors into ¢ index integral
method to quantify the
recrystallization.

volume fraction of
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