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Abstract: This paper investigated the characterizations, using electron back-scattered diffraction (EBSD) and transmission electron
microscope (TEM), of an Al-Zn-Mg-Cu-Zr alloy during multi-pass plain strain compression (PSC) performed to simulate the hot
rolling system on Gleeble-I500D thermo-mechanical simulator. The results show that with increasing of the deformation, there are
mainly two dynamic recrystallization mechanisms responsible for the development of new grain, including continuous dynamic
recrystallization (CDRX) and geometry dynamic recrystallization (GDRX). The former is related to original grain boundaries
bulging and sub-grain coalescence. The latter can be associated with serious deformation inhomogeneity. Besides, static
recrystallization (SRX) happens during inter-pass time. The particles with a size of more than 1 pwm also result in the recrystallization.
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Al-Zn-Mg-Cu series alloys are extensively used in
aeronautical and automotive industry due to their low
densities and good mechanical properties ™. One limitation
of their uses is the low resistance to structural corrosion 3. In
order to make a compromise between mechanical strength and
corrosion resistance, various heat treatment processes have
been proposed to change the geometrical characteristic of
precipitates™®. Besides, recrystallization fraction can also
influence corrosion resistance™. It is generally accepted that
the solution treatment is the main method to control recry-
stallization fraction for 7xxx series alloy plate when defor-
mation is constant®®. However, several studies introduced
that thermomechanical processing could notably influence the
recrystallization fraction in Al-Zn-Mg-Cu alloy™®. Thus, an
understanding of recrystallization characterizations in Al-Zn-
Mg-Cu-Zr alloy (AA7055) during multi-pass rolling is of
significance to control the recrystallization grain fraction in
final production.

Dynamic recrystallization (DRX) has already been
characterized a lot, and the mechanism has been well studied
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and understood. Three types of dynamic recrystallization are
likely to occur: (i) discontinuous dynamic recrystallization
(DDRX)), i.e. the classical recrystallization, which operates by
nucleation and grain growth; (ii) continuous dynamic
recrystallization (CDRX), which involves the transformation of
low angle boundaries into high angle boundaries; and (iii)
geometric dynamic recrystallization (GDRX), generated by the
fragmentation of the initial grains'™.

Present works®® have shown the dynamic recrystallization
(DRX) occurs in Al-Zn-Mg-Cu series alloy in single-pass
compression at elevated temperature. However, it generally
needs several passes rolling to get qualified aluminium alloy
plates. Due to high strain energy after rolling at elevated
temperature, various metallurgical phenomenon may take
place during interval between passes, such as static recovery
(SRV), static recrystallization (SRX) and metadynamic recry-
stallization (MDRX)"*%!. Nevertheless, to date there were not
detailed reports of recrystallization characterizations of
Al-Zn-Mg-Cu -Zr alloy (AA7055) in multi-pass rolling.

In this study, researchers aim at providing detailed
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assessment of recrystallization characterizations of Al-Zn-Mg-
Cu-Zr (AAT7055) alloy in multi-pass hot rolling simulation.

1 Experiment

The chemical composition of Al-Zn-Mg-Cu-Zr aluminium
alloy contains by mass fraction (wt%), approximately:
aluminum-7.87  zinc-2.16  magnesium-2.05  copper-0.12
zirconium. The homogenized ingot was machined to
dimensions of 10 mm>20 mmx>15 mm. According to the
industrial rolling process of Al-Zn-Mg-Cu serials aluminum
alloys, multi-pass PSC was performed by Gleeble-1500D
thermos-mechanical simulator. The PSC process included
18 passes and total strain of 1.61. Graphite pieces were
used as lubricant to reduce friction between anvils and
specimen during hot compression. The samples undergoing
different reductions were quenched in water to keep the
microstructure. Microstructures of longitudinal section of the
compressed specimens were observed by transmission
electron microscope (TEM) and electron back-scattering
diffraction (EBSD). The discs were ground to a thickness of
about 50 pm, and then were subjected to twin-jet
electropolishing. TEM observation was made on a
JEM-2000FX transmission electron microscope operated at
180 kV. Orientation data of EBSD maps were obtained using
an HKL Technology Channel5 EBSD system interfaced to a
Shimadzu SSX-550 SEM. A step size of 0.7 pm was used. In
images of reconstructed grain boundaries, coarse black line:
>15°, fine black line: 1015< blue line: 8=10< pink line:

=89 red line: 3%5<

2 Results and Discussion

2.1 Multi-pass compression of flow stress curve

Parts of samples compressed with different passes are
shown in Fig.1. From sample morphology, there is notable
spread along the longitudinal direction of the punch, so it is
necessary to modify the true stress-strain curve from the
Gleeble-1500D thermos-mechanical simulator. The modified
true stress-true strain curve is presented in Fig.2. The flow
stress increases with strain and rapidly reaches peak value in
each compression. The peak stresses during multi-pass
compression are affected by the parameter of Zener-Hollomon
(2), which is defined as:

Z=iexp (%) 1)

Fig.1 Morphology of samples compressed by multi-pass with diffe-
rent strains: 0.111, 0.376, 0.543, 0.744, 0.860, 0.994 and 1.61

where R is gas constant, T is thermodynamic temperature, Q is
deformation activation energy, ¢is strain rate. According to
the theory in Ref. [11], the peak stress should increase when Z
rises. However, in the true stress-true strain curve, parts of
peak stresses are approximately equal. The softening
processes of recovery and recrystallization during deformation
and interval time account for phenomena above.

2.2 Microstructure characteristics

Fig.3 shows the typical EBSD image of the microstructure
of the sample compressed by 13 passes and then
water-quenched, which corresponds to a total strain of 0.74.
Micrograph in Fig.3a is the typically deformed microstructure.
Some un-recrystallized and hence work-hardened, coarse
grains are highly elongated crosswise to the compression axis.
The new fine grains develop at original grain boundaries and
triple junction and the fraction of the new grains amounts to
~3% (in Fig.3b); their average size is ~3 pym.

There are a great many sub-grain boundaries with
misorientation less than 8<and bulging original boundaries
(Fig.3b). Sub-boundaries with medium- to high-angle
misorientation can effectively separate the bulges from parent
grains™™?. The development of strain-induced grain boundaries
is caused by the local build-up of strain gradients in the
vicinities of initial grain boundaries. The misorientations in
grain interiors which are located far from grain boundary are
less than 5< while misorientations above 8<are close to the
initial boundary (Fig.3b). The bulge that leads to the formation
of the recrystallization nucleus is enclosed by high angle
boundaries (HABs). Therefore, initial boundaries and their
junctions are preferable sites for DRX nucleation during hot
working 2%,

Fig.3c presents the accumulative misorientation along line
A in Fig.3a, from the grain interior to the initial boundary.
With the decrease of the distance reaching initial boundary,
the accumulative misorientation increases. This proves that
sub-grain rotates, which results in the sub-grain misorientation
changing™. The green dots in Fig.3a are the second phase and
the green dot in the position B lies in grain interior. The line
misorientation along the line in the position B in Fig.3a is
shown in Fig.3d. It is noted that there are high-angle boundaries
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Fig.2 Flow stress-true strain curve for multi-pass compression
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Fig.3 EBSD images of the sample compressed by 13 passes (¢=0.74) and water-quenching: (a) orientation imaging microscope,
(b) map of reconstructed grain boundaries, (c) cumulative misorientation along line A in Fig.3a, (d) line misorientation
along line B in Fig.3a, and (e) misorientation angular distributions

of more than 15< which confirms that recrystallization occurs.
The second phase in grain interior can promote
recrystallization nucleation. Fig.3e is the statistical result of
misorientation angle distribution. The fraction of the
high-angle boundaries is less than 5%. Fig.4 shows
sub-structure in the sample. There are fine sub-grains with
around 2 um in size and amount of dislocations, especially
near sub-grain boundaries. Fine second-phase particles appear
at sub-grain boundary and dislocation.

The typical microstructures of sample compressed by 13
passes, held for 180 s and then water-quenched are shown in
Fig.5. Micrograph of it is still the typically deformed
microstructure. The new grains directed by arrow take place
along the original grain boundaries (in Fig.5a), which are
so-called necklace microstructure!”. The fraction of the new
recrystallization grains amounts to ~5% (in Fig.5b); their
average size is ~5 pm.

Fig.4 TEM image of substructure in the sample compressed by
13 passes (¢=0.74) and water-quenched

Comparing Fig.3e with Fig.5c, the high-angle misorien-
tation fraction notably increases. From Fig.6, it can be known
that the sub-grain boundary directed by arrow is moving to the
sub-grain with high density dislocation. Microstructure in
Fig.6 is of bigger sub-grain size and lower dislocations density
than it is in Fig.4. These phenomena confirm that static
recrystallization (SRX) can happen in interval between passes.

Fig.7 presents EBSD micrograph obtained from the sample
with a total strain of 1.61 (compressed by 18 passes). Great
many of recrystallization grains develop at original boundaries
(in Fig.7a). Besides, a lot of new grains form in the region
with a great many second-phase particles. The sub-grain sizes
range from 1 to 3 um in Fig.8a and the small second phases
pin the dislocation and low-angle boundaries in Fig.8b. Fig.7c
shows the line misorientation along line A (in Fig.7b)
according with the compression direction. Grain heights are
significantly different along the compression direction, as
confirm uneven deformation occurs during compression. The
minimum height of the deformed grain is around 5 um and
there have one or two low-angle boundaries between two
high-angle boundaries.

2.3 Recrystallization mechanism

The present results reveal that different recrystallization
mechanisms are responsible for the new grain development
under various deformation conditions. The initiation of DRX
in Al-Zn-Mg-Cu-Zr alloy (AAT7055) is characterized by
serrated grain boundaries, as shown in Fig.3a, which is closely
related to the strain-induced grain boundary migration. This
kind of grain boundary morphology implies that the recry-
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Fig.5 EBSD image of the sample compressed by 13 passes, held temperature for 180 s and then quenched by water: (a) orientation
imaging microscope, (b) map of reconstructed grain boundaries, and (c) misorientation angular distributions

Fig.6 TEM image of substructure in the sample compressed by 13
passes (¢=0.74), held temperature for 180 s and then quenched
by water

stallization mechanism belongs to the continuous dynamic
recrystallization (CDRX)™. The cumulative misorientations
(Fig.3c) along the line A (Fig.3a) shows the large orientation
gradients which develop at the boundaries, particularly within
the serration. The sub-grain rotation owing to grain boundary
shearing would result in the evolution of local orientation and
strain gradients, contributing to the nucleation of DRX grains.
It can be concluded from above results that the DRX nucleation
of AA7055 aluminium alloy may be operated by bulging of the
original grain boundaries, assisted by sub-grain rotation.
Uneven deformation occurs in AA7055 aluminium alloy

during hot compression (in Fig.7). Along the compression
direction (in Fig.7b), the maximum grain height is appro-
ximate up to 50 um; nevertheless, the height in grain with
severe deformation is about 5 um that is almost double of the
sub-gain size (in Fig.8a). Fine new grains are generated
through the fragmentation of the initial grains compressed
severely. According to the relevant description™™, the recrystal-
lization has a characteristic of the geometric dynamic
recrystallization (GDRX). Mcqueen™ firstly proposed GDRX
and believe that when the pure aluminium was compressed, the
original boundaries became flat-shaped and serrated. When the
size of the compressed grains was approximately double to the
sub-grain size, part of original grain boundaries are contacted
and broken, and finally fine new grains formed. GDRX occurs
in the alloy which has undergone severe deformation, especially
uneven deformation®™®. Deformation temperature, strain rate,
strain and initial microstructure have main effect on uneven
deformation which leads to microstructure uniformity™®*%, so
the uneven deformation should be avoided.

New recrystallization grain is not only attributed to DRX,
but also it results from SRX. Dynamic recrystallization just
partly takes place during deformation at high temperature, and
thus the sample has a lot of crystal defects such as sub-grain
boundaries, dislocation and vacancy. Those defects are
unstable and become the driving force of SRV, MDRX and
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Fig.7 EBSD images of the sample compressed by 18 passes (¢=1.61): (a) orientation imaging microscope, (b) map of reconstructed
grain boundaries, and (c) line misorientation along line A in Fig.7b
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Fig.8 TEM images of substructure in the sample compressed 18
passes (¢=1.61): (a) sub-grain and (b) the second phases

SRX. The growth of some new dynamically recrystallized
grains is not sufficient enough in the compressed sample in
Fig.3. Consequently, SRX and MDRX may take place during
inter-pass time. High dislocation density shown in Fig.4
provided driving force for the grain boundaries and sub-grain
boundaries to migrate. The growing sub-grains may continue to
grow up by sub-grain rotation and coalescence due to energy
gradient. Therefore, the size of the recrystallized grains after
compression and holding for some time shown in Fig.5b are
bigger than that of dynamically recrystallized ones shown in
Fig.3b, and the fraction of high angle grain boundaries increases,
as shown in Fig.3e and Fig.5c. So the recrystallization grain size
and fraction can be controlled through regulating the interval
time between passes. It is important to control the micro-
structure and properties of the hot-rolling products.
2.4 Effect of the second phase on recrystallization

The alloy element in pure aluminium can efficiently decrease
stack fault energy. For example, 0.36% Mg can cause the stack
fault energy of the pure aluminium to decrease from 200 to 50
Jm? B9 Excessive alloy element in the alloy results in the
particles formation and they are helpful to control micro-
structure. For example, coarse particles may be used to promote
recrystallization through particle stimulated nucleation of
recrystallization (PSN). Many wrought alloys also make use of
fine particles for the purpose of grain structure control. For
example, in wrought aluminium alloys, the elements for
precipitate are added in commercial alloy. Precipitates can
prevent recrystallization or grain growth during in the thermos-
mechanical process via the Smith-Zener pinning effect®’).

The as-homogenized Al-Zn-Mg-Cu-Zr alloy has a great
many second phases with different sizes, including S
(CuMgAl,), T (AlZznMgCu), AlMnFeSi, # (MgZn,), and 6
(ALCU)*? These second-phase particles (green points) with
a size of more thanl pm can be observed in Fig.3a, Fig.5a and
Fig.7a. It is well known that hard micron-scale, the
second-phase particle can increase the rate of dislocation
generation and develop deformation zones in the matrix and
large local misorientation gradients™. New high angle
boundaries can form within such deformation zone with
relatively low strains. Thus a lot of recrystallization grains
form surrounding the particles. However, the particles with a
size range of 20~100 nm, such AlzZr forming during
homogenization heat-treatment, ' or/and # phase precipitating
during deformation, disperse on the dislocation and sub-grain
boundaries in Fig.5, Fig.6 and Fig.8 which pin dislocations
and sub-grain boundaries and hinder the sub-grain to grow up
and recrystallization.

3 Conclusions

Multi-pass plain strain compression (PSC) test was carried
out to simulate the industrial rolling process of Al-Zn-Mg-
Cu-Zr alloy (AA7055). Continuous DRX can be found in the
sample at true strain of 0.74 and the main nucleation
mechanisms of CDRX are sub-grain coalescence and sub-grain
growth. When true strain reaches 1.61, geometric dynamic
recrystallization may be another mechanism for the formation
of new grains. SRX takes place during the inter-pass time. PSN
is also one of the main nucleation mechanisms.
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