Effect of homogenization treatments on recrystallization behavior of 7150 aluminum
alloy during post-rolling annealing
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Abstract

The effect of two-step homogenization treatment on the recrystallization behavior in
7150 Al alloy during isochronal annealing after cold-rolling in the temperature range of 200
°C to 500 °C has been investigated. Two-step homogenization with the first step treated at
250 °C followed by the second step at 470 °C were applied. It is found that, much higher
number density and smaller size of Al3Zr dispersoids were obtained after two-step
homogenization, which strongly pin subgrain boundaries and inhibiting recrystallization
significantly. Compared with conventional one-step homogenized samples with a partial
recrystallized microstructure which is dominant of elongated coarse grains for annealing
beyond 350 °C, the deformed structure was present in the two-step homogenized samples for
all annealing conditions. The effect of two-step homogenization on the recrystallization
behavior was quantitatively analyzed using the data derive from EBSD technique. Two-step
homogenization results in low recrystallized fraction and small recrystallized grain size under
all annealing conditions. In addition, lower average misorientation and smaller cell size were

obtained after two-step homogenization applied.
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1. Introduction

High strength Al-Zn-Mg-Cu (7xxx series) rolling plates are widely used in aeronautical
and astronautic industries because of their high strength to density ratio and excellent
mechanical properties [1-4]. To obtain essential properties of high strength and fracture
toughness, these alloys are subject to complex fabrication routes which involve
thermomechanical deformation and thermal treatments. Rolling (hot and cold) and annealing
are two critical processes for the conventional fabrication routes of these high strength alloys.
However, the mechanical properties of final products are often deteriorated by
recrystallization that occurs mainly during post-rolling annealing. Moreover, the fracture
toughness of 7xxx Al alloys decreases with the increasing of recrystallization degree that
occurs during thermomechanical deformation and subsequent annealing [4]. Therefore, the
recrystallization is highly undesired and the recrystallized fraction should be greatly
minimized. Recrystallization that occurred during annealing can be inhibited by the presence
of second particles which exert retarding force (Zener-drag) on moving grain and subgrain
boundaries [5-7]. As recrystallization inhibitor, the effectiveness of the second particles
strongly depends on their size, number density and distribution [6, 7].

The addition of small quantities of Zr to 7xxx alloys can enhance the recrystallization
resistance by forming fine and thermal stable AlZr dispersoids during homogenization
treatment of the cast billets [7]. To date, the effect of both Zr content and homogenization
condition on the precipitation behavior of AlsZr dispersoids and the recrystallization
resistance in 7xxx alloys have been investigated by several works [8-11]. However, due to the
peritectic solidification of Al-Zr system and a low diffusivity of Zr in Al [12-15], it is
difficult to remove the concentration gradients of Zr in solid solution during conventional
one-step homogenization treatment. After conventional one-step homogenization, AlsZr
dispersoids were heterogeneously distributed within aluminum matrix [13-15] and the
precipitate free zone of AlsZr dispersoids would be formed in interdendritic regions which
both were prone to recrystallization [8, 16]. Therefore it is possible to increase the
effectiveness of the Al3Zr dispersoids as recrystallization inhibitor by optimising
homogenization practice and condition. To improve the recrystallization resistance, there is
limited number of research works exploring stepwise homogenization to optimize the
homogenization condition of Zr containing aluminium alloys [16-20]. It was suggested that a
denser and more homogeneous distribution of AlsZr dispersoids could be formed and a

smaller recrystallized fraction were thus obtained using stepwise homogenization. In our
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recent work [21], the effect of different two-step homogenization treatments on the
precipitation of Al3Zr dispersoids (size and distribution) was studied. It was fond that the
two-step homogenization produced a finer particle size and higher number density of Al3Zr
dispersoids and minimized the precipitate free zones, which resulted in a remarkable increase
of the recrystallization resistance during post-deformation annealing. However, there is still a
lack of quantitative study of the effect of stepwise homogenization on the evolution of the
recrystallization process during post-rolling annealing in 7150 aluminum alloy.

In the present study, DC cast 7150 alloy containing 0.13% Zr were subject to different
homogenization treatments, followed by multi-pass hot and cold rolling and subsequent
annealing. The investigation was initiated to compare the AlzZr dispersoids distribution
caused by one-step and two-step homogenization practices. The effect of two-step
homogenization on recrystallization behavior during isochronal annealing after cold rolling

over a wide range of temperatures was quantitatively analyzed using EBSD technique.

2. Experimental

The material used in this study was a 7150 aluminum alloy with 0.13% Zr and the
chemical composition is presented in Table 1 (all compositions are in wt% unless otherwise
indicated). The initial material was a direct chill (DC) cast billet with a diameter of @100
mm. The cast billet was homogenized in an air circulation furnace, followed by water
quenching. The homogenization processes included both conventional one-step
homogenization where samples were held at 470 °C for 24 h, and new two-step
homogenization where sample was heat-treated at the temperature of 250 °C for 24 h in the
first step and followed at 470 °C for 24 h in the second step. Rectangle pieces of 40 mm x 40
mm sectioned from the as-homogenized billet were hot-rolled to 7 mm plates by 8 passes at
400 °C (a reduction of 82%). These plates were inter-annealed in an air furnace at 400 °C for
2 h and then cooled in the furnace to room temperature. The annealed plates were
subsequently cold-rolled at room temperature to final 2 mm sheets after 6 passes (a reduction
of 74%). The cold-rolled sheets were subsequently and isochronally annealed at the
temperature range of 200 to 500 °C for 1 h, followed by water quench.

Vickers microhardness measurements were performed on the cross-section of
isochronally annealed sheets. A load of 500 g was applied for a dwell time 20 s on polished
surface. The data were reported using an average value of at least 15 measurements. The
examinations of intermetallic particles were observed using the backscattered electron (BSE)

detector in a scanning electron microscopy (JEOL JSM-6480LV). Electron backscattered
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diffraction (EBSD) measurements were performed in the scanning electron microscopy using
HKL Channel 5 software. For the EBSD data analysis, to define the subgrain boundary and
size developed during deformation and annealing, a misorientation threshold value of 2° was
selected [22]. The boundaries with misorientations between 2° and 15° were defined as low
angle grain boundaries and those of misorientation >15° as high angle grain boundaries. Low
angle grain boundaries are depicted as white lines and high angle grain boundaries as black
lines in all images. The grains whose internal misorientation is lower than 1° and with grain
size larger than 3 times of the scanning step size are defined as recrystallized. All the
remaining grains are classified as unrecrystallized. For all the micrographs presented in this
study, the horizontal direction and the vertical direction correspond to the rolling direction
(RD) and normal direction (ND), respectively.

A transmission electron microscope (TEM, JEOL JEM-2100) was used to study the
precipitation of AlsZr dispersoids during homogenization. TEM samples were mechanically
ground to ~ 40 pum thickness, followed by twin-jet electropolishing at 15 V DC in a 30%
nitric acid and 70% methanol solution cooled to ~ 25 °C. The TEM examination was
performed with the specimen oriented along low index [011] zone axis of Al matrix, utilizing
two-beam diffraction conditions. To determine the dispersoids volume fraction and number
density, the thickness of the TEM foils was measured using an Electro Energy Loss
Spectroscopy (EELS) attached in the TEM. The average radius, number density and volume

fraction of the dispersoids were quantified by image analysis of digitized TEM images.



3. Results and discussion

3.1 Microstructure of as-cast and homogenized samples

In the as-cast condition, the 7150 alloy sample was characterized by many dendrite a-Al
cells surrounded by a network of intermetallic compounds in interdendritic regions (Fig. 1a).
Under a high magnification of backscattered SEM image (Fig. 1b), it revealed that this alloy
contained three main intermetallic phases distributed in interdendrite boundaries. Base on
previous works of 7xxx alloys [23, 24| and SEM-EDS analysis, the brightest droplets were
identified to be 6(Al2Cu) and the bright irregular shape phase was n(MgZn2). The grey
coarse phase was determined to be S(Al>CuMg) intermetallic phase. Compared to n(MgZn2)
and S(Al2CuMg) phases, the 0(Al2Cu) phase is present in rather small fraction. In the etched
optical image, the as-cast sample was composed of coarse equiaxed grain structure with an
average grain size of ~120 um (Fig. not showing).

After one-step and two-step homogenization treatments (Fig. 2), the low melting point
intermetallic phases n(MgZn2) and 6(Al2Cu) were completely dissolved into the aluminum
matrix, whereas the coarse intermetallic phases of S(Al.CuMg) were fragmented and only
partially dissolved, which is consist with previous works [23, 24]. There was a considerable
amount of undissolved S(Al.CuMg) retained in the original interdendritic boundaries. Image
analysis results suggested a similar fraction of this phases remained in the microstructure for
both one-step and two-step homogenized samples.

During homogenization, fine AlsZr dispersoids precipitate in aluminum matrix in Zr
contained 7xxx alloys [21]. Fig. 3 shows typical TEM dark field images of the Al:Zr
dispersoids after both one-step and two-step homogenization treatments. Compared with the
one-step homogenized sample, a significantly smaller size of AlzZr dispersoids with a
considerably higher number density was obtained in the two-step homogenized sample.
Moreover, in the two-step homogenized sample, the interparticle space between the
dispersoids was much smaller and the distribution of AlsZr became more homogenous. It
indicated that the first step treatment at the lower temperature (250 °C) in the two-step
homogenization produced more AlsZr nuclei relative to the one-step homogenization, due to
high Zr supersaturation at the low temperature. However, those small nuclei/dispersoids can
only slowly grow at the low temperature, attributed to the low diffusion rate of Zr at the low
temperature. The subsequent second step treatment at high temperature (470 °C) provides a
normal condition for their growth. Overall, much denser and finer dispersoids were obtained

when the two-step homogenization was applied. Table 2 shows the radius, number density
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and volume fraction of AlsZr dispersoids after one-step and two-step homogenization
treatments. It can be seen that the average sizes of AlsZr dispersoids are ~18.9 nm and ~ 7.8
nm for one-step and two-step homogenized samples, respectively. The difference in volume
fractions of Al3Zr dispersoids is almost negligible between one-step and two-step
homogenized samples. Therefore, a much higher number density of AlsZr dispersoids in the

two-step homogenized sample can be produced.
3.2 Microstructure evolution after hot rolling and subsequent annealing

Fig. 4 shows typical EBSD images of the grain structure for both one-step and two-step
homogenized samples after hot rolling and subsequent annealing. As seen in Fig. 4a, b, after
hot rolling the original equiaxed grains were severely deformed into elongated grain structure
which was paralleled to the rolling direction. The high-angle grain boundaries (6 > 15°) were
mainly distributed between the elongated bands and aligned with the rolling direction.
Furthermore, a high density of low-angle boundaries (2° < 6 < 15°) can be observed within
elongated grains, indicating a large number of subgrains were formed and a remarkable
dynamically recovery occurred during hot rolling. For the one-step homogenized sample (Fig.
4a), in addition to the development of recovery structure, dynamic recrystallization might
also occurr during hot rolling. A number of fine equiaxed grains with high-angle boundaries
that contained substructures were observed along the serrated grain boundaries, although the
recrystallization fraction is limited to few percentages (3-5%). However, no evidence was
found to suggest any recrystallization taken place during hot rolling and only dynamically
recovered structure was observed in the two-step homogenized sample (Fig. 4b). Subgrains
with neatly arranged boundaries were uniformly formed within elongated grains. After
subsequent annealing at 400 °C for 2h, the one-step homogenized sample (Fig. 4c) was
significant recrystallized and the microstructure was characterized by a large part of slightly
elongated recrystallized grains along the rolling direction, which had a recrystallized fraction
of ~ 61% with an average recrystallized grain size of ~ 21 um. With respect to the two-step
homogenized sample (Fig. 4d), the majority of the microstructure was typically recovered
grain structure in which the elongated bands were clearly seen after annealing. There are only
few small recrystallized grains distributed heterogeneously along the bulged grain boundaries
and the recrystallized fraction was ~ 8% with an average recrystallized grain size of ~ 10 um.
It is fair to conclude that the improvement of AlsZr size and distribution by two-step

homogenization results in the inhibition of recrystallization during hot rolling and subsequent



annealing. The strong effect of the two-step homogenization on the improved

recrystallization resistance is particularly showed during post-rolling isochronal annealing.

3.3 Effect of homogenization treatments on recrystallization during post-cold- rolling
annealing

Fig. 5 presents the EBSD images of the cold rolled samples in one-step and two-step
homogenized conditions. It can be seen that a banded grain structure along rolling direction
was developed during cold rolling and fine substructure was formed within the elongated
bands in both homogenized samples. The subgrain size varied considerably from grain to
grain and within each grain. Although the microstructure and recrystallization fraction before
cold rolling were largely different between one-step and two-step homogenized samples (Fig.
4c vs. 4d), there was almost no difference in microstructure after cold rolling between two
homogenized samples. The average subgrain size becomes almost the same, which are
determined to be 0.66 pum and 0.67 um for one-step and two-step homogenized samples,
respectively. It was reported that the misorientation of low angle grain boundaries increased
with strain and could eventually become high angle grain boundaries [25, 26]. It is observed
that, besides the original high angle grain boundaries, some additional high angle grain
boundaries were also formed during cold rolling in both homogenized samples. In addition,
EBSD analysis results show that the grain boundaries after cold rolling are predominant by
low angle grain boundaries for both homogenization conditions. Almost 65% of the
boundaries were low angle boundaries in both cases, and the average misorientation angles
were determined to be 13.2° and 12.8° for one-step and two-step homogenized samples,
respectively.

Figs. 6 and 7 show the evolution of microstructure after isochronal annealing (for 1 h) at
the temperature range of 200 - 500 °C for one-step and two-step homogenized samples,
respectively. It is found that both homogenization condition and annealing temperature have
significant effect on the recrystallization microstructure. At the low annealing temperatures
up to 250 °C (Fig. 6a and Fig. 7a), both one-step and two-step homogenized samples were
mainly recovered structure. Due to very low recrystallized fraction and small recrystallized
grains, no obvious microstructure change was observed with compared to the cold rolled
samples (Fig. 5). As the annealing temperature reaches to 300 °C (Fig. 6b and Fig. 7b),
typical partially recrystallized microstructures that composed of recrystallized, recovered
grains and elongated deformed regions were present in both homogenized samples.

Compared to the one-step homogenized sample in which the large and elongated
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recrystallized grains consumed a large part of the surrounding deformed matrix with a
preferentially growth along the rolling direction, static recrystallization in the two-step
homogenized sample produced a large number of very fine grains within deformed bands and
there was very limited elongated grains growing along rolling direction. The large and
elongated recrystallized grains only occurred at 400 °C for the two-step homogenized sample.
When the annealing temperature > 400 °C, the difference in microstructure between one-step
and two-step homogenized samples becomes more significant (Fig. 6¢ and Fig. 7c). The
original deformed structure in the one-step homogenized sample was completely consumed
by the recrystallized and recovered grains at the temperature of 400 °C, while a considerable
amount of deformed structure remained in the matrix of the two-step homogenized sample.
Further increase of the annealing temperature from 400 to 500 °C leads to slightly grain
coarsening and these grains become more equiaxed in the one-step homogenized sample
(Figs. 6d and 6e). However, the structure of two-step homogenized sample consisted of
duplex partially recrystallized structure in which coarse elongated grains, small equiaxed
grains and some deformed regions co-existed (Figs. 7d and 7e). Even after annealing at 500
°C for 1 h, a small amount of deformed regions with low angle grain boundaries still
remained in the matrix. In addition, it is worth noticing that while the one-step homogenized
samples had less pronounced elongated grain structure, the recrystallized and recovered
grains are highly elongated in the two-step homogenized sample. This is probably due to the
fact that the high number density of AlsZr dispersoids obtained by two-step homogenization
can exert much higher Zener drag force on grain boundary migration during recovery and
recrystallization processes. Compared with that of one-step homogenized samples, the
recrystallization process is obviously postponed to higher annealing temperature for the two-
step homogenized sample.

Fig. 8 displays the recrystallized fraction and grain size a function of annealing
temperature. With increasing annealing temperature, both the fraction and grain size of
recrystallized grains increased in both homogenized samples. At low annealing temperatures
(< 300 °C), a relative low recrystallization rate and recrystallized grain coarsening are
observed. At 300 °C, the recrystallized fraction is only 11% and 7% and the average
recrystallized grain size is 2.2 um and 1.7um for one-step and two-step homogenized
samples, respectively. When annealed beyond 300 °C, fast increases of recrystallized fraction
with increasing temperature in both homogenized samples are observed (Fig. 8a). The
recrystallized grain size increases very slowly at the temperature ranges of 200 to 300 °C and

200 to 350 °C for one-step and two-step homogenized samples, respectively. Beyond these
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temperatures, the average grain sizes increase rapidly with increasing annealing temperature
(Fig. 8b). Compared with one-step homogenized samples, the two-step homogenized samples
generally have lower recrystallized fraction and smaller recrystallized grain size under all
annealing conditions. Furthermore, a significant difference of recrystallized fractions between
both homogenized samples are at the temperature range of 400-450 °C, whereas the
difference of recrystallized grain sizes between both homogenized samples becomes more
significant at the annealing temperature range of 350-450 °C. The recrystallization
temperature was defined as the temperature at which 50% recrystallization has been
completed [7]. It can be seen from Fig. 8(a) that, the recrystallization temperatures are around
400 and 470 °C for one-step and two-step homogenized samples, respectively. Compared
with one-step homogenization, the two-step homogenization increases the recrystllization
temperature by 70 °C.

Fig. 9 shows the average misorientation and subgrain size as a function of annealing
temperature for both homogenized samples. For one-step homogenized samples, there is a
continuous increase in average misorientation with increasing annealing temperature until the
hardness value reaches a plateau at the temperatures of 400-450 °C. Conversely, there is only
a small change in the average misorientation at low annealing temperatures (<300 °C) for
two-step homogenized samples. Beyond 300 °C, the average misorientation increase
continuously but moderately with increasing annealing temperature. Because of low recovery
and recrystallization rate, two-step homogenized samples generally have a significant lower
average misorientation at all annealing temperatures (Fig. 9a). On the other hand, when
annealed below 300 °C, very fine subgrain sizes similar to that of cold rolled condition are
obtained in both homogenized samples (Fig. 9b). At high annealing temperatures (beyond
300 °C), the subgrain growth rate becomes high and their size increases continuously with
increasing annealing temperature. Compared to one-step homogenized samples, two-step
homogenized samples have smaller subgrain size, especially at the temperature range of 300-
500 °C The above quantitative measurement results indicate that the two-step
homogenization has a strong effect on hindering subgrain growth, which can be explained by
a high number density of AlsZr dispersoids that exert a strong pinning effect on dislocation
and sub-grain boundary motions.

The variation of Vickers microhardness as a function of temperature for both one-step
and two-step homogenized samples after isochronal annealing are given in Fig. 10. It is noted
that the one-step and two-step homogenized samples exhibit a similar variation trend. Three

regions were exhibited: (1) decrease in microhardness (<300 °C); (2) increase in hardness
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(300°C to 470°C); (3) decrease in microhardness (>470 °C). As confirmed by microstructure
observations and recrystallized fraction measurement (Fig. 6 to Fig. 8), the onset of
recrystallization in the two-step homogenized samples is postponed to higher temperature
compared to that of one-step homogenized samples. Moreover, the backscattered electron
images in Fig. 11 shown the intermetallic particles in the cold-rolled sample and the
evolution of intermetallic particles during isochronal annealing in both one-step and two-step
homogenized samples (the evolution of intermetallic particles in both conditions nearly the
same). It is reveals that, there are mainly two types of coarse intermetallic particles exist in
the matrix for cold-rolled sample. In addition, a large number of fine intermetallic particles
are observed. Based on previous studies [27, 28], SEM-EDS results suggest that the coarse
intermetallic particles exhibited bright and grey contrast in the backscattered electron SEM
images are determined to be m(MgZn2) and S(ALCuMg), respectively. And the fine
intermetallic particles are also determined to be n(MgZn2). These n(MgZnz2) particles are
probably formed during cooling after hot rolling and subsequent annealing. With the
temperature increase, there is only significant small area fraction of intermetallic particles
dissolved into the matrix when annealed < 300 °C (Fig. 11a and Fig. 11b). Hence, the first
region of decrease in Vickers microhardness for both one-step and two-step homogenized
samples is related to the process of recovery and recrystallization. After that, as the annealing
temperature increased beyond 300 °C (Fig. 11c to Fig. 1le), intermetallic particles are
gradually dissolved into the matrix with the temperature increase. And most of the
intermetallic particles are dissolved into the matrix when annealing temperature reach to 470
°C, beyond which the area fraction of intermetallic particles remain nearly constant.
Combined with microstructure observation, it can be concluded that the region of Vickers
microhardness increase for both one-step and two step homogenization conditions was
attributed to solution hardening surpass the recovery and recrystallization softening, the
increase of recrystallized fraction and the growth of the recrystallized grains result in the
second region of Vickers microhardness decrease. In addition, after detailed investigation, the
Vickers microhardness of two-step homogenized samples decrease less dramatically than that
of one-step homogenized samples in the temperature range of < 300 °C. This is apparently
due to the more significant recovery and recrystallization degree in one-step homogenized

samples.

3.4 Discussion
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The EBSD results (Fig. 6-9) clearly indicated that different homogenization treatments
strongly affected the recrystallization process of 7150 alloy containing 0.13% Zr during post-
cold-rolling annealing. In general, recrystallization process involves the formation of strain-
free subgrains and the subsequent growth at the expense of surrounding deformed matrix. A
critical radius R for the subgrains be able to grow into the surrounding matrix is given by the

Gibbs-Thomson relationship [7, 29]:

_ 4vGB
Re = ;e ()

where ygg = 0.32 J/m? is the specific grain boundary energy, Py is the driving force due to
the stored deformation energy and P; is the retarding force (Zener drag) from dispersoids

exert upon the dislocation and subgrain boundaries.

It can be seen from this equation that, at a critical value of Pz, the Zener drag will become
sufficient to overcome the driving force and recrystallization will be stalled.

The expression of driving force Pp for recrystallization is given as follow [29]:

P, = % [mf‘f_v) In (%) + 0.5C2 %] )

Where G ~2.65 x 10'° N/m? is the shear modulus, b = 2.86 x 10"'° m is the burgers vector,
Ogp 1s the average subgrain size after deformation, a is the geometric constant expect to have
a value of 3, 0 is the average subgrain misorientation, v ~ 0.33 is the poisson ratio, 0 (of the
order of 15°) is the critical misorientation for a high angle boundary, Cp is an alloy-dependent
constant (of the order of 5).

A widely used relationship for the Zener drag P; of coherent dispersoids is given by [7]:

3 f
P, = g (3)

where fy; and r are the local volume fraction and the radius of the dispersoids, respectively. It

is obviously that small dispersoids with a high volume fraction (i.e., a high f/r value) is

necessary in order to achieve a high Zener drag P, to overcome the driving force for grain
boundary migration and achieve high recrystallization resistance.

Table 3 shows the average misorientation 0, subgrain size 6gg and the driving force Py
measured or calculated from EBSD maps after cold rolling for one-step and two-step
homogenized samples. From Eq. (1), we can find that subgrains with higher driving force Py
are favor of nucleation and growth for recrystallized grains. Whereas, the values of driving

force Py for one-step and two-step homogenized samples are 1140.5 KJ-m™ and 1103.7
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KJ-m™ respectively, and the difference of driving force P, between these two samples is
insignificant. As for the fact that one-step and two-step homogenized samples have nearly the
same driving force Pp, the change of the recrystallization behavior result from driving force
for both one-step and two-step homogenized samples during isochronal annealing is
negligible.

To find out the underlying reason for the differences in recrystallization behavior
between one-step and two-step homogenized samples, the precipitation behavior of AlsZr
dispersoids during different homogenization conditions should be considered. Table 2 shows
the volume fraction fy, the radius r and number density Ny of the Al3Zr dispersoids after one-
step and two-step homogenization. Those AlsZr dispersoids which precipitated during
homogenization have excellent thermal stability during hot rolling and subsequent heat
treatment, and strong retarding effect on subgrain and grain boundaries is obtained during
isochronal annealing. According to Eq. (3), the Zener drag P; becomes larger as the f/r ratio
increase, and the calculated Zener drag p, of the AlsZr dispersoids for one-step and two-step
homogenized samples are shown in Table 2. It is shown that the Zener drag P, in the two-
step homogenized sample is 160.5 KJ-m™, which is more than 2 times of that in the one-step
homogenized sample with Zener drag P, of 73.8 KJ-m™. Hence, for the two-step
homogenized sample which own smaller size with higher number density of AlZr
dispersoids, the remarkable higher recrystallization resistance is obtained. According to Eq.
(1), critical subgrain size for subgrains to grow into the surrounding deformed matrix in two-
step homogenized samples is larger than that of in the one-step homogenized samples.
Therefore, the subgrains in the two-step homogenized samples have greater difficulties to
become recrystallized grains due to the Zener drag from AlsZr dispersoids. In the two-step
homogenized sample, even after annealed at 500 °C, the retained fine subgrains revealed that
the AlZr dispersoids provide sufficient Zener drag to prevent subgrains to become
recrystallized grains, and this will lead to a great decrease in recrystallized fraction. In
comparison, the one-step homogenized sample which own lower Zener drag, under certain
annealing temperature, fine subgrain is hardly to see.

The precipitation of AlsZr dispersoids during homogenization also affect the growth
velocity of subgrain and grain boundaries, thus further affect the fraction and size of
recrystallized grains. The increase in recrystallized fraction and recrystallized grain size with
increasing annealing temperature can be explained by the increased mobility of grain

boundaries at higher temperature. However, for two-step homogenized samples, the
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migration of subgrain and grain boundaries were strongly retarded during annealing, and this
will yielded lower recrystallization kinetics. In contrary, the one-step homogenized sample
have a less retarding effect on the migration of subgrain and grain boundaries, and this will
led to higher recrystallization kinetics. As plotted in Fig. 8 and Fig. 9, recrystallized fraction,
recrystallized grain size and cell size increase with the increase of annealing temperature.
However, the subgrains in the two-step homogenized samples are less prone to growth out
from the deformed matrix and the growth rate of recrystallized grains is low because of the
higher Zener drag Pz from Al3Zr particles. Consequently, the process of recrystallization then
requires more time or higher temperatures to complete in two-step homogenized samples.
Furthermore, the recrystallized grain size, recrystallized fraction and cell size in two-step
homogenized sample is smaller than that of one-step homogenized sample at each annealing
temperature. In addition, when annealed at temperature < 300 °C, mainly recovery occurs in
the form of nucleation and growth of subgrains within the deformed matrix. In turn, as shown
in Fig. 9, it lead to only a slightly increase of average misorientation angle and cell size.
Annealed above 300 °C, the subgrains are able to grown into the deformed matrix, and the
recrystallized microstructure increase significantly with annealing temperature increase. The

recrystallization result in a significant increase of high angle boundaries and cell size.
5. Conclusions

The effect of two-step homogenization on the recrystallization behavior of 7150 Al alloy
during during isochronal annealing after cold-rolling in the temperature range of 200 °C to
500 °C has been studied. The softening behavior has been monitored by microhardness
measurement, and the microstructure in terms of grain structure was characterized by EBSD
method. Measured recrystallized fraction, recrystallized grain size, average misorientation
and cell size were also used to characterize the microstructure change. Furthermore, the
precipitation behavior of AlsZr dispersoids and the activation energy for the normal grain
growth were discussed. Compared with that of one-step homogenized sample, the following
conclusions can be made based on the results presents in current study.

(1) The two-step homogenization used for 7150 Al alloy strongly promotes the
rystallization resistance during hot rolling. A significant recrystallization occurred in the one-
step homogenized samples which have a recrystallized fraction more than 61% with an
average recrystallized grain size of ~ 21 pm. With respect to the two-step homogenized
samples, the majority of the microstructure was typically recovered structure having a

recrystallized fraction ~ 8% with an average recrystallized grain size of ~ 10 pum. However,
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the subgrain size becomes almost the same after cold rolling, which are 0.66 um and 0.67 pym
for one-step and two-step homogenized samples, respectively. In addition, grain boundaries
in both cases are predominantly low angle grain boundaries, and almost 65% of the
boundaries have low angle grain boundaries.

(2) The difference in microstructure between these two homogenized samples is hardly
to see when annealed below 250 °C. When annealing at 300 °C, both one-step and two-step
homogenized samples have a microstructure containing elongated coarse grains and equiaxed
small grains. However, there are only very few large grains present in two-step homogenized
sample compared to that of one-step homogenized sample. After the annealing temperature >
350 °C, compared with the microstructure of one-step homogenized samples consisted of
partial recrystallized microstructure with dominant of elongated coarse grains, the structure of
two-step homogenized samples consisted of partial recrystallized structure containing
elongated caorse grains and equiaxed small grains. The original deformed structure in one-
step homogenized sample was completely consumed by the recrystallized and recovered
grains at the temperature beyond 400 °C. However, the original deformed structure is
gradually consumed by the growing of recrystallized and recovered grains in the two-step
homogenized samples, and there were still some deformed regions remained even after
annealing at 500 °C.

(3) Two-step homogenization appears to be more effective in suppressing
recrystallization. Compared with that of one-step homogenized samples, two-step
homogenized samples own a generally lower recrystallized fraction and smaller recrystallized
grain size under all annealing conditions. And two-step homogenization increases the
recrystllization temperature by 120 °C compared with that of one-step homogenized sample.
In addition, a significant lower average misorientation and smaller cell size were obtained in
two-step homogenized samples compared with that of one-step homogenized samples after
annealing. The variation of Vickers microhardness in both cases is very similar, and the
increase in microhardness is due to the dissolve of secondary particles.

(4) Compared with one-step homogenized sample, two-step homogenization result in
significant smaller size of AlsZr particles with considerable much higher density. With
respect to insignificant difference in volume fraction, the average sizes of AlsZr particle are
determined to be ~18.9 nm and ~ 7.8 nm for one-step and two-step homogeninzed samples,

respectively.
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Table 1

Chemical composition of the 7150 alloy studied (in wt%).

Zn Mg Cu Zr Fe Si Ti Al
5.51 1.88 2.29 0.13 0.06 0.03 0.01 Bal.
Table 2

Dispersoid radius r, numer density Ny and volume fraction fy of Al;Zr dispersoids as well as the
calculated P; in one-step and two-step homogenized samples.

Alloy Homogenization r (nm) Ny (um™) fy (%) P, (KJ-m™)
7150 with One-step 18.9 104 0.29 73.8
0.13%Zr Two-step 7.8 1260 0.26 160.5
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Fig. 1. Backscattered SEM images of the as-cast 7150 alloy microstructure:

Fig. 2. Backscattered SEM images of the homogenized microstructure of 7150 alloy:
(a) low and (c) high magnification for one-step homogenization;

(b) low and (d) high magnification for two-step homogenization.
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Fig. 3. Typical TEM centered dark field images of the size and distribution of Al;Zr
dispersoids after one-step and two-step homogenization treatments:
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Fig. 4. EBSD images of the samples after hot rolling and subsequent annealing:

(a) one-step homogenization and hot rolled, (b) two-step homogenization and hot
rolled, (c) one-step homogenization, hot rolled and annealed at 400 °C/2 h, (d) two-
step homogenization, hot rolled and annealed at 400 °C/2 h.

Fig. 5. EBSD images of the samples after cold rolling:
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Fig. 6. Typical EBSD images of one-step homogenized and cold rolled samples after
isochronal annealing for 1 h at different temperatures: (2)250 °C, (b)300 °C, (c) 400 °C,
(d)470 °C, (e) 500 °C.
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Fig. 7. Typical EBSD images of two-step homogenized and cold rolled samples after
isochronal annealing for 1 h at different temperatures: (a)250 °C, (b)300 °C, (c) 400 °C,
(d)470 °C, (e) 500 °C.
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Fig. 8. Recrystallized fraction (a) and grain size (b) as a function of
temperature annealing.
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Fig. 10. Evolution of the Vickers microhardness as a function of annealing
temperature.
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Fig. 11. Evolution of the second phases with change of annealing temperature: (a)250 °C,
(b)300 °C, (c)400 °C, (d)470 °C, (e)500 °C.
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