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Abstract: The effects of Al(Fe,Mn)Si particles controlled by different hot-rolling deformations on the microstructure
evolution, texture evolution, and formabilities of AlI-Mg—Si—Zn alloy were systematically investigated using OM, SEM,
TEM, XRD, and tensile tests. The results indicate that Al(Fe,Mn)Si particles with different size and number distribution
characteristics can be obtained by adjusting the hot-rolling deformation degree (59%, 74% and 87%), and these
differences in particle distribution are the main factors affecting the recrystallization nucleation and grain growth during
solution treatment. After T4P treatment, the grain orientations in the AI-Mg—Si—Zn alloy sheets with 59% and 74%
hot-rolling deformation tend to be randomly distributed. In comparison, the sheet with 87% hot-rolling deformation
consists of R{124}(211), Cubenp{100}(013), Copper{112}(111) and Brass{011}(211) texture components. The
medium size and number of Al(Fe,Mn)Si particles obtained at 74% hot-rolling deformation cause fine grains and
randomly distributed texture, which significantly improves the formability of AI-Mg—Si—Zn alloy.
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1 Introduction

Recently, in response to the demand for
environmental protection and the growth of new
energy vehicles, aluminum alloys have been
increasingly used in the automotive industry due to
their low density [1-3]. Among those aluminum
alloys, the heat-treatable Al-Mg—Si alloys are
extensively used for automotive panels owing to
their excellent baking-hardening property and
formability [4—7]. The limit drawing ratio (LDR)
can more accurately assess the formability of alloy
sheets [8]. It is shown that the higher the limit

drawing ratio, the better the formability. LEU [9]
stated that the LDR value is primarily influenced by
the average plastic strain ratio () and the strain
hardening index (n). The LDR value is usually
expressed as follows:

LDR=

exp{(Zfexp(—n))\/g}—i—exan 1? } 1

€]
where f is the drawing efficiency. Many studies
have shown that the formability and mechanical
property anisotropy of alloys are influenced by the
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composition of the textures and their intensities
strongly. Two initial textures of y-fibers ({111 }{uvwy))
and random orientation are favorable to improving
formability [10—12]. Furthermore, the texture is
strongly influenced by chemical elements and
processing parameters [5,13,14].

The typical manufacturing processes for
producing Al-Mg—Si alloy sheets include casting,
homogenization, hot-rolling, intermediate annealing,
cold-rolling, solution treatment, and pre-aging. As
the first step of sheet processing, hot-rolling has an
essential genetic effect on the subsequent micro-
structure and texture evolution. Moreover, the hot-
rolling process is complex and involves various
influencing factors, but most research on hot-rolling
has focused on the effect of hot-rolling temperature
on the microstructure and texture of Al-Mg—Si
alloy sheets. It has been shown that Al-5Mg—
0.8Mn alloys undergo dynamic recrystallization
during hot deformation at 400—500 °C, while their
subgrain diameter is smaller than that of
commercial Al alloy as a result of the increased
density of particles [15]. LI et al [16] found a
similar texture gradient in Al-Mg—Si alloy. For
Al-Mg—Si alloy, the Cube texture in the hot-rolled
sheet increases significantly at higher hot-rolling
exit temperatures, which is easily retained and
inherited to T4P-treated microstructure. Moreover,
the presence of a large quantity of Mg,Si particles
hinders the particle-simulated nucleation (PSN)
effect and encourages the formation of cube texture
during solution treatment [14]. Our previous
study [17] found that the hot-rolling temperature
affects the precipitation of Mg,Si and Si particles in
Al-Mg—Si alloy sheets, and the distribution of
these precipitated particles improves the formability
at an initial rolling temperature of 555 °C.
Moreover, another study on the effect of
Al(Fe,Mn)Si particles is still focused only on the
compositional adjustment of the AI-Mg—Si alloys.
For example, in AI-Mg—Si—Cu alloy, the effect of
solid solution time on grain structure and texture
becomes less significant with the increase of the
concentration of Al(Fe,Mn)Si particles, indicating
that Al(Fe,Mn)Si particles are beneficial to
improving the stability of grain structure [18—20].

In summary, it can be found that most
investigations on hot-rolling mainly focused on the
influence of the hot-rolling process for hot-rolled

microstructure and texture. The microstructure and
texture evolution of Al-Mg—Si—Zn alloy sheets
after subsequent processing lacks systematic
analysis. There is less report on the hot-rolling
deformation of Al-Mg—Si—Zn alloy sheets, and in
particular, controlling the Al(Fe,Mn)Si particles by
mechanical processing has yet to be found. However,
Al(Fe,Mn)Si particles and the microstructure and
texture of finished sheets are significantly affected
by the hot-rolling process. Therefore, this work
aimed to modulate the size and distribution of
insoluble Al(Fe,Mn)Si particles in the Al-Mg—
Si—Zn alloy by varying hot-rolling deformation, and
their influence on the evolution of recrystallization
microstructure and texture during subsequent
processing was also revealed. Further, relevant
relationship among particles, grain, texture, and
formability was investigated carefully, and the
mechanisms were discussed systematically. It
provided a guidance for optimizing the hot rolling
process to improve the formability of the AlI-Mg—
Si—Zn alloy sheet in automotive industry.

2 Experimental

The as-received material was a homogenized
Al-Mg—Si—Zn alloy with a thickness of 40 mm and
a chemical composition of Al-0.8Mg—1.02Si—
0.6Zn—0.18Cu—0.12Fe—0.08Mn (wt.%). The sheets
were hot-rolled to a thickness of (5.3£0.1) mm
through rolling schemes A, B and C in Table 1,
respectively. Through our preliminary study [17], it
was necessary to establish the initial rolling
temperature of the alloy at 555 °C and control the
exit temperature to 210—230 °C. After cooling to
room temperature, these sheets were cold-rolled
to a thickness of 1.8 mm. Afterward, they were
intermediately annealed at 450 °C for 1 h before
undergoing another cold-rolling process to reach a
final thickness of 0.95 mm. Then, the sheets were
solution treated at 560 °C for 5 min, followed
by water quenching. Finally, these sheets were

Table 1 Hot-rolling processes of Al-Mg—Si—Zn alloy

sheets
Scheme Total hot-rolling Reduction
deformation degree/% per pass/%
A 59
B 74 14-30
C 87
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pre-aged at a cooling rate of 4°C/h in the
temperature range of 90—60 °C (T4P treatment).

The Zeiss Axiovert Imager A2m optical
microscope (OM) was used to observe the
microstructure of the alloy sheet on a plane parallel
to the transverse direction (RD). The samples were
analyzed using a JSM—7001F scanning electron
microscope (SEM) with X-ray energy dispersive
spectrometer (EDS) to examine the coarse particle
distribution. The electron backscatter diffraction
(EBSD) was performed at a voltage of 20 kV and
a scanning step size of 2.5 um. The fine particle
distribution was investigated using a Talos F200X
(G2 transmission electron microscope and a SUPRA
55 SEM. Transmission electron microscopy (TEM)
samples were thinned on both sides by ion beam
bombardment at —120 °C using a 695.0 PIPS II ion
beam thinner. X-ray pole figure measurements were
used to characterize textures at a quarter thickness
of the sheets. Four incomplete polar maps with
indices of (111), (200), (220), and (311) were
obtained with Bruker D8 Discover X-ray
diffractometer at 40kV and 40 mA of CuK,
radiation using the Schulz back-reflection method.
The incomplete pole figures (/max=16) were utilized
to compute the orientation distribution functions
(ODFs) via the series expansion method.

The mechanical properties of three T4P-treated
alloy sheets were tested on the MTS—-WD3100 at
room temperature. The tensile tests of the sheets
were performed at 0°, 45° and 90° with respect to
the rolling direction according to EN ISO 6892-1
standard. The » value was calculated using a tensile

(b)

Middle

Surfacellayer

Niddlellayer

strain of 10%, and the n value was determined in
the 10%—20% strain range. At least three specimens
in each direction were tested, and their average
values were reported.

3 Results

3.1 Microstructure evolution

Figure 1 exhibits the hot-rolling microstructure
of three alloy sheets. It can be seen that there are
apparent differences in the grain morphology of
different hot-rolling deformation degrees. Sheets A
and B consist of elongated grains along the rolling
direction, and the aspect ratio of grains decreases
significantly with the increase of hot-rolling
deformation degree. Sheet C is characterized by
highly elongated bands along the rolling direction.
With the increase of deformation degree, the grain
structure of the hot-rolled sheet is gradually
elongated, and the layer spacing of the grain
structure is gradually reduced. Furthermore, there
are some differences in the microstructure of the
surface and middle layers. Compared with the
middle layer, the layer spacing of the surface layer
is more minor. The coarse particles distributed in
these three alloy sheets are presented in Fig. 2. A
large number of grayish-white particles display
banded interrupted distribution along the grain
boundaries, which are identified as Al(Fe,Mn)Si
particles according to the energy spectrum analysis,
as shown in Fig. 2(d). The size and number of
coarse Al(Fe,Mn)Si particles distributed in the three
sheets are significantly different, and their statistical

Surfacellaye i

MiddIetlayer 200 pm

Fig. 1 Hot-rolled microstructures of alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C
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Element at.%
Al 69.22
Si 10.68
Mn 3.80
Fe 12.13

Mg

Fe IiSi
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Fig. 2 SEM micrographs of hot-rolled alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C; (d) EDS spectrum of particle

results are given in Table 2. The number of
Al(Fe,Mn)Si particles follows order of Sheet C >
Sheet B > Sheet A, and the size of Al(Fe,Mn)Si
particles follows the order of Sheet A > Sheet B >
Sheet C. This may be due to the different
deformation degrees during the hot-rolling process.

Table 2 Detailed statistical information of Al(Fe,Mn)Si
particles in hot-rolled alloy sheets

Alloy Number Diameter/ Area
sheet density/mm? pm fraction/%
A 1.44x103 2.81 1.07
B 2.22x103 2.25 1.06
C 2.85x10° 1.88 1.01

The hot-rolled alloy sheets are cold-rolled to a
final thickness of 0.95 mm. The OM micrographs of
the cold-rolled alloy sheets are shown in Fig. 3. The
microstructures of Sheets B and C are very similar,
and both are composed of elongated deformed
grains. In comparison, the spacing between the
surface and middle layers of Sheets B and C is the
same. At the same time, a small amount of coarse
elongated grains also exist in the middle layer of
Sheet A. Among the three sheets, the grain structure
of Sheet A is relatively coarse. During the following

intermediate-annealing and cold-rolling, particle
distribution is changed, and SEM micrographs of
the particles in the cold-rolled alloy sheets are
shown in Fig. 4. Due to the intermediate annealing
treatment, black Mg,Si particles with submicron
size are also precipitated. During the following
cold-rolling, the coarse Al(Fe,Mn)Si particles in the
three sheets show a similar behavior and are further
crushed, decreasing in average size and increasing
in number. The average Al(Fe,Mn)Si particle sizes
in Sheets A, B and C are 0.53, 0.40 and 0.37 um,
respectively.

Figure 5 shows the distribution of fine
particles in the cold-rolled sheet. According to EDS
analysis in Figs. 5(d—f), three kinds of particles can
be identified. The irregular-shaped or spherical
particles are identified as Mg,Si, and the rod-like
or irregular-shaped particles are identified as Si,
partially similar in morphology for both particles.
The fine rod-like or spherical particles are identified
as Al(Fe,Mn)Si. The fine Al(Fe,Mn)Si particles
are formed by crushing the coarse Al(Fe,Mn)Si
particles during hot and cold rolling and
precipitation of the previous homogenization
process. As can be seen in Figs. 4 and 5, the sizes
of Mg,Si and Si particles in all three sheets are
small, mostly below 1 um, and their distributions are
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(c)

Fig. 3 Cold-rolled microstructures of alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C

S\ *"'h.

Al(Fe,Mn)Si

r! -
= L
Al(Fe,Mn)Si P

Element at.%
(0] 5.78
Mg 11.05
Al 76.67
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Fig. 4 SEM micrographs of cold-rolled alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C; (d) EDS spectrum of particle

similar, which may be related to the same hot
rolling temperature and intermediate annealing
treatment. Therefore, the effects of Mg,Si and Si
particles on the microstructure and texture
evolution of the three sheets during the subsequent
solution treatment, and on the properties of the
T4P-treated sheets are identical. To avoid the
excessive dislocations in the cold-rolled sheet
masking the distribution information of the fine
Al(Fe,Mn)Si particles, the TEM results of the
T4P-state sheets are supplemented, as shown in
Fig. 6. After T4P treatment, Mg,Si and Si particles
are completely dissolved back into the matrix, and
only insoluble Al(Fe,Mn)Si particles are observed
with the same distribution pattern as in the
cold-rolled microstructure.

The statistical results of Al(Fe,Mn)Si particles
distributed in the three sheets are shown in Fig. 7. It
can be found that the number density of Al(Fe,Mn)Si
particles below 0.2 um increases gradually with the
increase of hot rolling deformation degree. The size
and number distribution patterns of Al(Fe,Mn)Si
particles in the three cold-rolled sheets are basically
the same as those in the hot-rolled sheets due to the
same process of cold-rolling deformation. Based on
the analysis, it can be concluded that the size and
distribution of coarse Al(Fe,Mn)Si particles vary
significantly due to the hot-rolling deformation.
This, in turn, has a particular impact on the
microstructure of the cold-rolled sheets and
ultimately affects the recrystallization process
during the solution treatment.



2206 Kai-xin CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2201-2216

Mg,Si (C)
“Element_at%
Mg  46.00

Al 32.05
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Fig. 5 TEM micrographs of cold-rolled alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C; (d—f) EDS spectra of particle
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Fig. 6 TEM micrographs of T4P-treated alloy sheets: (a) Sheet A; (b) Sheet B; (¢) Sheet C
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Fig. 7 Detailed statistical information of Al(Fe,Mn)Si
particles in cold-rolled alloy sheets

After solution treatment, alloy sheets exhibit
equiaxed grains, replacing the previously deformed
grains, as shown in Fig. 8. Based on EBSD
statistical calculations, it is determined that the
average grain sizes for Sheets A, B, and C are 46.26,
38.26, and 48.28 um, respectively. It can be found
that the recrystallized grain structure of Sheet B
is the most homogeneous, while there are
recrystallized grains with sizes over 100 um in
Sheet A. It is possible that the variations in the final
recrystallization microstructure among the three
sheets can result in distinct formabilities.
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— W L .
Fig. 8 EBSD maps of T4P-treated alloy sheets: (a) Grain microstructure of Sheet A; (b) Grain size distribution of

Sheet A; (¢) Grain microstructure of Sheet B; (d) Grain size distribution of Sheet B; (¢) Grain microstructure of Sheet C;
() Grain size distribution of Sheet C

3.2 Texture evolution

Figure 9 shows the ODFs of the alloy sheets
after three hot-rolled processes. There are some
sub-stable orientations in the sheets, which are
more easily transformed in the subsequent
processing. It can be observed that Sheet A is
dominated by the sub-stable {013}(531) orientation
with an intensity of 4.04, while a small amount of
S {123}(634) and Copper {112}(111) orientations
with intensities of 2.27 and 2.10, respectively, are
present. The main texture component of Sheets B
and C is the p-fiber orientation (The spatial
orientation is from the Copper orientation through
the S orientation to the Brass {011}(211)
orientation [21,22]). In Sheet B, the deformation
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textures, Copper, S and Brass, are significantly
increased with orientation intensities of 7.96, 8.34
and 6.38, respectively, and a minor amount of Goss
{110}¢001) and {014}(100) orientations with
orientation intensities of 3.27 and 2.36 are also
present. Sheet C consists mainly of the deformation
textures Copper, S and Brass with orientation
intensities of 6.96, 7.20 and 8.46, respectively,
forming a recrystallized Cube {100}(001) texture
with an orientation intensity of 2.48. This reveals
that the larger the deformation degree, the easier the
formation of Brass and recrystallized textures at the
same hot-rolling temperature. It can be noticed that
different hot-rolling deformations significantly
affect the type and intensities of the textures in the
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hot-rolled sheets.

Figure 10 shows the ODFs of cold-rolled alloy
sheets, and Fig. 11 shows statistical results of
texture distribution. Obviously, after cold-rolling,
all three sheets exhibit p-fiber, and their
f-orientation intensities tend to be similar, but
the position of p-fibers slightly deviates from
the theoretical position. In addition, some of
the recrystallization textures formed during the
intermediate annealing treatment are not entirely
transformed into deformation textures during the
subsequent cold-rolling of the sheets. Because the
cold-rolling deformation degree after intermediate

Constant Phi2=5 Conslam Phi2=10 Constant Phi2=15 Constant Phi2=0
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5

Constant Phi2=10
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annealing is only 47%, the recrystallized textures,
Goss, Cuberp and Cube, formed during
intermediate  annealing are retained after
cold-rolling. In Sheet A, the Cuberp {013}{100)
(Cube orientation rotating around the rolling
direction) and Goss texture are present with
orientation intensities of 2.43 and 2.61, respectively.
Sheet B also has Cuberp and Goss textures with
orientation intensities of 2.35 and 2.12, which is
slightly different from Sheet A. In Sheet C, Cube
and Goss textures are observed with orientation
intensities of 4.72 and 2.76, respectively. It can
be seen that there are only some differences in the
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Fig. 9 ODFs of hot-rolled alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C
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recrystallization textures in the three alloy sheets.
Therefore, the slight difference in the texture
distribution of the cold-rolled sheets is only a

minimal part of the variation

recrystallization texture.

Figure 12 shows the ODFs of T4P-treated

in the

final

2209

alloy sheets. After solution treatment, the grain
orientation of Sheets A and B shows a random
distribution. However, Sheet C is dominated by
the recrystallization texture R {124}(211), Cubenp
{100}(013) (Cube orientation rotating around
the normal direction) and Cuberp with orientation
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Fig. 12 ODFs of T4P-treated alloy sheets: (a) Sheet A; (b) Sheet B; (c) Sheet C
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intensities of 3.16, 3.44 and 2.16, and their volume
fractions are 4.86%, 5.93% and 2.82%, respectively.
Sheet C still has partial deformation textures of
Copper and Brass with orientation intensities of
2.61 and 2.23 and volume fractions of 4.02% and
4.51%, respectively. The results indicate that the
hot-rolling deformation has some influence on grain
orientation distribution after solution treatment. In
summary, it can be found that the differences in the
texture of the three cold-rolled sheets are relatively
small. Thus, the variance in the number and size
of Al(Fe,Mn)Si particles is the primary factor
responsible for the differences in the final
recrystallization texture. This directly influences the
formability of the alloy sheets.

3.3 Formability

The mechanical properties of the T4P-treated
alloy sheets are presented in Table 3. The tensile
strength, yield strength and elongation of the sheets
with different hot-rolling deformation degrees have
some differences, and the mechanical properties of
the sheets are anisotropic. The tensile strength and
elongation of the sheets gradually increase with
increasing hot-rolling deformation degree. The
yield strength of the sheets shows a decreasing
trend with the increase of hot-rolling deformation
degree. However, there is little overall change in
strength. These small differences in strength are
related to grain size and Al(Fe,Mn)Si particle
distribution. The differences in the size and number
distribution of Al(Fe,Mn)Si particles in the three
sheets are significantly different, and these
insoluble Al(Fe,Mn)Si particles can contribute
significantly to the strength.

Figure 13 summarizes the formability
parameters of the T4P-treated alloy sheets. The
formability characterized by the average plastic
strain ratio () and the anisotropy index (Ar) can be
expressed as follows [23]:

r=(ro+2r4stro)/4 (2)
Ar=(rotroo—2ras)/2 3)

where ro, 745 and ro are the » values obtained by
tensile testing in the 0°, 45° and 90° directions with
respect to the rolling direction, respectively. The
strain hardening index (») is calculated similarly. It
can be concluded that as the hot-rolling deformation
degree increases, the r value of the sheets increases
first and then decreases, while the » value slightly

Table 3 Mechanical properties of T4P-treated alloy

sheets
Alloy  Direction/ YS/ UTS/  Elongation/
sheet (©) MPa MPa %
0 145 257 26.5
A 45 148 248 25.5
90 150 246 26.0
0 143 257 29.5
B 45 148 253 29.5
90 141 252 28.5
0 143 267 28.0
C 45 137 257 30.0
90 139 257 32.5
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Fig. 13 Formability parameters of T4P-treated alloy
sheets (a) and Correlation between r value and LDR
value (b)

increases. This suggests that Sheet B possesses the
highest formability among the three alloy sheets.
Interestingly, the three T4P-treated alloy sheets
have smaller Ar values, indicating low planar
anisotropy. According to Ref.[5], the calculated
results can be more precise when fis set to be 0.9 in
Eq. (1). The LDR values of alloy sheets can be
determined using Eq. (1) through the utilization of
the » and n values. As depicted in Fig. 13(b), the
LDR values for Sheets A, B, and C are 2.04, 2.05,
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and 2.01, respectively. This represents a positive
correlation between the » and LDR values,
verifying that Sheet B has the best formability.
Based on the mechanical properties results, it can
be concluded that the formability of the sheets is
influenced by the hot-rolling deformation, which is
mainly explained by the formation of different final
recrystallization microstructure and textures.

4 Discussion

4.1 Effect of hot-rolling deformation on micro-
structure

According to the microstructure, the hot-
rolling deformation affects the deformation
microstructure and the distribution of Al(Fe,Mn)Si,
especially in the number and size distribution of
Al(Fe,Mn)Si phases. The final recrystallization
microstructure and texture largely depend on the
deformation microstructure and the second phase.
No recrystallization microstructure possibly appears
during the hot-rolling process, indicating that the
exit temperature of hot-rolling is too low to induce
recrystallization or the degree of recrystallization is
minimal. The predominance of deformation textures
in the hot-rolled sheets suggests that the cooling
rate of the whole hot-rolling process is fast, and the
deformation degree is low, which is not enough
to form more recrystallization textures. Because of
the non-uniform deformation, there are some
differences in the surface and middle microstructure
of the hot-rolled sheet. The deformation of the
surface layer is larger, so the grain size is smaller.
After cold-rolling, the difference between the
middle and surface layers of the sheet is reduced
significantly, illustrating that the reduction in the
sheet thickness is beneficial to the homogenization
of the microstructure. However, there is still a
more noticeable variance in Sheet A, which means
that a larger deformation is more favorable to
homogenizing During the
processing, the non-uniformity of deformation is
eventually inherited to the T4P-stated sheet, which
ultimately affects recrystallization microstructure
and texture.

With increasing hot-rolling deformation degree,
the number of Al(Fe,Mn)Si particles distributed
along the grain boundaries increases, and its size
decreases significantly. This reflects that the larger
deformation leads to a more broken degree of

the microstructure.

coarse particles. Different broken degrees of coarse
Al(Fe,Mn)Si particles in hot-rolled sheets result
in different amounts and size distributions of
Al(Fe,Mn)Si particles. After cold-rolling, a typical
multi-scale particle distribution characteristic of
the coexistence of coarse and fine Al(Fe,Mn)Si can
be obtained within the alloy matrix. As shown in
Fig. 7, three sheets are distributed with different
amounts of Al(Fe,Mn)Si particles in three size
ranges, respectively. This difference maintains until
the solution treatment, which directly causes
differences in recrystallized grain nucleation and
growth patterns.

4.2 Effect of Al(Fe,Mn)Si particles on recrystallized
grains

The uniformly-diffuse distribution of particles
of different sizes within the matrix significantly
influences the recrystallization process of cold-
rolled sheets. The differences in the particles are
mainly reflected in the differences in the number
density of multi-scale Al(Fe,Mn)Si particles in this
study. From Fig. 7, it can be found that Sheet C has
fewer coarse Al(Fe,Mn)Si particles than Sheets A
and B, with more micron Al(Fe,Mn)Si particles.
Furthermore, there are also many re-solvable
submicron Si and Mg,Si particles in the cold-rolled
sheets after the intermediate annealing treatment.
Fine particles (<1 um) inhibit the PSN effect
(i.e., the deformation region around the coarse
particles provides nucleation sites that stimulate
recrystallization nucleation) and delay the
formation of Cubenp orientation, while coarse
particles (>1 um) facilitate the formation of Cubenp
orientation [24]. The PSN effect provides more
nucleation sites around the coarse particles, which
promotes recrystallization nucleation, and thus can
reduce the recrystallized grain size to some extent.
Moreover, the triggering mechanism regarding the
PSN effect depends primarily on the number
density of particles of different sizes (Ac), which can
be expressed as [25]

jm e (4)
ED - EZ
where y, £p and E7 are the specific grain boundary
energy, the deformation stored energy and the Zener
pinning force exerted by the small particle,
respectively.
The expression for £7 is as follows:
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3Fyy,
Ez:dLb (5)

p

where Fyv and d, are the small particle volume
fraction and diameter, respectively. The critical
grain size parameter that causes the PSN effect
increases with raising £z, which is heavily affected
by the volume fraction and size of the particles.

Combined with the texture analysis (Fig. 12),
during the solution treatment, Sheets A and B begin
to form grains of weaker Cubexp orientation by the
PSN effect, and then grains of other orientations
develop gradually with time, as shown in Fig. 14.
Due to the larger number of coarse Al(Fe,Mn)Si
particles in these two sheets, the non-uniform
deformation region occurs near the coarse particles
after cold rolling, which increases the dislocation
density and produces a large orientation gradient in
the vicinity of the particles [26]. This region can be
used as a site for PSN nucleation, which promotes
the recrystallization nucleation and accelerates the
recrystallization. When the grains start to grow out
of the deformation zone, the grains are subjected
to pinning effect [25], and more fine Al(Fe,Mn)Si
particles hinder the grain boundary migration. This
makes the growth rate of recrystallized grains in
sheet B relatively slower and the average grain size
decreases. The combined effect of these two factors
eventually leads to a smaller recrystallized grain
size in Sheet B according to Figs. 14(e—h). This
is also partly attributed to the inheritance of the

microstructure during processing due to the larger
hot-rolling deformation in the early stage, making
the recrystallization microstructure more uniform
after solution treatment. Based on the higher
number of fine Al(Fe,Mn)Si particles and fewer
coarse Al(Fe,Mn)Si particles in Sheet C, the overall
size of the second-phase particles in Sheet C is
small, and the increase in the dislocation density
of the material after cold rolling is limited.
Therefore, compared with the other two sheets, the
deformation storage energy Ep of Sheet C is lower,
and the recrystallization driving force is smaller,
which is not conducive to recrystallized nucleation.
And due to fewer coarse Al(Fe,Mn)Si particles, the
point rotation in the deformation region around the
Al(Fe,Mn)Si particles after cold rolling is minor,
whereas the PSN nucleation originates from the
high strain region around the particles, and the
large orientation gradient acts as the site
of recrystallization nucleation. As a result, the
recrystallized nucleation rate of Sheet C is
relatively lower and the size of recrystallized grains
after solid solution treatment is larger. Combined
with Fig. 12, it is found that the Cubenp texture is
predominant in Sheet C, but a small amount of
Cuberp orientation is formed by cubic band
nucleation. Therefore, it can be inferred that Sheet
C is dominated by the nucleation of cubic bands at
the initial stage of solution treatment, and the PSN
effect is inhibited. The Cube grains grow rapidly
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during solution treatment. Over time, the Mg,Si and
Si particles gradually dissolve and the grains grow
(Figs. 14(i-1)).

4.3 Effect of Al(Fe,Mn)Si
recrystallization texture
All textures found in this work after

recrystallization belong to well-known Cubenp,

particles on

retaining rolling and random orientations. As the
solution time increases, the texture is initially
recrystallized from the deformation zone around the
particles and in other areas. For Sheets A and B, the
Cubenp texture formed by PSN increases as the
recrystallized grains grow. When the time is further
extended, the grains of other orientations also
gradually increase (Fig. 14). It has been studied [27]
that the texture intensity first increases slightly as
the grain size increases, and then the new texture
component replaces the original texture component.
Eventually, the orientation intensities of all textures
are weak and the textures gradually tend to be
randomly distributed, which may be due to slight
changes in the grain structure. Since nucleation,
mainly controlled by dislocation motion, is less
affected by these drag effects than grain boundary
motion, the nucleation is reduced. This also verifies
that the texture generated by the PSN effect is
thoroughly random if the PSN effect reaches a
certain level. Because 74% of the hot-rolling
deformation leads to more fine particles, the
grain growth rate of Sheet B is relatively
slow, corresponding to the final recrystallization
microstructure observed. To achieve a positive
impact from multi-scale particles, it is crucial to
ensuring that the number density of both coarse and
fine particles in the matrix is well-matched. The
decisive step for PSN nucleation is that the size of
these particles must exceed the corresponding
critical diameter (in Eq. (4)). The larger hot-rolling
deformation leads to fewer coarse Al(Fe,Mn)Si
particles and more submicron Al(Fe,Mn)Si particles
in Sheet C, weakening the PSN effect and allowing
the formation of many Cuberp orientations through
cube band nucleation at the beginning of solution
treatment. With the extension of time, after the
gradual dissolution of the particles, the PSN effect
gradually dominates and a stronger Cubenp
orientation is formed, as shown in Figs. 14(i—1). By

contrast, the overly broken fine Al(Fe,Mn)Si
particles hinder the PSN effect during the solid
solution process and promote grain growth to some
extent, reflecting a close relationship between
microstructure and texture. It is also possible that
due to the inheritance of the texture, more
recrystallization texture is present in the cold-rolled
Sheet C, causing more recrystallization texture
to form even after solution treatment. The R
orientation can develop from the rolling texture
through discontinuous recrystallization through
nucleation from nuclei already existing in the
rolling structure [28]. The retained rolling texture is
directly from the deformation texture, probably due
to the nucleation process at preexisting high-angle
boundaries [25].

In summary, the appropriate hot-rolling
deformation positively influences randomization
of the texture by changing the number density
of multi-scale Al(Fe,Mn)Si particles. Therefore,
when regulating the hot-rolling deformation of
Al-Mg—Si—Zn alloy, the distribution and numbers
of Al(Fe,Mn)Si particles need to be precisely
controlled to obtain excellent recrystallization
microstructure, i.e., reasonable texture distribution
and fine grains.

4.4 Effect of recrystallization grain and texture

on formability

As reported in a previous study [29], a
decrease in the work hardening rate of tensile
specimens with higher » values results in a slow
onset of diffuse necking, which provides an
increased uniform plastic deformation. In addition,
a slower reduction in thickness of specimens with
higher » values offers good resistance against the
onset of failure by localized necking. Thus, a higher
r value indicates better formability for metallic
polycrystalline materials. It was established that the
r value of aluminum alloys is primarily affected
by the distribution of texture components and
their corresponding volume fractions [11,14].
Additionally, microstructure characteristics such as
grain size and morphology also play a role in
influencing the r value. Comparing Sheets A and C,
Sheet A has a random distribution of grain
orientation, while in Sheet C, numerous texture
components are present, and none of these textures
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is on the y-fibers. As a result, the » value of
Sheet C decreases significantly because the grain
morphology and size of these two sheets are
identical. The grain orientations of Sheets A and B
tend to be randomly distributed, indicating that the
textures have almost the same effect. At the same
strain, the smaller the average grain size of the sheet,
the more difficult it is for the grains to deform in
the thickness direction, so the larger the  value of
the sheet. Thus, the r value of Sheet A decreases
slightly as the grains become noticeably coarser.
This also reveals that the » value is more sensitive
to the change in texture than grain size.

5 Conclusions

(1) Al(Fe,Mn)Si particles with different size
and number distribution characteristics can be
obtained by adjusting the hot-rolling deformation.
The medium size and number of Al(Fe,Mn)Si
particles formed in the sheet at 74% hot-rolling
deformation significantly decrease the grain size
and improve the uniformity of the microstructure
after solution treatment.

(2) The hot-rolled sheets exhibit dissimilar
texture characteristics under different hot-rolling
deformation degrees. Sheet A is dominated by
{013}(531) texture, with small amounts of S
{1233(634) and Copper {112}(111) textures. The
main texture components of Sheets B and C are
Copper, S and Brass {011}(211) orientations.
During the solid solution treatment, the
recrystallization texture evolutions are mainly
influenced by the size and number distribution
characteristics of Al(Fe,Mn)Si particles modulated
by hot-rolling deformation. The grain orientation of
the T4P-treated sheets tends to be randomly
distributed through 59% and 74% hot-rolling
deformation. In comparison, the sheet with 87%
hot-rolling deformation has a stronger texture
consisting of R {124}(211), Cubexp {100}{013),
Copper and Brass.

(3) The formability of T4P-treated alloy sheets
is impacted by grain size and texture; in addition,
the texture has a more critical effect on the
formability. The medium size and number of
Al(Fe,Mn)Si particles formed in the sheet by 74%
hot-rolling deformation can refine the grain and

weaken the texture, thus increasing the » value and
significantly improving the formability of the alloy
sheet.
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