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Abstract

Through tensile testing combined with OM, SEM, TEM observations and EBSD
characterization, the influence of different thermomechanical processing routes
on the mechanical properties and microstructure (including texture) of Al-Mg-
Si-Cu alloy sheets was investigated. The results indicate that variations in ther-
momechanical processing have essentially no effect on the strength and strain
hardening exponent n of T4P pre-aged alloys, but exert significant influence on
the average plastic strain ratio r, planar anisotropy Ar, and elongation in dif-
ferent directions. Alloy sheets fabricated by applying a certain amount of cold
rolling deformation followed by annealing after hot rolling (Process II) exhibit
superior formability after solution treatment compared to those subjected to
direct annealing after hot rolling (Process I), with r reaching 0.6187 and a pro-
nounced reduction in anisotropy. Although the PSN effect is significant during
solution treatment for Process I alloy sheets, the cold rolling reduction prior
to solution treatment and the distribution of various-sized particles in Process
IT are rationally designed, resulting in recrystallized grains that are essentially
equiaxed and contain only weak CubeND, Cube, and H textures. Based on the
observed effects of thermomechanical processing on the microstructure of alloy
sheets, a schematic diagram of the microstructure evolution model for this alloy
system during thermomechanical processing is proposed.
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Abstract

To reduce the weight of car body, Al-Mg-Si-Cu alloys are becoming increas-
ingly attractive as a candidate for material substitution used to produce the
outer body panels of automobiles because of their favorable bake-hardening re-
sponse. However, the formability still needs to be further improved compared
to steels. In this work, the effect of the thermomechanical processing on the me-
chanical properties and microstructure of Al-Mg-Si-Cu alloy is studied through
tensile test, OM, SEM and TEM observation, as well as EBSD characterization.
The results reveal that there is almost no change in both strengths and strain-
hardening exponent n of the sheets in T4P condition after different thermome-
chanical processing, but the average plasticity strain ratio r, planar anisotropy
Ar and elongations in the three directions show obvious differences. The sheet
undergone hot rolling, cold rolling, intermediate annealing, cold rolling and so-
lution (processing IT) has a better formability (r = 0.6187) and a weaker planar
anisotropy than that subjected to hot rolling, intermediate annealing and then
cold rolling before solution treatment (processing I). Although the particle stim-
ulated nucleation (PSN) effect of processing I is remarkable during solution
treatment, due to the appropriate controlling cold deformation and distribution
of second-phase particles with different sizes in processing II, most of the recrys-
tallization grains are equiaxial and the recrystallization texture is only consisted
of CubeND, Cube and H with a low intensity. At last, according to the rela-
tionship between the microstructure and the thermomechanical processing, the
microstructure evolution model during different thermomechanical processes is
established.

Keywords
Al-Mg-Si-Cu alloy, thermomechanical processing, formability, recrystallization
texture, modelling

Introduction

With increasing emphasis on energy conservation and emission reduction
worldwide, automotive lightweighting has become a critical direction for next-
generation vehicle development. Aluminum alloys have emerged as important
materials for automotive lightweighting due to their low density, corrosion
resistance, high specific strength, ease of coloring, and high recyclability.
Among them, age-hardenable Al-Mg-Si series alloys are particularly attractive
because of their excellent rapid age-hardening response, which ensures relatively
low strength during stamping and forming, followed by substantial strength
enhancement after high-temperature paint baking, thereby exhibiting superior
dent resistance. Consequently, these alloys have been widely adopted for
manufacturing automotive body outer panels in recent years.
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Although Al-Mg-Si series alloys possess these excellent comprehensive proper-
ties, their stamping formability still requires further improvement compared to
conventional automotive steel sheets [?]. Numerous factors influence the stamp-
ing formability of aluminum alloy sheets, but alloy composition and thermome-
chanical processing are the most critical. The typical manufacturing process
for automotive outer panel Al-Mg-Si series alloys follows this sequence: cast-
ing — homogenization — hot rolling — intermediate annealing — cold rolling
— solution treatment — pre-aging — paint baking. This lengthy process flow
means that variations in any stage can significantly affect the microstructure
and mechanical properties of the final sheet [?]. Previous studies [?] have demon-
strated that when a certain number of coarse particles (diameter d > 1 um) are
distributed in the alloy matrix, substantial strain energy accumulates around
these particles during deformation. During subsequent high-temperature heat
treatment, recrystallization nucleation preferentially occurs around these parti-
cles, producing the so-called particle stimulated nucleation (PSN) effect. Fully
exploiting the PSN effect can yield favorable recrystallized microstructures and
texture distributions, leading to improved stamping formability during process-
ing. Therefore, for Al-Mg-Si-Cu alloy sheets, obtaining micron-scale coarse
particles is key to utilizing the PSN effect for regulating microstructure and
mechanical properties.

Our previous research [?] found that adding Fe and Mn solute elements to
Al-Mg-Si-Cu alloys can form Fe-rich coarse particles, and as the Fe and Mn
content increases, the number of these Fe-rich phase particles continuously in-
creases, gradually enhancing the PSN effect during recrystallization. In high-
concentration alloys, the recrystallized grain size becomes refined after recrystal-
lization, and the plastic strain ratio r, which characterizes stamping formability,
also improves to a certain extent (maximum r ., = 0.578). However, due to the
high Fe and Mn content in these concentrated alloys, coarse Fe-rich phase parti-
cles easily form a network distribution during melting and casting [?]. Although
these particles can be partially broken during subsequent thermomechanical pro-
cessing, microcracks readily form around them, which is extremely detrimental
to improving the stamping formability and hemming performance of the alloy
sheets [?]. Therefore, significantly increasing the concentration of Fe-rich phase
particles to regulate the final microstructure, texture, and formability involves
numerous issues and still requires further optimization of the manufacturing
process, particularly the melting and casting process.

Given this situation, if the thermomechanical processing of Al-Mg-Si-Cu alloys
can be controlled to form a certain number of particles with different sizes (both
coarse and fine) during processing, the synergistic effects of these differently
sized particles on recrystallization nucleation and grain growth can be fully
utilized to optimize the microstructure, texture, and formability of the alloy
sheets. In this work, we selected an Al-Mg-Si-Cu alloy with relatively low Fe
and Mn solute content and varied the thermomechanical processing parameters.
We found that a certain number of differently sized particles (such as Mg2Si,
Fe-rich phases, and Si particles) indeed formed in the alloy matrix. When
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these particles were appropriately distributed, they could effectively influence
the mechanical properties and microstructure evolution, ultimately imparting
excellent stamping formability to the alloy sheets.

Through systematic investigation of the influence of different thermomechanical
processes on the mechanical properties and microstructural evolution of Al-Mg-
Si-Cu alloys, this work aims to provide a theoretical basis for the development,
processing, and application of aluminum alloys for automotive lightweighting.

Experimental

The experimental Al-Mg-Si-Cu alloy had a composition of Al-0.6Mg-0.9Si-0.2Cu-
0.1Mn (mass fraction, %). Raw materials included high-purity Al (99.99%),
commercial-purity Mg, commercial-purity Zn, and master alloys Al-20%Si, Al-
50%Cu, Al-10%Mn, and grain refiner Al-5%Ti-1%B (mass fraction). The mate-
rials were melted in an SG2-12-10 resistance crucible furnace in a specific order,
and the alloy melt was poured into a water-cooled steel mold with dimensions of
180 mm x 110 mm X 90 mm. The ingots were cropped and surface-machined,
then subjected to a two-stage homogenization treatment at 485 °C for 3 h +
555 °C for 16 h. The hot rolling start temperature was 550 °C, with a finish
temperature below 300 °C and a final thickness of 4 mm. The samples were
then divided into two groups: the first group underwent intermediate annealing
at 400 °C for 1 h, cold rolling to 1 mm, followed by salt bath solution treatment
at 555 °C for 2 min and pre-aging at 80 °C for 12 h, designated as processing
I; the second group was cold-rolled to 2 mm (50% reduction) after hot rolling,
then subjected to intermediate annealing at 400 °C for 1 h, followed by cold
rolling to 1 mm and the same solution treatment and pre-aging, designated
as processing II. Alloy samples processed by both routes were stored at room
temperature for 14 days (T4P condition) before mechanical property testing in
different directions.

Tensile specimens were cut at 0°, 45°, and 90° to the rolling direction according
to GB/T3076-1982 specifications and tested on an MTS810 electro-hydraulic
servo material testing machine at a crosshead speed of 3 mm/min. Metallo-
graphic specimens were mechanically polished, etched with Keller’ s reagent,
and examined using an Axio Imager A2 optical microscope (OM). Phase anal-
ysis was performed using a SUPRA 55 scanning electron microscope (SEM)
equipped with an energy-dispersive spectrometer (EDS). Microstructural obser-
vation was conducted on a Tecnai G2 F30 field-emission transmission electron
microscope (TEM); samples were prepared by mechanical thinning followed by
electrolytic double-jet polishing (electrolyte volume ratio HNO5:CH;OH = 1:2).
Texture measurements were performed on an LTRA55 SEM equipped with an
electron backscatter diffraction (EBSD) system at an accelerating voltage of 20
kV, working distance of 15-20 mm, and 70° tilt; data acquisition was computer-
controlled, and three-dimensional orientation distribution functions (ODF') were
calculated using a two-step method and presented as constant Euler angle ¢,
(A¢y = 5°) sections. Samples were prepared by mechanical polishing followed
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by electrolytic polishing (electrolyte: HC10,:CH;CH,OH = 5:95, voltage 20 V).

2.1 Effect of Thermomechanical Processing on Mechanical Properties

[Figure 1: see original paper] shows the stress-strain curves of T4P-treated Al-
Mg-Si-Cu alloy sheets processed by the two different thermomechanical routes.
The detailed mechanical properties are listed in . It can be seen that for both
processing routes, the highest strength and elongation occur along the rolling
direction, while the lowest values are observed along the transverse direction,
indicating certain anisotropy. However, the alloy sheet processed by route II
exhibits significantly lower anisotropy. Additionally, processing II yields a higher
average plastic strain ratio r (r = (1y°+2r,5°+790°) /4, where 7°, r,5°, and rg,°
are the plastic strain ratios at 0°, 45°, and 90°, respectively) and lower planar
anisotropy Ar (Ar = (ry°+1rgy°—2r,45°)/2), indicating better formability. Both
processes have essentially no effect on the strain-hardening exponent n (Table
1).

Furthermore, the stamping formability of alloy sheets can be characterized by
the limiting drawing ratio (R;p). Numerous studies [?] have established a
quantitative relationship between R; p, r, and n:

1+7r
2

— pn
RLD—G :

It is generally accepted that when the stretching efficiency factor f = 0.9 in
this equation, the predictions are more accurate. Based on this relationship,
the calculated R;p values for processing I and processing II are 1.97657 and
2.00737, respectively. Although the latter is only slightly higher, it still reflects
the influence of thermomechanical processing on formability. Actual R} , values
require further experimental measurement.

2.2 Tensile Fracture Analysis

[Figure 2: see original paper| presents SEM images of the fracture surfaces of
T4P-treated Al-Mg-Si-Cu alloy sheets processed by both routes after tensile
testing along longitudinal and transverse directions. The fracture morphology
exhibits typical ductile fracture characteristics, featuring numerous dimples with
many smaller dimples distributed around larger ones, regardless of testing di-
rection. Moreover, since the alloys were in a recrystallized state during tensile
testing and contained numerous equiaxed recrystallized grains in the matrix
(as shown in [Figure 3: see original paper|g and h), the fracture morphologies
along longitudinal and transverse directions show minimal differences for both
processing routes, which explains why their elongation values are essentially
similar.
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2.3 Effect of Thermomechanical Processing on Microstructure Evolu-
tion

[Figure 3: see original paper] illustrates the microstructural evolution during
the two thermomechanical processing routes. After homogenization, the as-cast
alloy exhibits a relatively uniform microstructure with the dendritic network
completely eliminated. However, due to furnace cooling after high-temperature
homogenization, certain amounts of precipitates (primarily Mg2Si and minor
Fe-rich particles) are distributed within grains and near grain boundaries (Fig.
3a). After hot rolling to 4 mm, grains are significantly elongated along the
rolling direction, and the precipitates are fragmented and aligned along the
rolling direction (Fig. 3b). When intermediate annealing at 400 °C for 1 h is
applied directly after hot rolling, incomplete recrystallization occurs, with some
elongated recrystallized grains visible in the matrix (Fig. 3c). In contrast, when
50% cold rolling to 2 mm is performed before the same intermediate annealing
treatment, numerous recrystallized grains are clearly observed (Fig. 3d). When
the annealed sheets from both routes are further cold-rolled to 1 mm, the final
cold-rolled microstructures show no significant differences, both exhibiting fi-
brous structures (Figs. 3e and f), despite different deformation amounts. After
solution treatment at 555 °C for 2 min, the alloy processed by route I still shows
slightly elongated grains along the rolling direction with numerous coarse par-
ticles remaining in the matrix (Fig. 3g), whereas route II yields approximately
equiaxed grains with only a few undissolved coarse particles (Fig. 3h).

[Figure 4: see original paper| shows SEM images and EDS analysis of coarse
second-phase particles in the intermediate-annealed sheets processed by both
routes. In the route I material, the coarse particles are primarily Mg2Si and
Fe-rich phases containing Al, Fe, Mn, and Si (Figs. 4a, c, d). Although route
IT also contains Mg2Si and Fe-rich coarse particles, the distribution uniformity
is significantly improved and the particle size is reduced (Fig. 4b). This is
mainly attributed to the additional cold rolling before intermediate annealing,
which more effectively fragments the coarse second-phase particles (primarily
Fe-rich phases). The degree of fragmentation of Fe-rich phases before annealing
also directly affects the distribution of coarse particles in the solution-treated
state: lower fragmentation (route I) results in more numerous and larger coarse
particles (Fig. 3g), while severe fragmentation (route II) leads to fewer and
smaller coarse particles (Fig. 3h).

Thermomechanical processing affects not only coarse particles but also fine par-
ticles, which play a crucial role in controlling recrystallized grain growth and
thus significantly influence microstructure, texture, and properties regulation.
Therefore, analyzing the distribution of fine particles in cold-rolled alloys is es-
sential. [Figure 5: see original paper]| presents TEM images of 1 mm cold-rolled
alloys processed by both routes. In route I material, fine particles are relatively
small (mostly below 0.2 pm) with high distribution density, and SAED analysis
identifies them as primarily Si particles (Fig. 5a). Although route II also con-
tains Si particles, the number of particles smaller than 0.2 ym is significantly
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reduced (Fig. 5b). Detailed particle distributions are summarized in . This
distribution difference arises because most of these fine particles form during
the 400 °C, 1 h intermediate annealing stage. In route I, intermediate anneal-
ing follows hot rolling directly, whereas in route II, it follows 50% cold rolling.
The larger strain energy in route II promotes rapid growth of Si particles dur-
ing annealing, resulting in larger particle sizes. The subsequent cold rolling
deformation, being relatively small and performed on a softer annealed matrix,
does not effectively further fragment the particles. Consequently, the particle
distribution in the final cold-rolled state remains essentially the same as in the
intermediate-annealed state and can be directly used to analyze its effect on
recrystallization during solution treatment.

2.4 Effect of Thermomechanical Processing on Recrystallization Tex-
ture

[Figure 6: see original paper] shows EBSD grain orientation and size distribu-
tion maps of the solution-treated alloys processed by both routes. Different col-
ors represent different grain orientations, with lighter colors indicating greater
deviation from ideal orientations. The alloy processed by route I exhibits rela-
tively small average recrystallized grain size with a narrow distribution range,
attributed to the numerous fine particles that strongly inhibit grain growth.
However, the grains show a large aspect ratio and slight elongation along the
rolling direction, which is unfavorable for reducing anisotropy (as shown in Ta-
ble 1). The large aspect ratio primarily results from the greater cold rolling
deformation before solution treatment.

Although the experimental alloy has low Fe content, both processing routes
produce cold-rolled sheets containing various amounts of micron- and
submicron-sized particles. According to extensive literature [?], micron-sized
Fe-rich or Mg2Si particles generate substantial strain energy and deformation
zones around them during cold rolling, promoting preferential recrystallization
nucleation around particles (PSN effect) during high-temperature heat treat-
ment. However, successful PSN depends on particle size and prior deformation
amount; particles must generally exceed a critical size d, to exert the PSN
effect, which can be expressed as [?]:

dC: 279()
PD_PZ

where v, is the specific grain boundary energy, P, is the stored strain energy,
and P, is the Zener pinning force from fine particles; « is a constant; p is dis-
location density; G is the shear modulus; b is the magnitude of the Burgers
vector; and Fy, and d, are the volume fraction and diameter of fine particles,
respectively. Equation (2) shows that P, significantly affects the critical size d,
for PSN, varying with the volume fraction and size of fine particles. For the two
processing routes used in this work, although route I contains a higher volume
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fraction of fine particles after cold rolling (Fig. 5a), the PSN effect can still
operate during solution treatment due to the larger size of coarse particles and
greater final cold rolling deformation, resulting in smaller recrystallized grain
size (Fig. 6a). Conversely, although route II has fewer and smaller coarse par-
ticles in the cold-rolled state, the PSN effect can also occur during solution
treatment because the number and size of fine particles are significantly lower
than in route I, resulting in less inhibition of PSN. Therefore, the final recrys-
tallized grains are approximately equiaxed (Fig. 6b).

[Figure 7: see original paper] shows the ODF maps of the solution-treated alloys
processed by both routes, with corresponding texture components and their
intensities and volume fractions listed in Table 3. The route I material exhibits
numerous recrystallization texture components with relatively high intensities
and contents (Fig. 7a), whereas route II shows reduced texture components
and overall lower intensity, with recrystallized grains being primarily randomly
oriented (Fig. 7b).

The recrystallization texture components in Al-Mg-Si-Cu alloy sheets are gener-
ally determined by competition between Cube-oriented grains and grains formed
through the PSN effect [?]. During recrystallization, Cube-oriented subgrains
nucleating in cube bands generally recover and grow faster than other oriented
subgrains due to their high symmetry. Moreover, their 40° < 111 > orienta-
tion relationship with the S orientation of the cold-rolling texture gives Cube-
oriented grains strong growth capability [?], leading to the presence of Cube tex-
ture in both processed materials. If the cold rolling deformation is large, shear
bands with high local strain can also promote Goss-oriented nuclei formation,
and the Goss orientation grows preferentially due to its 40° < 111 > orientation
relationship with the B{011} < 211 > rolling texture. Therefore, the solution-
treated alloy processed by route I, which involves larger cold rolling deformation,
exhibits a certain amount of Goss texture. Coarse particles generate random
orientations or CubeND and P textures through the PSN effect. Since CubeND
typically has a 40° < 111 > orientation relationship with the {112} < 111 >
rolling texture, and P texture has a 40° < 111 > relationship with the S rolling
texture, both textures can nucleate and grow preferentially in the deformed ma-
trix [?]. Consequently, route I material, with its larger cold rolling deformation
and more numerous coarse particles, shows more pronounced PSN effects during
solution treatment, resulting in higher intensities of CubeND and P textures.
H is a shear texture that primarily appears on sheet surfaces during rolling and
can be retained during recrystallization due to difficult nucleation and growth;
route IT material contains a small amount of H texture.

Overall, due to the appropriate combination of a certain number of coarse par-
ticles and relatively few fine particles in the cold-rolled state, route II produces
a recrystallized alloy sheet with more randomly oriented and CubeND-oriented
grains, while containing fewer detrimental Cube and Goss textures. This results
in excellent stamping formability with r reaching 0.6187, which is higher than
both the 0.5391 value for route I and the maximum value of 0.578 reported

chinarxiv.org/items/chinaxiv-202303.00533 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00533

ChinaRxiv [$X]

in literature [?] obtained by fully exploiting PSN effects from Fe-rich particles.
Additionally, Ar is also lower (Table 1).

2.5 Microstructure Evolution Model

To better illustrate the effects of different thermomechanical processes on mi-
crostructure and texture, [Figure 8: see original paper] presents schematic dia-
grams of the microstructure evolution during processing. Both routes start with
the same hot-rolled microstructure containing certain amounts of Fe-rich and
Mg2Si phases (Figs. 8a and e), followed by different cold rolling and annealing
sequences. In route I, direct intermediate annealing after hot rolling results
in low stored energy and incomplete recrystallization, with limited growth of
existing and precipitated fine Mg2Si and Si particles (Fig. 8b). Subsequent
cold rolling of the soft matrix does not effectively fragment coarse second-phase
particles, leaving numerous coarse particles and fine Mg2Si and Si particles in
the cold-rolled state (Fig. 8c). The severe deformation around these numer-
ous, relatively large coarse particles leads to pronounced PSN effects during
solution treatment. However, the large cold rolling deformation also facilitates
formation of other detrimental orientations such as Cube and Goss nuclei (Fig.
8d). Consequently, the recrystallized microstructure contains grains with mul-
tiple orientations and large aspect ratios (Fig. 6a), resulting in strong planar
anisotropy.

In route II, the hot-rolled sheet first undergoes cold rolling deformation, which
not only fragments the coarse second-phase particles to some extent but also,
due to the larger stored strain energy, promotes rapid growth of existing and
precipitated particles during subsequent intermediate annealing, yielding larger
particle sizes than in route I (Fig. 8f). The annealed sheet is relatively soft, so
cold rolling does not significantly alter the distribution of differently sized parti-
cles (Fig. 8g). With smaller cold rolling deformation before solution treatment,
the PSN effect from coarse particles is less pronounced than in route I, and for-
mation of other oriented nuclei is also reduced (Fig. 8h). Although the number
of fine particles providing effective pinning is lower than in route I, resulting in
slightly larger recrystallized grain size, most recrystallized grains are equiaxed
with fewer texture components, predominantly random orientations (Fig. 6b).
Therefore, the alloy exhibits higher r-value and reduced anisotropy.

Conclusions

1. Variations in thermomechanical processing have essentially no effect on the
strength and strain-hardening exponent n of T4P-pre-aged alloys, but sig-
nificantly influence the average plastic strain ratio r, planar anisotropy Ar,
and elongation in different directions. Alloy sheets obtained by cold rolling
before intermediate annealing after hot rolling (processing II) demonstrate
better formability than those directly annealed after hot rolling (process-
ing I), with r reaching 0.6187 and markedly reduced anisotropy.
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2. Although the particles distributed in Al-Mg-Si-Cu alloy matrix mainly
include Fe-rich phase particles and Mg2Si particles, their sizes and distri-
bution states change significantly with thermomechanical processing. The
1 mm cold-rolled sheet from processing I contains numerous coarse and
fine particles, resulting in fine but elongated recrystallized grains after
solution treatment. In contrast, processing II yields reduced coarse par-
ticle size and increased fine particle size, leading to slightly larger but
essentially equiaxed recrystallized grains after solution treatment.

3. The texture components and contents of solution-treated alloy sheets vary
considerably with thermomechanical processing. Processing I produces
multiple recrystallization texture components including CubeND, P, Cube,
and Goss textures with relatively high intensities, while processing II re-
sults in only weak CubeND, Cube, and H textures.

4. Different thermomechanical processing routes exert important influences
on the comprehensive properties, microstructure, and texture evolution of
Al-Mg-Si-Cu alloy sheets, based on which a schematic model of microstruc-
ture evolution during thermomechanical processing has been proposed.
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