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ALUMINUM AND MAGNESIUM: HIGH STRENGTH ALLOYS FOR AUTOMOTIVE AND TRANSPORTATION APPLICATIONS

Thermomechanical Treatment of High-Shear Melt-Conditioned
Twin-Roll Cast Strip of Recycled AA5754 Alloy
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A continuous high-shear melt conditioning twin-roll casting process has been
developed for production of recycled aluminum alloy strip with minimum
casting defects. High-shear melt conditioning is applied to increase the
impurities tolerance of recycled aluminum. The results of this study showed
that solidification during twin-roll casting can be controlled by using intensive
melt conditioning prior to casting, which can promote equiaxed growth with
minimal defects and result in improved sheet quality. Melt-conditioned twin-
roll cast (MC-TRC) AA5754 alloy exhibited fine equiaxed grains and homog-
enized matrix structure while centerline segregation was eliminated. As-cast
melt-conditioned twin-roll cast AA5754 strips showed clear grain recrystal-
lization after thermomechanical treatment at 430°C for 30 min, representing
an improvement over conventional twin-roll casting. The MC-TRC strip
showed 57.2% higher elongation and 4.1% higher ultimate tensile strength
compared with the TRC strip after applying melt conditioning with thermo-

mechanical treatment.

INTRODUCTION

High strength and good formability, weldability,
and corrosion resistance are properties required of
aluminum sheet for automotive applications;' For
example, 5000 series alloys containing 2-5% Mg,
e.g., AA5754, possess high strength and excellent
stretch-forming characteristics. For automotive
applications, development of casting processes to
produce low-cost aluminum alloy sheet is essential.
Use of recycled aluminum alloys or development of
an economical process is the best strategy to reduce
the cost of producing aluminum alloy sheet. With
the increasing use of recycled aluminum alloys, the
great challenge for the aluminum industry is
control of the inclusion content. During recycling,
a certain amount of Fe and other elements will be
mixed into the original aluminum alloys, degrading
their mechanical properties. To achieve cost reduc-
tion and low environmental impact, it is therefore
necessary to increase the Fe content tolerance of
recycled aluminum alloys. Due to the low solubility
of Fe in the solid phase of aluminum alloys, it tends
to form various types of intermetallic phase parti-
cles by combination with other elements.? Fe
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intermetallic with platelet morphology such as
Al 3Fe4 is one of the undesirable Fe-rich phases,
and is thought to be the most harmful phase.
Because of its brittleness, it forms points of weak
coherence and stress raisers, resulting in severe
loss of ductility and strength in aluminum alloys.
The size of the platelet phase increases with
increase of the iron content or decrease of the
cooling rate.?

To reduce the negative effect of Fe phases on
aluminum alloys, many studies have been carried
out to investigate the formation mechanism of Fe-
rich intermetallics and their effect on mechanical
properties.* Rapid solidification of recycled alu-
minum alloy is the best method of improving the
mechanical properties. The twin-roll casting process
is an economic process that can accomplish rapid
solidification to produce aluminum sheet from recy-
cled aluminum alloy.? Twin-roll casting is an estab-
lished continuous process for direct production of
alloy strip from the melt, as it combines casting and
deformation into one step.® Casting defects pro-
duced in the twin-roll cast (TRC) process can be
categorized into surface defects such as bleeds and
cracks, internal defects such as centerline
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segregation, and macroscopic buckling.! Tradition-
ally, TRC has been limited to relatively pure
aluminum alloys, largely because of the tendency
for more alloyed materials to stick to the caster rolls
and/or develop microstructures with internal and
surface defects that are unsuitable for further
downstream processing such as forming.

In 2007, BCAST at Brunel University developed
melt conditioning by advanced shear technology
(MCAST), a process for conditioning liquid metal
using a high-shear twin-screw mechanism at tem-
peratures around the alloy liquidus. The MCAST
process has been combined with the twin-roll
casting (TRC) process to form an innovative tech-
nology, namely the melt-conditioned twin-roll cast-
ing (MC-TRC) process, for casting Al alloy and Mg
alloy strips in a batchwise process. Recently, a
continuous melt-conditioning twin-roll casting
(MC-TRC) process was developed. In this process,
a rotor—stator device was employed for intensive
shearing of the melt and integrated with TRC. The
rotor—stator device was found to be more efficient
and practical to use in comparison with the twin-
screw mechanism. Generally, the main advantages
of melt conditioning include homogenization of the
temperature and chemical composition close to the
solidification front, improvement of chemical reac-
tions within the melt, and fragmentation and
dispersion of naturally occurring oxides, as well
as an increase in their wettability. As a result,
oxide particles can act as heterogeneous nucleation
sites for grain refinement, overcoming the limita-
tions of the conventional twin-roll -casting
process.7_10

For the first time, strips of AA5754 scrap analog
and binary Al-Mg alloys were successfully cast
using MC-TRC processes developed in BCAST.%1°
Kumar et al.’’ used a twin-screw mechanism in the
batch MC-TRC process to cast AA5754 analog alloy.
The results showed fine equiaxed grains and a
uniform structure with the elimination of centerline
segregation in comparison with TRC strips. Nilam
et al.® tested the rotor—stator technology in the
continuous MC-TRC process and found that melt
conditioning increased the limit of Mg content in Al-
Mg alloy by up to 7% without severe segregation.
This reduction in the centerline segregation can be
attributed to the enhanced nucleation process due to
the dispersed oxide particles.

Using rotor—stator HSMC for casting Al-3Mg,
Nilam et al.'' found that the MC-TRC strip after
thermomechanical treatment showed 22% higher
elongation with uniform plastic deformation in
comparison with the TRC strip.
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In this study, conventional twin-roll casting
(TRC) and melt-conditioning twin-roll casting
(MC-TRC) processes were carried out on recycled
AA5754 aluminum alloy, followed by thermome-
chanical treatment. The impact of the microstruc-
ture of the conventional TRC and melt-conditioned
MC-TRC strips on the mechanical properties after
thermomechanical treatment was investigated.

EXPERIMENTAL PROCEDURES
Equipment and Materials

A horizontal small-scale version of the twin-roll
caster was used in this study, consisting of two
stainless-steel rolls with diameter of 318 mm and
width of 350 mm, opposed vertically to one another
with the strip exiting horizontally. The rolls were
internally water cooled, with each being driven
independently by an electric motor and gearbox.
The gap between the rolls was set manually, with
maximum peripheral roll speed of around 15 m/min.

Experiments were carried out using a high-shear
melt conditioning (HSMC) chamber and tundish/tip
assembly made of N17 refractory board. The HSMC
device consisted of a rotor and stator assembly made
from a special material capable of working in molten
aluminum. A detailed description and sketch of the
high-shear melt conditioning twin-roll technology
were reported in a previous publication.! An elec-
trically heated tilting furnace with 10 kg melt
capacity was incorporated into the line for temper-
ature control of the liquid metal and allows larger
quantities of metal to be processed. Once the melt is
poured into the chamber, the sheared material
overflows into the tundish/tip assembly and into
the roll bite.

AA5754 process scrap alloy with the composition
shown in Table I, supplied by Primetals, Ltd., was
used for the current study. Experiments were
conducted first to optimize the TRC operating
conditions such as the pouring temperature, casting
speed, and setback for a range of roll gaps for both
conventional TRC and MC-TRC; For example, the
optimum operating conditions for a 2-mm roll gap
were found to be setback of 35 mm and roll speed of
3.6 m/min. Based on trials using a simple tundish/
tip arrangement, it has been established that the
optimum temperature of the melt in the tundish
nozzle is around 660°C and the melt pouring
temperature was 668°C. In the case of MC-TRC
experiments, the preheated mixer was inserted at
the center of the feeding box which filled with the
melt at 668°C, and shearing started prior to adding
the melt for the continuous casting process. The

Table I. As-received composition of AA5754 process scrap alloy

Composition Mg Mn Fe E
Wt.% 3.54 0.49 0.23 0.4

Cr Zn Ti Cu Al

0.018 0.010 0.01 0.017

Balance
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melt conditioning was conducted at 3000 rpm.
Strips of AA5754 alloy with width of 110 mm and
gauge thickness of 3.2 mm were successfully pro-
duced from the conventional and MC-TRC
processes.

Thermomechanical Treatment
and Mechanical Testing

For thermomechanical treatment, samples from
as-cast strips were taken towards the end to ensure
that the process was as close to steady state as
possible within the limits of the machine. The
3.2 mm gauge thickness as-cast strips were homog-
enized at 520°C for 8 h followed by air cooling to
room temperature. Deformation by cold rolling was
applied to reduce the thickness of the homogenized
strips to 1.0 mm. Residual stresses accumulated in
the strips during the deformation process were
relieved by annealing heat treatment at 430°C for
30 min, followed by air cooling to room temperature.
Rectangular tensile specimens were machined from
as-cast, homogenized, and annealed strips from
conventional and melt conditioning twin-roll cast-
ing. The dimensions of the tensile test specimen
were based on ASTM B557 M-14, as shown in
Fig. 1. Tensile tests were carried out on at least
five samples from each of the longitudinal and
transverse section for all processing conditions. An

Instron 5500 universal electromechanical testing
system equipped with Bluehill software and
a £+ 50 kN load cell was used for the mechanical
tests. The strain rate was set to 1 s, and the tests
were conducted at room temperature until failure.

Characterization

For metallography characterization, samples of
longitudinal (RD) and transverse (TD) sections were
mounted in Bakelite, ground, and polished with
0.04-um silica in water suspension. Anodization of
polished samples was carried out at 20 V for 55 s in
Barker’s reagent to reveal the grain size and
morphology. A Zeiss Axio-Vision optical microscope
was used for microstructural analysis on the trans-
verse and longitudinal cross-sections of the TRC
and MC-TRC strips. The linear intercept method
was implemented to measure the average grain size
on polarized images.

RESULTS AND DISCUSSION

Microstructure and Characterization
of AA5754 Alloy

Figures 2 and 3 show optical micrographs and the
grain size distribution of as-cast AA5754 strip cast
using the conventional TRC and MC-TRC process.
Micrographs of as-cast TRC showed large dendritic
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Fig. 2. Optical micrographs of as-cast AA5754 alloy at the center of transverse section of: (a) conventional TRC and (b) MC-TRC.
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Fig. 3. Grain size distribution of as-cast AA5754 alloy at the transverse section of: (a) conventional TRC and (b) MC-TRC.
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Fig. 4. Optical micrographs of the as-cast AA5754 alloy at the center of the longitudinal section (RD) of (a) conventional TRC and (b) MC-TRC.

grains with hypergeometric distribution, while the
micrographs of as-cast MC-TRC showed a relatively
finer, equiaxed grain structure with binomial dis-
tribution. The average grain size in the transverse
section of the MC-TRC strip was 95 + 20 um,
compared with 205 + 45 um for the conventional
TRC strip. Figure 4a shows a nonhomogenous
matrix structure with continuous centerline segre-
gation for the conventional TRC. Figure 4b shows a
homogenous matrix structure with discrete center-
line channels for the MC-TRC strip.

The observed centerline segregation is attributed
to diffusion of solute elements present in the melt,
such as silicon, iron, magnesium, manganese, and
copper. These elements diffuse from the growing
solid-liquid interfaces of the growing columnar
grains near the roll surfaces to the center. Also,
the enriched melt at the center is pushed back from
the cold mushy zone to the hot zone in the sump by
the action of the force applied by the rolls.'?

The reason for the formation of fine equiaxed
grains for the high-shear melt-conditioned sample
is due to the melt quality. The intensive melt
conditioning of the liquid metal disperses naturally
existing oxide particles and creates potent

nucleating substrates.!* These potent substrates
nucleate o-Al and enhance the growth of fine
equiaxed grains in a uniform environment.'® In
practice, the formed oxides are in the form of films
and discrete oxide particles, as the melt surface is
readily entrained into the casting.!® These oxides
of different forms break and disperse uniformly
throughout the liquid under the physical action of
the intensive melt shearing. Under normal casting
conditions, the oxide formed in Al-Mg alloys is
MgAl%O4, showing lattice misfit with «-Al of about
1.4%.'" If there is not enough potent substrate,
MgAl,O4 particles can nucleate the primary «-Al
phase and enhance the casting process.'® This led
to the formation of the fine equiaxed grain struc-
ture and elimination of the solute segregation
towards the center of the strip in the MC-TRC
process.

Thermomechanical Treatment

Figure 5 shows micrographs of homogenized
strips of the conventional and melt-conditioned
TRC strips at the center of the transverse sec-
tion. The homogenized MC-TRC strip after
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Fig. 6. Optical micrographs of AA5754 strips after (a, d) cold rolling of as-cast TRC and MC-TRC strip (RD), (b, e) annealing at 430°C for 30 min
of cold-rolled TRC and MC-TRC strip (TD), and (c, f) annealing at 430°C for 30 min of cold-rolled TRC and MC-TRC strip (RD).

treatment at 520°C for 8 h still showed refined
equiaxed grains, while the conventional TRC
retained the large dendritic grains. The average
grain size in the transverse section of the MC-TRC
strip was 155 &+ 35 um, compared with 350 + 65 ym
for the conventional TRC strip.

Figure 6 shows micrographs of the deformed and
heat-treated conventional and melt-conditioned
twin-roll cast strips. The deformed MC-TRC strip
exhibited a very clear deformation with aspect ratio
of 8.22, compared with 3.3 for the TRC strip in the
longitudinal section, as shown in Fig. 6a and d. After
annealing at 430°C for 30 min, the MC-TRC strip in
the TD and RD directions showed almost full grain
recrystallization compared with the conventional
TRC strip, as shown in Fig. 6b, c, e and f, respec-
tively. The longitudinal section of the TRC strip

showed partial recrystallization with abnormal grain
growth after thermomechanical treatment.

Figure 7 illustrates the grain size distribution
found for conventional TRC and MC-TRC castings
after thermomechanical treatment, clearly revealing
that high-shear melt conditioning could improve the
melt quality by achieving a uniform distribution of the
nucleation substrate, finally creating refined grains
with good size distribution. In the transverse section,
the average grain size of the thermomechanically
treated MC-TRC strip was 19 + 3 um, compared with
32 4+ 7 um for the conventional TRC strip.

Mechanical Properties

Figure 8 shows the tensile properties of the
conventional TRC and MC-TRC strips of AA5754
alloy with and without thermomechanical
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Fig. 7. Grain size distribution of thermomechanically treated (a) TRC and (b) MC-TRC.
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Fig. 8. Effect of intensive melt conditioning and thermomechanical
treatment on mechanical properties of AA5754 alloy strip.

treatment. The results show a significant increase
in elongation with MC-TRC. The elongation of the
MC-TRC sample was 2.3%, compared with 0.95% for
conventional TRC. After homogenization, cold roll-
ing, and annealing, the elongation increased greatly
to 12.7% for the MC-TRC sample compared with
8.08% for TRC. The ultimate tensile strength for
MC-TRC and TRC with thermomechanical treat-
ment was 221.72 MPa and 212.90 MPa, respec-
tively. The yield strength for MC-TRC and TRC
with thermomechanical treatment was 111.36 MPa
and 117.0 MPa, respectively. This means that MC-
TRC with thermomechanical treatment exhibited
57.2% higher elongation with 4.1% higher ultimate
tensile strength compared with the TRC strip after
applying thermomechanical treatment. Generally,
increasing the strength occurs at the expense of
ductility properties. However, with a fine, homoge-
nous grain size distribution and the elimination of
centerline segregation, both the strength and duc-
tility can be increased.

As discussed above, intensive melt conditioning
improves the microstructure by refining the grains
and eliminates centerline segregation, finally
improving the mechanical properties. Demiray
et al.'? found that the tensile strength and yield
strength of AA5754 alloy were almost constant

when annealed at between 400°C and 520°C for
3 h, while the elongation increased from 17.6% to
25.5%. Their findings are in agreement with our
results.

CONCLUSION

1. The present study showed that, by using high-
shear melt conditioning, the solidification dur-
ing twin-roll casting can be controlled. Applying
high shear prior to twin-roll casting of recycled
AA5754 alloy can improve the melt quality and
produce a sheet with good mechanical proper-
ties.

2. Recycled AA5754 strips of MC-TRC showed fine
equiaxed grains and uniform structure with the
elimination of centerline segregation and almost
full recrystallization after thermomechanical
treatment. MC-TRC with thermomechanical
treatment can increase the impurities tolerance
of recycled aluminum alloys obtained using
postconsumer scrap in the melt formulation.

3. It is important to note that samples produced
using MC-TRC with thermomechanical treat-
ment exhibited better tensile properties than
those obtained by conventional TRC. The elon-
gation and ultimate tensile strength of MC-TRC
were both higher than those of conventional
TRC.
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