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The AA3003 aluminum-alloy melt was treated with different types of melt treatment, and the effect of the melt treatment on the
microstructure and mechanical properties of the alloy was investigated. The results show that the impurity content of the un-
treated (UT) AA3003 aluminum alloy reached 0.6801 %. Its structure contains two kinds of particles, $-Al (FeMn) and a-Al
(MnFeSi), whose distributions look like long strips, massive and skeletal forms, reducing the strength and plastic toughness of
the material. After the efficient integrated treatment (EIT), the impurity content of the alloy decreased significantly, and the flu-
idity of the aluminum melt was improved, which is conducive to the role of a refiner, refining the cast grain size. An addition of
La and Ce during the EIT eliminates the presence of the harmful second-phase Mn (MnFe) Si and Al (FeMn) distributed at the
grain boundaries. The grain boundaries become stable, and the heat resistance and high-temperature performance of the alloy
are improved, which is advantageous for the hot-deformation processing. The purity of the AA3003 aluminum alloy is signifi-
cantly improved with the EIT, which is conducive to the subsequent grain refinement and modification so that the metallurgical
quality of the alloy is significantly improved. Its mechanical properties at room temperature and after a thermal deformation are
superior to those of the AA3003 aluminum alloy processed with the conventional integrated treatment (CIT).
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Avtorji prispevka so talino Al zlitine AA3003 obdelovali na razli¢ne nacine in raziskovali njihov vpliv na mikrostrukturo in
mehanske lastnosti te zlitine. Rezultati raziskave so pokazali, da je bila vsebnost necisto¢ v neobdelani (UT; angl.: untreated)
AA3003 zlitini 0,6801 %. V strukturi zlitine sta se nahajali dve vrsti delcev, $-Al (FeMn) in @-Al (MnFeSi), ki so bili po zlitini
porazdeljeni v obliki dolgih trakov. Te masivne skeletne oblike delcev zmanjSujejo trdnost in Zilavost materiala. Po ucinkoviti
integrirani obdelavi taline (EIT; angl.: efficient integrated treatment) se je vsebnost necisto¢ obcutno zmanjsala, izboljSala se je
tekocnost taline in posledi¢no je priSlo do udrobljenja zlitine (zmanjSanja velikosti zrn). Dodatek La in Ce med EIT je odstranil
Skodljivo Mn fazo (MnFe), tako da sta se Si in Al (FeMn) porazdelila po kristalnih mejah. Kristalne meje tako postanejo
stabilne in izboljSajo se mehanske lastnosti zlitine pri poviSanih temperaturah, kar je prednost pri nadaljnjih postopkih vroce
deformacije. Cistost Al zlitine AA3003 se je moc¢no povecala z EIT, kar je vodilo do udinkovitega zmanjSanja velikosti
kristalnih zrn in obcutnega izboljSanja metalur§ke kvalitete zlitine. Njene mehanske lastnosti so bile pri sobni temperaturi po
termicni deformaciji precej boljSe, kot jih doseZemo pri Al zlitini AA3003 s konvencionalno integrirano toplotno obdelavo (CIT,
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angl.: conventional integrated treatment).

Kljuéne besede: Al zlitina vrste AA3003, obdelava taline, Cistost, metalur§ka kvaliteta, mehanske lastnosti

1 INTRODUCTION

As oxide inclusions, gases, impurities and other met-
allurgical defects inevitably exist in aluminum ingots and
other raw materials during a smelting process, an alumi-
num melt is easily oxidized, reacting with air so that the
metallurgical quality of the aluminum melt is not high,'?
being congenitally deficient. It directly affects the final
quality of a product and its processing performance; at
the same time, it also has a negative impact on the solidi-
fication and other processes, and the role of the
solid-state treatment is annihilated. Therefore, to im-
prove the quality of aluminum, metallurgy is extremely
important.? If these defects are not promptly removed
during the casting process, the following processes (such
as rolling, extrusion, heat treatment, surface treatment,
etc.) improve the material, but it is later difficult to elimi-
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nate the effects of the inclusions and gas. They directly
affect the formability of a material, and it is difficult to
ensure the quality of various high-performance alumi-
num products.

With the development of lightweight and thin-wall
products, the impact of the metallurgical quality (de-
fects) will be even more prominent. Therefore, it is very
important to improve the technical level of aluminum-al-
loy casting (especially the purification, deterioration and
grain refinement and other melt treatments). It has
played a key role in improving the metallurgical quality
and deformation performance of various aluminum ma-
terials and has become an important way to explore the
potential performance of traditional materials and de-
velop new materials. The theory and technology of melt
treatment have also become key scientific and technical
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problems in the preparation and use of high-performance
aluminum.*> For AA3003 aluminum sheets, aluminum
ingots in excellent raw conditions have a decisive effect
on the subsequent processing and final product perfor-
mance, and the original state of the alloy is closely re-
lated to the melt-treatment process.®® In order to study in
detail the influence of the original-state microstructure
characteristics of the alloy on the subsequent thermal de-
formation, AA3003 aluminum ingots were prepared us-
ing three types of melt treatment. The influences of the
melt treatment on the metallurgical quality and perfor-
mance were analyzed to provide the basis for establish-
ing the intrinsic relationship between the original state of
the alloy and its thermal deformation behavior.

2 EXPERIMENTAL PART

The main components of the AA3003 aluminum
alloy are (w/%): 0.62 Fe, 0.58 Si, 1.09 Mn, 0.068 Cu,
0.006 Ti, 0.03 Mg, 0.007 Ni, 0.008 Zn, the balance being
Al. The preparation of the ingots: aluminum ingots were
subjected to the following melt treatments in a
graphite-crucible resistance furnace:® the conventional
integrated treatment (CIT) and efficient integrated
treatment (EIT); one ingot was left untreated (UT). The
CIT uses a commercial refining flux, the AISTiB refiner
and RE metamorphism. The EIT uses an in-house-pro-
duced high-efficiency purification flux, the AISTiB refi-
ner and RE metamorphism. Ingots of 110 mm x 20 mm
x 70 mm were cast into a metal mold and then annealed
at 510 °C for 20 h. The amount of inclusions in the
samples was determined with the flux-rinse method.
After a sample was polished, it was etched with a
0.5-2 % HF solution for 5-10 min. An XJL-05 hori-
zontal metallographic microscope and a QHS-2200
three-dimensional video microscope were used to
observe the inclusion morphology. The homogenized
microstructure was observed using XL30-ESEM
scanning electron microscopy (SEM), and the
composition of the second phase was identified with an
EDAX32 energy dispersive spectrometer (EDS). A
plate-shaped specimen of (1.6 x 15 x 30) mm was
processed using a DK7725B EDM CNC wire-cutting

machine. Tensile testing was performed on an
INSTRON-1185 material-testing machine.

Cylindrical specimens of 10 mm in diameter and 15
mm in height were machined for hot-compression tests.
Both flat ends of the specimens were recessed to a depth
of 0.2 mm to entrap the graphite powder in order to min-
imize the friction between the specimen surface and the
clamp. The samples were mounted onto a Gleeble-1500
thermal simulator for an isothermal constant-strain-rate
hot-compression test. The experimental conditions for
the hot deformation were as follows: the heating rate of
the samples was controlled at 1 °C/s; the insulation took
5 min after the set temperature; the control of the amount
of compression deformation was 0.7. The deformed
specimens were quenched in water quickly after each
compression test in order to maintain the microstructure.
The microstructures of the deformed samples were ob-
served using JEM-2100F transmission electron micros-
copy (TEM). For microscopic examinations, the speci-
mens were mechanically polished and etched with
Keller’s reagent (2.5 mL HNO;, 1.5 mL HCI, 1 mL HF
and 95 mL H,0O). The foils used for TEM were prepared
by mechanically polishing them to less than 80 um and
then punched into 5-mm discs. Finally, a twin-jet elec-
tro-polishing device was used to prepare the samples
with an electrolyte solution of 25 % nitric acid and 75 %
methanol at a voltage of ~15 V DC and a temperature
below —20 °C. It is worth noting that the TEM samples
were sprayed continually until a small hole appeared. An
HVS-1000 Vickers-microhardness tester was used to
measure the microhardness of the simulated-hot-com-
pression specimens. After the deformation, they were
cooled down to room temperature and the microhardness
was tested. The load was 0.49 N. The load-holding time
was 30 s. The average microhardness of a sample was
obtained after five points were tested.

3 RESULTS AND DISCUSSION

3.1 Effect of the melt treatment on inclusions and
grain microstructure

Figure 1 shows the microstructure of the AA3003
aluminum alloy after three types of the melt treatment

Figure 1: Cast microstructure (polished) of the AA3003 aluminum alloy: a) UT, b) CIT, c) EIT
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were used in the polished state. The inclusions revealed
with the flux-rinse method are shown in Table 1.

Table 1: Inclusions in the AA3003 aluminum alloy (as-cast)

Melt-treatment process UT CIT EIT
Inclusions (%) 0.6801 0.3616 0.0967
Inclusion-removal rate (%) - 46.83 85.78

The inclusion content in the AA3003 aluminum alloy
left UT was 0.6801 %, and the sizes of different inclu-
sions were uneven. The CIT process reduced the inclu-
sion content to 0.3616 %, the removal rate was 46.83 %,
and the coarse inclusions can still be seen. This is related
to two factors: on the one hand, the RE modifiers used in
this experiment are rarely added, although RE leads to
impurity removal and decontamination. On the other
hand, the main component of the added RE is La, and
studies have shown that La cannot reduce the influence
of other impurity elements, except the Fe and Si ele-
ments, and cannot change its existence mode.'? After the
EIT process, the inclusion content in the alloy was sig-
nificantly reduced (0.0967 %), the inclusion-removal rate
was 85.78 %, and the size and distribution of the inclu-
sions were small and uniform. This is because the EIT
uses a highly efficient inclusion-removing flux (CJ-5) for
the filtration purification, whose purification principle is
to organically combine aluminum melting, highly effi-
cient inclusion removing and filtering. The design and
optimization of the composition of the flux are based on
the thermodynamics and kinetics conditions for remov-
ing inclusions. It fully exerts the purifying effect, remov-
ing the inclusions, and creates favorable kinetics condi-
tions for the subsequent degassing purification, which is
in accordance with the purifying principle of relying
mainly on the removal of inclusions while degassing is a
subsidiary process.!!

Table 2: Average grain size of AA3003 aluminum alloy

Melt-treatment process UT CIT EIT
Average grain size (um) 94 63 51

The microstructures of the AA3003 aluminum alloy
obtained with LM are shown in Figure 2. Table 2 shows
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the average grain size measured with the image-analysis
system.

The average grain size of the UT AA3003 aluminum
alloy was the largest; after the CIT, the grain size de-
creased. Although the AlsTiB grain refiner was added
during the CIT process, the average grain size was still
coarse due to a high content of inclusions, which was un-
favorable for the role of a refiner. On the other hand, af-
ter the EIT, the grain size of the AA3003 aluminum alloy
was the smallest and the distribution of the structure was
more uniform. The grain refinement was carried out on
the basis of efficient purification of the EIT. The
melt-purification treatment changed the size and mor-
phology of TiB; in the original structure of the refiner.'
It helped to spread the core of the nucleation and remove
the insoluble core. After the EIT, the insoluble inclusions
and aggregates were obviously reduced so that the vis-
cosity of the aluminum melt was reduced and the fluidity
improved. The effective nucleation core (such as TiAls,
TiB,, etc.) in a refiner can be diffused uniformly in the
aluminum melt, which is conducive to the role of refin-
ers. As a result, after the EIT, the grain size of an ingot is
significantly lower than that obtained with the CIT.

3.2 SEM observation and a composition analysis

The microstructure and the composition analysis of
the UT AA3003 aluminum alloy are shown in Figure 3.
Table 3 shows a summary of the analysis results for the
second-phase chemical composition from Figure 3.

Table 3: Second-phase chemical composition of the UT AA3003 alu-
minum alloy (w/%)

Name
Phase | A1 | Mn | Fe | si |Ofthe Fe/Mn
shape com-

pound
Long | A [ 988 03 | 05 - | Al(FeMn) | 1.67
stripes | B | 96.8 | 0.8 | 1.9 | — | Al(FeMn) | 2.28
Skeletall | g8 71 04 | 05 | — | AlFeMn) | 1.25
shape
Block | D |96.6| 09 | 1.9 | - | Al(FeMn) | 2.11
Plum .
blossom| E | 97:11 0.3 | 1.6 | 0.6 |Al(MnFe)Si 533
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Llem Wt% At%
OK 037 0.60

AIK 9534 9048
MnK  0.13  0.06

Figure 3: SEM images show the morphology of the UT AA3003 alu-
minum alloy: a) 500x%, b) 1000x, c¢) 300x, d) composition of the inclu-
sion (EDS) marked with the arrow in c)

As can be seen from Figure 3 and Table 3, there are
two main components of the second phase, the first type
is the Al (FeMn) phase, which is large, skeletal and
containing long strips; the second type is the Al (MnFe)
Si phase, whose distribution was plum-like. The above
two phases contain Mn because the main alloying
element in the AA3003 aluminum alloy is Mn. Most of
the Mn is dissolved in -Al in the supersaturated form,
and part of the Mn forms a compound, which is
distributed in the form of second-phase particles near the
grain boundaries or among the dendritic arms. This is
related to two factors: on the one hand, during the
casting process, the cooling rate is very fast, the
diffusion coefficient of Mn atoms is small, and the
diffusion activation energy is large, so the Mn dissolved
in a-Al is supersaturated. On the other hand, since the
solid solubility of Mn in Al is large, decoupling cannot
be carried out during the homogenization treatment. The
solid solubility of Fe is smaller than that of Si, which
more likely forms a second phase. Therefore, the two
main types of second-phase particles normally presented
in the AA3003 aluminum alloy are 3-Al (FeMn) and
a-Al (MnFeSi), and the relative content of the two
particle types depends on the specific alloy composition
and the solidification rate.'

The alloy has a large amount of second phases,
including long strips, massive and skeletal forms in the
vicinity of the grain boundaries of the alloy or dendritic
arms. They are separated from the matrix and have a
different coefficient of expansion, elastic modulus and

Figure 4: SEM images show the morphology of the AA3003 alumi-
num alloy after EIT: a) 500x, b) 2000x, c) enlarged view of B
(10000x), d) enlarged view of C (2000x)

hardness from the metal matrix. The second phase is
prone to stress concentration at sharp corners, and it
strongly hinders the normal flow of «-Al in the
deformation process.'*!> It is also easily broken by itself
and easily forms microcracks and uneven deformation
zones with a-Al; thereby, the strength and toughness are
significantly reduced.

Figure 4 shows the microstructure and the oxidized
inclusions of the AA3003 aluminum alloy after the EIT.
Table 4 shows the corresponding second-phase chemical
composition obtained with EDS.

The second phases after the EIT are much smaller
than that of the untreated sample, having a scattered dis-
tribution. There are two main types: the first type is the
Al (MnFe) SiRE phase, which has a spherical distribu-
tion, as shown in Figure 4c. The second type is the
AlSIiRE phase, which has a small-V shape distribution,
as shown in Figure 4d. The two types of the second
phase contain Si, indicating that the addition of RE can
effectively reduce the solid solution of Si atoms. At the
same time, the shape of the second phase in the alloy is
also changed, which is related to the metamorphism of
the added RE during the EIT. It can change the Fe-phase
morphology.

The new phase — Al (MnFe) SiRE — appears in the
AA3003 aluminum alloy after the addition of RE
modifiers, which are spherical and refined. The reason
for the formation of Al (MnFe) SiRE is the fact that the
tendency of an intermediate compound to form in the
alloy is related to the chemical activity of the alloying

Table 4: Second-phase chemical composition of the AA3003 aluminum alloy after EIT (w/%)

Phase shape Al Mn Fe Si La Ce Compound Fe/Mn
. A 97.0 0.3 1.0 0.6 0.5 0.3 Al(MnFe)SiRE 3.33
Spherical -
B 96.7 0.1 0.2 0.9 1.0 0.4 Al(MnFe)SiRE 2.0
Small-V shape C 96.6 - - 0.7 1.4 0.7 AISiRE -
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element, that is, the greater the electronegativity
difference of the alloying element, the greater is the
possibility of forming an intermediate compound.'® The
electronegativity of RE elements La and Ce is about 1.1,
the electronegativity of Fe and Si is about 1.8, while the
main alloying element (Mn) of the AA3003 aluminum
alloy has an electronegativity of 1.5. In this way, the
electronegativity difference between La, Ce and the
impurity elements (Fe and Si) is larger than the value for
Mn so that an affinity for Fe and Si is more likely to
occur, and it is easier for an intermetallic compound to
be formed. It can also be seen from Table 4 that the
average amount (0.59 % and 0.73 %) of Fe and Si in
spherical Al (MnFe) SiRE is higher than that of Mn
(0.16 %). The phases of Al (FeMn) and Al (MnFe) Si
were changed to form the new phase (Al(MnFe)SiRE)
after the RE was added. According to the Hume-Rothery
rule relating to the alloy phase, the formation of a stable
mesophase (compound) in the alloy limits the solid
solubility of the primary solid solution. Therefore, the
formation of the Al(MnFe)SiRE phase reduces the
amount of Fe and Si in the AA3003 aluminum alloy, and
of course also the solid solubility of Mn.

Based on the above analysis, the addition of La and
Ce changes the original solid solution of Si and Fe to a
certain extent and eliminates the existence of the harmful
second phases (Al(MnFe)Si and Al(FeMn)) distributed
at the grain boundaries. It stabilizes the grain boundaries,
improves the heat resistance and high-temperature
performance of the alloy, which is advantageous for the
hot-deformation processing.

3.3 Effect of the melt treatment on mechanical proper-
ties

Table 5 shows the mechanical properties of the
AA3003 aluminum alloy treated with different melt
treatments at room temperature. It can be seen that the
mechanical properties were improved after different melt
treatments. Especially in the case of the AA3003
aluminum alloy treated with EIT, the most obvious
improvement was noticed, when the strength increased
by 41.66 % and the elongation increased by 45.63 %.

Table 5: Mechanical properties of the AA3003 aluminum alloy at
room temperature

Melt-treat- | Tensile Increase Tensile Increase

ment pro- | strength rate elongation rate
cess (MPa) (%) (%) (%)
UT 123.44 - 22.42 -
CIT 139.22 12.78 26.13 16.55
EIT 174.86 41.66 32.65 45.63

As can be seen from Table 1, the impurity-removal
rate of the EIT increased by 38.95 % compared with the
CIT, thereby the alloy after the EIT process shows more
excellent mechanical properties. This is because the oxi-
dized inclusions in the solidified structure of the alumi-
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num alloy severely rupture the continuity of the material
matrix, and the oxidized inclusions are often attachments
of hydrogen, so the alloy is liable to generate pores and
looseness.!”18 Under the action of the tensile stress, in-
clusions, shrinkage and pores have a greater stress con-
centration, and are easy to become sources of cracks.
With an increase in the content of inclusions, the number
of micro-defects in the alloy increases, and a low average
pitch of defects makes the crack-propagation resistance
smaller. Micropores are easy to germinate, grow and ag-
gregate, making the casting easy to crack and fracture. In
the process of tensile deformation, inclusion particles se-
riously hinder the normal flow of the plastic deformation
of a material due to a large hardness difference between
the hard and brittle oxidized inclusions and the alumi-
num alloy matrix.!*-2! At the same time, microcracks and
uneven deformation zones can be easily formed between
the hard and brittle oxidized inclusions and the alloy ma-
trix, and a brittle fracture easily occurs under stress. The
existence of these micro-defects accelerate the material-
breaking process, eventually leading to decreased me-
chanical properties of materials.

The grain size (D) of the alloy and the yield strength
(oy) are in line with the Hall-Petch relationship in
Equation (1):

1 1
Ao =kA ——oc A —— 1
RS EA D )

where k is the material constant.

According to the data from Table 2, the average grain
size of the AA3003 aluminum alloy after different melt
treatments is reduced. Based on Equation (1), it can be
concluded that the smaller the average grain size, the
higher is the yield strength of the alloy. The average
grain size of the AA3003 aluminum alloy after the EIT is
not significantly different from that of the CIT. There-
fore, inclusions mainly have a major effect on the me-
chanical properties.

According to the previous study of the research
group, hot-deformation best temperature of the 3003 alu-
minum alloy is around 400 °C.® Therefore, the micro-
hardness values for the 3003 aluminum alloy with differ-
ent melt treatments at 400 °C were compared. The
relationship between the microhardness of the alloy after
hot deformation and the melt treatment process can be
obtained, as shown in Table 6.

Table 6: Microhardness of the AA3003 aluminum alloy at 400 °C

Melt-treatment Strain rate (s™)
process 0.01 0.1 1.0 10.0
UT 42.6 44.8 47.1 49.6
CIT 40.5 43.5 46.2 47.7
EIT 43.8 46.2 49.2 50.6

From Table 6, it can be seen that under the same
hot-deformation conditions, the AA3003 aluminum alloy
with the EIT has the highest microhardness; the second
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Figure 5: TEM images of the second phase at 400 °C, 0.1 sl a) UT, b) CIT, ¢) EIT

is the UT sample, and the lowest is the CIT sample. This
is not only related to the grain size of the hot deforma-
tion but also to the strengthening mechanism of the sec-
ond phase in the alloy. There are two main types of the
strengthening mechanism for the second phase:??2?

1) When slip dislocations pass through deformable
particles with the shear-through mechanism, the increase
in the intensity (opc), the volume fraction (f) and the
particle size (d) of the second phase satisfy the following
relationship:

O,PC ocfl/2d1/2 (2)

2) When slip dislocations pass the non-deformable
particles with the Orowan mechanism, the relationship
among the increase in the intensity (0po), the volume
fraction (f) and the particle size (d) of the second phase
is as follows:

O,PO ocfllzdfl (3)

According to the analysis from Section 3.2, there is a
large number of second-phase particles containing Mn in
the AA3003 aluminum alloy. After hot deformation, they
are dispersedly distributed along the subgrain boun-
daries, at which large amounts of dislocations
accumulate. Due to the existence of the second-phase
particles, the migration of dislocations during the hot
deformation is hindered. Once the particles are not
deformable, the dislocation line begins to bend. When
the dislocation line bending intensifies, the dislocation
lines around the particles offset each other due to the
opposite sign, producing a dislocation loop surrounding
the particles. When each dislocation line passes through
the second-phase particles in the above manner, in
addition to some resistance, due to the dislocation loops
and the reaction of the stress field, impeding effects on
the subsequent dislocations are further increased,
resulting in the proliferation of dislocations, which has
an enhanced effect on the alloys. The second phase of
the AA3003 aluminum alloy with the EIT is the smallest;
its distribution resembles small rods, spheres and
small-V shapes (Figure 5c). According to Equation (3),
the microhardness of the AA3003 aluminum alloy with
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the EIT is the highest. The content of the inclusions of
the UT AA3003 aluminum alloy is the highest, the
volume fraction of the second phase after the hot
deformation is large and some hard spots are formed,
which make the microhardness of the UT AA3003
aluminum alloy higher than that of the CIT sample.

4 CONCLUSIONS

1. After the EIT process, the inclusion content is re-
duced and the flowability of the aluminum melt is im-
proved. The effective nucleation core in the refiner is
dispersedly distributed, which is beneficial to the effec-
tiveness of the refiner.

2. f-Al(FeMn) and a-Al (MnFeSi) in the forms of
skeletal, long strips or large blocks exist in the UT
AA3003 aluminum alloy, reducing the strength and
toughness of the material. After the EIT, the shape of the
second phase changes, the grain boundaries are stabi-
lized, the heat resistance and high-temperature perfor-
mance of the alloy are improved, which is beneficial to
the hot-deformation process.

3. Compared with the CIT, the removal rate increased
with the EIT by 38.95 %, and the tensile strength and
tensile elongation at room temperature increased by
28.88 % and 29.08 %, respectively, indicating that the
purity of the aluminum melt has a key effect on the me-
chanical properties of the alloy.

4. The internal metallurgical quality of the AA3003
aluminum alloy is significantly improved with the EIT so
that the grain size after hot deformation is the smallest
and the second phase is finely dispersed. This treatment
has an alloy-strengthening effect. As a result, the
AA3003 aluminum alloy treated with the EIT has the
highest microhardness after hot deformation and good
mechanical properties.
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