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Abstract: Direct chill casting (DCC) and twin roll casting (TRC) methods were applied to produce 1XXX series aluminium blanks

with different contents of Fe, Si, Cu, and Mn elements. Different treatments, including homogenization, hot rolling, cold rolling, and

annealing, were subsequently applied to produce the aluminium foil of 13 um in thickness. Results show that the casting process

barely affects the tensile strength of the aluminium foil, while the fine particles of secondary phase introduced by twin roll casting has

a positive effect on the elongation of aluminium foil. The coarse grain boundary intermetallic in ingots after DCC can be refined at

homogenization temperature above 580 °C, and subsequently be broken into small particles through the following hot rolling process.

The addition of Cu is better than that of Fe, Si, or Mn elements, as Cu solute atoms can increase the strain hardening rate. The foil

thickness greatly affects the tensile properties during intermediate annealing process, which is related to the ratio of thickness to grain

size. Room temperature storage causes deterioration of tensile properties of thin aluminium foil due to the recovery mechanism after

application of very large strain.
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The aluminium foil has been extensively applied in
packaging, heat exchangers, condensers, and Li ion batteries.
With the fast development of electrical vehicles and portable
electronic devices, the demand for aluminium foil as the
positive current collector of Li ion batteries, which is mainly
produced from 1XXX aluminium alloys, is rapidly increasing.
Fe and Si usually exist in commercial 1XXX aluminium
alloys, as alloying elements or impurities. Cu, Mn, Mg, V, and
Zn are also the typical alloying or impurity elements in 1XXX
aluminium alloys™”, and the AI-Ti-B master alloy is
commonly used as an industrial grain refiner”,

Great efforts have been made to increase the energy density
and structural stability of Li ion batteries, leading to
requirements for thinner thickness and better properties of
aluminium foil. The thickness of aluminium foil for positive
current collector already reduces from 15~20 um to 9~10 pm.
The optimal properties of strength and plasticity of the
aluminium foil are also required for the production of Li ion
batteries. The typical tensile strength can reach 220 MPa or
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even higher value with elongation of over 3%, which greatly
exceeds the properties of standard 1100-H18 alloys (tensile
strength>151.7 MPa with elongation>1% according to ASTM
B209-2014). It is very difficult to achieve such a high strength
with good plasticity under the condition of high strain for thin
aluminium foil.

Most researches about the positive current collector focus
on the surface treatment or electrochemical properties of
aluminium foil*”, and the properties and microstructure of

87 Few researches

aluminium blanks for foil production'
investigate the mechanical properties of aluminium foil®,
because conventionally the thin aluminium foil can only be
produced by industrial-scale high-speed roller mills. There-
fore, in this research, the effect of alloying elements and
processing parameters on the microstructure and tensile
properties of thin aluminium foil of 1XXX series aluminium
alloys was investigated. Direct chill casting (DCC) and twin
roll casting (TRC) methods were used to prepare the
aluminium foil. The ingots and slabs were heat-treated and
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rolled repeatedly to produce thin foil with a thickness of 10~
15 pum. This research provided a guidance for design and
manufacture of high-performance aluminium foil.

1 Experiment

Both DCC and TRC methods were applied to produce the
1XXX aluminium alloys, and the measured chemical
composition of alloys after DCC and TRC treatments is
shown in Table 1 and Table 2, respectively. The Fe and Mn
additions were in the form of pure metal powders. The Si and
Cu additions were in the form of Al-12wt% Si and Al-50wt%
Cu master alloys, respectively. The Ti addition was in the
form of Al-5Ti-1B master alloy as grain refiner. The overall
components of the alloys were determined by the ARL 3460
Advantage Spectrometer.

The ingots for DCC treatment were homogenized at 600 °C
for 10 h and cooled down to the initial rolling temperature of
480 °C, and then hot-rolled into plates of 6 mm in thickness.
The intermediate annealing thickness was 0.4, 1.5, and 6.0
mm, and only the specimens with intermediate annealing
thickness of 1.5 mm were used for main research. Then the
hot-rolled plates were cold-rolled into the foil with thickness
of 13 um. The ingots which were 7 mm in thickness for TRC
treatments, were then intermediate-annealed into plates of 0.4,
1.5, and 4.0 mm in thickness, and finally cold-rolled into the
foil with thickness of 13 pm. Only the specimens with
intermediate annealing thickness of 1.5 mm were used for
main research. The practical annealing temperature curves of
large coils were measured by thermocouples, as shown in
Fig.1. The average heating rate was about 0.1 °C/s.

The tensile properties of aluminium foil were assessed
using the tensile specimens manufactured along the rolling
direction. The dimension of uniaxial tensile specimens has a
gauge length of 50 mm and a rectangular gauge cross-section.
All the tensile tests were performed using an electronic tensile

Table1 Chemical composition of DCC 1XXX aluminium alloy

ingots (Wt%)

Alloy Fe Si Cu Mn Ti Al
1100-0.04Cu 0.69 0.06 0.04 - 0.01  Bal.
1100-0.08Cu 052  0.05 0.08 - 0.01  Bal
1100-0.12Mn 036 021 006 0.12 0.01 Bal

1060-without Cu  0.20  0.08 - - 0.01  Bal
1060-0.04Cu 0.17 0.08 0.04 - 0.01  Bal.
1060-0.08Cu 0.17 0.08 0.08 - 0.01  Bal

Table 2 Chemical composition of TRC 1XXX aluminium alloy

ingots (Wt%)
Alloy Fe Si Cu Mn Ti Al
1100-0.08Cu  0.68  0.06  0.08 - 0.014  Bal.
1100-0.26Si  0.54  0.26  0.08 - 0.020  Bal.
1100-0.20Mn  0.51 0.19 - 0.20 0.019 Bal
1060-0.04Cu  0.19  0.07  0.04 - 0.018  Bal.
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Fig.1 Typical annealing temperature curve of large coils

testing machine at room temperature under a constant
crosshead speed of 10 mm/min. The mean value of results of
three specimens was used, and the magnitude of the error bar
represented the standard deviation around the mean value.

The Zeiss AX-10 optical microscope (OM) was used. The
FEI Quanta FEG 650 scanning electron microscope (SEM)
equipped with an EDAX Octane SDD energy dispersive
spectroscopy (EDS) was also used. EDS electron beam
diameter was 1 pm and the scanning duration was 60 s for
each analysis point. The specimens for OM/SEM observation
were polished mechanically and electrolytically through
conventional techniques.

2 Results

The tensile properties of different aluminium alloys after
DCC or TRC treatments are shown in Table 3.

It can be concluded that both the strength and elongation of
1100 series aluminium alloys are slightly higher than those of
1060 series aluminium alloys with the same Cu content. For
alloys with the similar element contents, the casting method
has little effect on the strength of aluminium alloys. However,
the elongation of 1100 series aluminium alloys after TRC is
slightly higher than that after DCC. The effect of more
addition of Fe, Si, or Mn on the tensile strength of aluminium
alloys is also negligible, while the higher Cu content can
increase the tensile strength at the cost of elongation
reduction. The Cu addition can obviously increase the strain
hardening rate, as shown in Fig.2. The true strain is defined as
In(1+A//l)), where Al is the extension of the gauge length and
1, is the original gauge length.

It can be observed that at the strain below 2.5, the strain
hardening rate of 1060 series aluminium alloys with and
without Cu addition is similar; however, when the strain
exceeds 2.5, the strain hardening rate of 1060 series
aluminium alloys without Cu significantly decreases, while
that with Cu addition nearly remains unchanged.

The tensile properties of 1060-0.04Cu aluminium foil after
DCC with different intermediate thicknesses are shown in
Table 4. The annealed aluminium plates were subsequently
rolled into the foil with the final thickness of 13 pum.

The tensile properties of 1060-0.04Cu aluminium foil are
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Table 3 Tensile properties of 1XXX aluminium alloy foil

Treatment Alloy Yield strength/MPa Ultimate tensile strength/MPa Elongation/%
1100-0.04Cu 185+0.9 221+4.1 4.2+0.1
1100-0.08Cu 211£1.6 238+2.5 3.7+0.1
1100-0.12Mn 202+2.7 232+3.1 2.44+0.3

pee 1060-without Cu 16942.5 193+2.2 4.3+0.3

1060-0.04Cu 183+0.8 215+2.0 3.2+0.1

1060-0.08Cu 200+1.3 222+3.7 2.4+0.2

1100-0.08Cu 209+0.8 235+1.3 4.4+0.2

TRC 1100-0.26Si 210+4.1 237+2.1 4.1+0.1

1100-0.20Mn 18142.7 204+0.9 3.240.3

1060-0.04Cu 184+1.9 214+0.7 3.6+0.1

220 3 Discussion
S 200+ 3.1 Microstructure

% The microstructure of as-cast aluminium alloys after DCC
%,)180- or TRC was discussed in Ref. [9-11]. TRC results in finer
& 160+ secondary phase particles (if macro segregation is inhibited),
= while DCC leads to a more uniform grain structure. The
0:9 140 — DCC/0G-witkoECa recrystallized grain sizes of 3003, 3105, 5052, and 5182 alloys
/ - = ~DCC/1060-0.04Cu after DCC or TRC show different conclusions, which can be
1200 1 2 3 4 5 6 related to different alloying element contents, solidification

True Strain, In(1+A//1,)

Fig.2 Strain hardening rate curves of 1060 series aluminium alloy

foil with different Cu contents

significantly affected by the intermediate annealing thickness:
the higher the intermediate annealing thickness, the better the
tensile strength and elongation.

A decrease in tensile strength and elongation of aluminium
foil after large strain deformation can be observed after
storage at ambient temperature for several days, as shown in
Table 5. The deterioration rate is decreased with time.

conditions, and heat treatment parameters. In this research, the
recrystallized grain sizes of the alloys with similar
components are similar, regardless of the casting methods.
The grains of 1060 series aluminium alloys are coarser than
those of 1100 series aluminium alloys, as shown in Table 6.
Homogenization of TRC alloys usually leads to the
coarsening of grain and secondary phase particles, while the
microstructure of DCC alloys is only slightly affected by the
homogenization. The microstructure of 1100-0.08Cu alloys
after homogenization at different temperatures for 10 h is
shown in Fig.3. Homogenization at 550~570 °C barely affects
the microstructure, so the as-cast microstructure basically

Table 4 Tensile properties of 1060-0.04Cu aluminium foil with different intermediate annealing thicknesses

Intermediate annealing thickness/mm Yield strength/MPa Ultimate tensile strength/MPa Elongation/%
0.5 172+1.0 186+4.0 2.5+0.3
1.5 183+0.8 215+2.0 3.2+0.1
4.0 196+2.1 223+2.6 4.2+0.2

Table 5 Tensile properties of aluminium foil after storage at ambient temperature

Alloy Strain Storage duration/d Yield strength/MPa Ultimate tensile strength/MPa Elongation/%
0 196+2.1 223+2.6 4.2+0.2
DCC/1060-0.04Cu 5.7 2 189+0.5 219+1.5 3.9+0.3
4 186+0.1 21741.0 3.8+0.3
0 218+2.3 243+1.2 4.0+0.2
2 216+0.9 239+0.1 3.840.1
TRC/1100-0.26Si 5.5 4 215+1.0 238+0.3 3.6+0.1
8 213+0.9 2364+2.8 3.44+0.2
16 211+0.2 23642.9 3.340.1
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Table 6 Recrystallized grain sizes of 1060 and 1100 series
aluminium alloys after TRC and DCC

Alloy Treatment Average grain size/pm
DCC 33.4+1.5
1060
TRC 30.2+2.1
DCC 21.3£1.3
1100
TRC 23.2+0.9
remains.

It can be observed that coarse intermetallic compounds are
formed on grain boundaries of 1100-0.08Cu alloy ingots after

DCC, and they are only slightly refined, even after homo-
genization at high temperatures of 580~590 °C. After homo-
genization at 600 ° C, the coarse phases become dispersed
particles of micron scale. These grain boundary phases are
broken into much smaller particles with less than 10 pm in
size during the subsequent hot rolling.

The OM microstructures of hot-rolled DCC 1XXX series
aluminium alloys are shown in Fig.4. It can be observed that
most grains are elongated into fibrous structure, which is
similar to those of the cold-rolled alloys. Some small

recrystallized grains can be observed on the grain boundaries

c d
20 pm

Fig.3 SEM microstructures of 1100-0.08Cu alloys after homogenization at different temperatures: (a) as-cast, (b) 580 °C, (c) 590 °C, and (d) 600 °C

100 pm

100 pm

50 pm

Fig.4 OM microstructures of grains (a, ¢) and intermetallics (b, d) of hot-rolled DCC 1060-0.04Cu (a, b) and

1100-0.04Cu (c, d) aluminium alloys
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between the deformed grains in Fig. 4. However, under the
industrial hot rolling conditions, the applied large strain is
over 4.4 and the temperature decreases by over 130 °C (from
480 °C to below 350 °C), resulting in the fact that the hot-
rolled microstructure of 1XXX series aluminium alloys is
different from the typical
microstructure. A much higher density of intermetallic can be
observed in Fig.4d due to the increased Fe content in 1100
series aluminium alloys. The solubility of Fe is extremely low
in Al matrix (0.05wt% at the eutectic temperature, negligible
at room temperature), so Fe atoms can form the secondary
phases, such as 6-Al,,Fe,".

The recrystallized grain structures of cold-rolled plates are
mainly equiaxed grains after intermediate annealing. The
equiaxed grains are then drastically elongated after repeated
rolling until achieving the final thickness, forming a lamellar
structure, as shown in Fig.5.

It is noteworthy that the secondary phase particles are not
further broken during the subsequent cold rolling, even after
the application of large strains. The intermetallic particles
(less than 3 pm in diameter) in aluminium foil after TRC are
generally finer than those after DCC.

3.2 Factors affecting the strength

As the age hardening is not considered in Al-Fe-Si alloys,
the precipitation strengthening is not available in these alloys.
The primary strengthening mechanisms are solid-solution
strengthening, dislocation strengthening, dispersoid strength-
ening, and (sub)grain-boundary strengthening. The solid-
solution strengthening effect of different solute atoms is
summarised in Fig.6"".

However, the results in this research are not in agreement
with Ref. [12]. Only the increase in Cu content can
dramatically improve the tensile strength of the alloys, while

dynamically recrystallized

100 pm

Fig.5 Grain (a) and intermetallic (b) microstructures of cold-rolled
1100-0.08Cu alloys after DCC with 48 um in thickness
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Fig.6  Solid-solution strengthening effect of solute atoms in

aluminium alloys!”

the increase in Si and Mn contents does not have an obvious
effect on the tensile strength. This can be explained by the fact
that Si or Mn addition results in grain boundary phases
containing Si or Mn, as shown in Fig.7. As a result, only a
small number of Fe, Si, or Mn atoms remain in the matrix as
solute atoms. Besides, little Cu can be observed in the
intermetallic. Thus, it can be concluded that most Cu atoms
are dissolved in the matrix.

The increase in Fe, Si, and Mn contents can generate more
secondary phase particles. A higher density of the secondary
phase particles can slightly increase the tensile strength of
1060 and 1100 series aluminium alloys with the same Cu
content. The dispersoid hinders the dislocation movement as it
cannot be sheared by dislocations, according to Orowan
mechanism. In dilute aluminium alloys, the dispersoid
strengthening is relatively weak, as the dispersoid is generally
over 1 pum in size, as shown in Fig.5.

Fig.7 Morphologies of secondary phase particles with Fe and Si
addition in 1100-0.26Si alloy (a) and Fe, Mn, and Si addition
in 1100-0.20Mn alloy (b) after TRC
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The changes of strain hardening rate are in agreement with
existing theories that the strain hardening rate is mainly
controlled by the dislocation mechanisms"®. The dislocation
density is firstly increased with increasing the strain until it
reaches saturation and the multiplication of dislocations is in
balance with the annihilation of dislocations!. In addition,
after application of large strains, the mechanically assisted
triple junction motion in the lamellar morphology is an
important contributor to dynamic recovery, leading to an
almost steady state!"*.

The decrease in tensile strength of aluminium foil after
storage at room temperature is similar to the results in
Ref.[15]: a lamellar structure is formed in a dilute AA1050
aluminium alloy after application of large strain of 5.5, and
the alloy hardness is decreased from 504 MPa to 456 MPa at
room temperature for over 1000 h. The corresponding
microstructure change mechanism is attributed to the
of different
temperature, including annihilation of dislocations, sub-grain
growth by coalescence, boundary migration, and the triple
junction motion*', The microstructure investigation for the
room temperature softening of the aluminium foil should be

operation recovery mechanisms at low

further discussed.
3.3 Elongation

Generally, the stress or strain concentration may result in
reduced plasticity, such as strain hardening or coarse
intermetallic particles. The increase in Cu content decreases
the elongation, because the Cu solute atoms facilitate the
strain hardening of the alloy. This can also explain the high
elongation of 1100 series aluminium alloys after TRC, whose
intermetallic particles are obviously finer (<3 pum in diameter)
than those after DCC (8~10 um), as shown in Fig.5. However,
in the aluminium foil with larger intermediate annealing
thickness, the greater the strain hardening, the larger the
elongation, which is contrary to the fact that larger strain is
harmful to tensile plasticity of the alloys. The effect of
intermediate annealing thickness on the elongation can be
attributed to the increase in the ratio of thickness to grain
diameter (7/D) after intermediate annealing, as the
recrystallized grain sizes barely change under different strains,
as shown in Table 7.

Further cold rolling will not significantly affect 7/D ratio,
as the aspect ratio of the grains will increase in accordance
with the changes in the macroscopic dimension. It is reported
that both the specimen size and grain diameter play important
roles in the tensile behaviour of thin metal sheets and
foil®'™"). Lederer et al® found that the aluminium foil with

Table 7 Average grain size and 7/D value of 1060 series

aluminium alloys after annealing at different thicknesses

Intermediate annealing Average grain

thickness, 7/mm size, D/um oD
0.5 31.2+2.6 16
1.5 33.4+1.5 45
4.0 31.3+1.9 128

higher 7/D ratio demonstrates a higher ultimate tensile
strength. Critical values of 7/D were discussed in Ref.[17,18]:
the elongation is increased with increasing the 7/D value as
long as it is below the critical 7/D value. Yang et al™® found
that the critical 7/D value depends not only on the specimen
thickness, but also on the average grain size of specimen.
When 7/D is larger than the critical value, the specimen is
sufficiently thick with abundant grain boundaries to trap the
dislocation. It can be inferred that for aluminium foil with the
thickness of 13 um, a higher value of 7/D is beneficial to the
strength-plasticity combination. The 1100 series aluminium
alloys have a better elongation than 1060 series aluminium
alloys do, because the 7/D value is increased from 45 to 70
due to grain refinement along the thickness direction. It is
noteworthy that the grain refinement does not necessarily
benefit the elongation’ ",

The effect of ambient temperature storage on the plasticity
of aluminium alloy is not mentioned in Ref. [14-16, 21].
However, in heavily deformed metals, the recovery
mechanism, such as triple junction motion, can cause the
uniform coarsening of deformed lamellar microstructures,
leading to a more equiaxed morphology™, resulting in the
decrease in 7/D value, which may be detrimental to the
plasticity of the alloys.

4 Conclusions

1) The direct chill casting (DCC) and twin roll casting
(TRC) have little effect on the tensile strength of 1XXX series
aluminium foil. The elongation of aluminium foil after TRC is
slightly higher than that after DCC, because of the finer
intermetallic in aluminium foil caused by TRC.

2) Homogenization at temperatures above 580 ° C can
slightly refine the coarse intermetallic at the grain boundaries
in alloy ingots after DCC. The grain boundary phases are
broken into particles of <10 um in size during hot rolling, and
the further cold rolling barely reduces the particle size.

3) The increase in Fe, Si, and Mn contents is not effective
in increasing the tensile strength of the aluminium foil since
these elements mainly exist in the intermetallic. Cu addition
can significantly increase the strain hardening at strain=2.5,
thus increasing the tensile strength of thin aluminium foil.

4) The ratio of thickness to grain diameter (7/D) is basically
unchanged during the cold deformation after annealing. The
larger the 7/D ratio value, the larger the elongation of the thin
aluminium foil, which is attributed to abundant grain
boundaries along the thickness direction.

5) Thin aluminium foil suffers deterioration of tensile
properties during storage at room temperature, which is
attributed to the recovery mechanism at room temperature
after application of large strains.
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