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The effect of inclusions on the softening mechanism of a pure aluminum alloy is studied with TEM, EDAX and SAED. Oxide
inclusions and iron-rich second-phase particles are the main inclusions in Al 1235 alloy. The phase of iron-rich particles in the
alloy is phase AlFes; with a lattice constant of 5.79 and crystal band axis of [231]. During thermal deformation, coarser inclu-
sions in the alloy are beneficial to the nucleation of dynamic recrystallization, but they have a great effect on the separation of
the alloy matrix. Nucleation and growth of dynamic-recrystallization grains are restricted by finer inclusions, reducing the pos-
sibility of aluminum-matrix fracture. The preferred places for dynamic-recrystallization nucleation include boundaries at the in-
tersection of three grains, the dislocation plug area, the surface of the coarse oxide inclusions or the coarse second-phase inclu-
sions.
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V pricujofem Clanku avtorji predstavljajo raziskavo vpliva vklju¢kov na mehanizem mehc¢anja zlitine vrste Al 1235. Raziskavo
so izvajali s pomocjo presevnega elekironskega mikroskopa (TEM), rentgenske energijske disperzijske spektroskopije (EDAX),
in elektronske difrakcije na specifi¢nem preseku (SAED). V matrici zlitine Al 1235 so prisotniy glavnem oksidni vkljucki in na
Zelezu bogati delci sekundarne faze AlFes z mreZno konstanto 5,79 in osjo kristalnega pasu [231]. Med termino deformacijo
imajo bolj grobi vkljucki v zlitini pozitiven vpliv na nukleacijo dinamicne rekristalizacije toda imajo velik vpliv na lofevanje
matrice v zlitini. Nukleacijo in rast kristalnih zrn med dinami¢no rekristalizacijo omejujejo finej8i vkljucki, kar zmanj3a
moZnost porufitve kovinske matrice. Prednostna mesta za nukleacijo kristalnih zrn med dinami¢no rekristalizacijo so kristalne
meje na preseku treh zrn, podrodja dislokacijskih klinov in povrSina grobih oksidnih vkljuCkov ali grobih delcev sekundarne
faze.

Kljune besede: zlitina Al 1235, TEM, mehanizem meh¢anja, oksidni vkljucki, delci sekundarne faze

1 INTRODUCTION softening of a thermally deformed Al 1235 alloy is im-
portant for optimizing the processing performance and
controlling the internal microstructure evolution of a

pure-aluminum alloy during deformation.

Aluminum foil is a kind of flexible metal which is
made by repeatedly rolling commercial pure aluminum.
Al 1235 alloy is mainly used for aluminum foil contain-
ers and cooking bags, which are innocuous, healthy,

highly flexible, moisture resistant, etc.'"”* Melt purifica-
tion is the key to improving the metallurgical qualities
and forming properties of Al 1235 alloy; therefore, such
a treatment affects the mechanical behavior during ther-
mal deformation. Inclusion is the key factor throughout
the process.* Inclusions have some adverse effects on
the foil quality, such as the formation of pinholes or
cracks, and may even make aluminum foil fracture.

The thermal-deformation behavior of a pure-alumi-
num alloy is a complex combination of work hardening
and dynamic-recrystallization softening.®® Little re-
search on the complicated thermo-softening mechanism
of aluminum alloys has been conducted due to their poor
flowability, sensitivity to temperature, strain rate, and in-
clusions.”!'" A behavior study of the inclusions in the

*Corresponding author’s e-mail:
fugaosheng@fzu.edu.cn (Gaosheng Fu)
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2 EXPERIMENTAL PART

As a pure aluminum alloy, Al 1235 alloy with a
99.35 w/% Al content was chosen in this study.'>'* The
chemical composition (in mass fractions, w/% ) is listed
in Table 1. The metal was melted with conventional pu-
rification, and the percentage of inclusions tested with
flux irrigation was 0.082 w/%.

Ingots were processed with homogenizing annealing
at the conditions including an annealing temperature of
560 °C, holding time of 13 h and air-cooling.'? Isother-
mal axisymmetric compression tests were carried out in
a Geeble-1500 dynamic thermal/mechanical simulation
machine at a deformation temperature of 300-500 °C,
strain rate of 0.1-10 s-! and deflection of 50 %. De-
formed specimens were quenched in water quickly after
each compression test in order to maintain the
microstructure.
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Table 1: Chemical composition of Al 1235 alloy

Element Si Fe Cu Mn

Mg Ni Zn Ti Al

composition (w/%) 0.095 0.38 0.002

0.002

0.0001 0.0001 0.006 0.015 Bal.

Hot-deformed specimens were cut in the longitudinal
direction parallel to the compression direction with
WEDM using DK7255 and processed into thin slices.
The samples were etched after grinding and mechanical
polishing. The microstructure was observed with an
XJG-05 horizontal metallographic polarizing micro-
scope. After grinding and mechanical polishing, the thin
slices with a thickness between 0.1 mm and 0.2 mm
were made into film samples with a MTP-1A mag-
netic-drive double-jet thinning device, and the film sam-
ples were not penetrated. The electrolyte in the device
was composed of 5 % HCIO; and 95 % ethyl alcohol.
Transmission electron microscopy (TEM), energy
dispersive X-ray analysis (EDAX) and selected area
electron diffraction (SAED) carried out with a Tecnai
F20 field-emission transmission electron microscope
were used.

3 RESULTS AND DISCUSSION
3.1 Microstructure of Al 1235 alloy before deformation

Figure 1 shows the microstructure of Al 1235 alloy
before deformation. On the figure, inclusions in the pure
aluminum alloy are obvious. Coarse inclusions in the al-
loy dispersed. A few tiny inclusions can be seen in the
conventionally purified metal. The average size of inclu-
sions was assessed with quantitative metallography (the
linear intercept method) within a metallographic analy-
sis, and the average size of inclusions was 25.3 pm.

3.2 Effect of oxide inclusions on the thermal softening
mechanism

Insoluble inclusions in an aluminum alloy are mainly
oxide inclusions.'>!'¢ By analyzing the microstructure of

Figure 1: Microstructure of’ Al 1235 alloy before deformation
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the thermally deformed Al 1235 alloy, the influences of
the inclusion content and shape (size, etc.) on the ther-
mal-deformation behavior of Al 1235 alloy can be deter-
mined. Figures 2 and 3 show TEM images of the inclu-
sions and EDAX results for the thermally deformed Al
1235 alloy.

On Figures 2b and 3b, the oxide inclusions are
mainly AlOs; with some iron-rich inclusions. Figure 4
shows TEM images of coarse inclusions in deformed Al
1235 alloy. On Figure 4, the dislocation density around
larger inclusions is very low, dislocation-bundle sets
form clear, flat and large-angle grain boundaries, and the
dynamic recrystallization is relatively complete. This is
because the deformation of the lattice caused by large in-
clusions forms a large degree of lattice distortion. The

10000+
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Fe(K) 12.875 6.543
| 009 2514 4460
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Figure 2: Al 1235 alloy deformed at 400 °C and 1 s a) TEM image
of inclusions, b) EDAX results for the arrowed location from Fig-
ure 2a
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Figure 3: Al 1235 alloy deformed at 500 °C and 1 sh a) TEM image
of inclusions, b) EDAX results for the arrowed location from Fig-
ure 3a

released energy of lattice distortion can make the defor-
mation storage energy larger, providing favorable energy
conditions for dynamic-recrystallization nucleation and
making the coarse inclusions become the core of
recrystallization. Therefore, the existence of these large
oxide inclusions is conducive to the nucleation of dy-
namic recrystallization.

Figure 4: TEM images of coarse inclusions in Al 1235 alloy de-
formed at: a) 400 °C and 1 s", b) 400 °C and 10 sL ¢) 400 °C and
0.157',d) 500 °Cand 0.1 5!

Figure 5 shows some fine inclusions in the deformed
Al 1235 alloy. The entanglement of dislocation lines
around the small inclusions can be seen from the figure.
It is obvious that the dislocation movement is hindered
by fine inclusions, playing a role in dislocation pinning.
As a result, the resistance of subgrain boundary migra-
tion is increased, and the formation and growth of dy-
namically recrystallized grains are hampered.

It can be further seen from Figure 6 that small inclu-
sions have a pinning effect on the dislocation movement,
thus hindering the progress of dynamic recrystallization.
In addition, fine inclusions tend to disperse during defor-
mation at low strain rates as shown in Figures 6a and
6b, but they tend to aggregate at high strain rates as
shown in Figure 6c¢.

Nevertheless, the morphology of inclusions has a
great influence on the thermal-deformation behavior of

Figure 5: TEM images of fine inclusions in Al 1235 alloy deformed at 0.1 s and a temperature: a) 300 °C, b) 400 °C, ¢) 500 °C
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Figure 6: TEM images of fine inclusions in Al 1235 alloy deformed at 400 °C and deformed at: a) 0.1 s‘l, by 1 s‘l, c) 50 5!

the aluminum matrix. The dispersed flaky inclusions 3.3 Effect of second-phase particles on the thermal

have a big effect on the fragmentation of the metal ma- softening mechanism

trix, as seen in Figure 3. On the contrary, the fragmenta-

tion possibility of the matrix is reduced by some oxide The main elements of Al 1235 alloy are Fe and Si, as
inclusions that are small and round. shown in Table 1. Phase Al-Fe is the main binary com-

pound, and phase Al;Fe is its equilibrium phase. Due to
non-equilibrium solidification, phase Al-Fe usually ex-

Figure 7: Second-phase particles of Al 1235 alloy deformed at 400 °C: a) 0.1 shbyt1s
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Figure 8: Second-phase particles of Al 1235 alloy: a) deformed at 450 °C and 0.1 7', b) EDAX of the arrowed location from Figure 8a
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Figure 9: Al 1235 alloy deformed at 400 °C and 10 s a) the shape of second-phase particles, b) SAED of the arrowed location from Figure 9a

ists in the form of a non-equilibrium phase.'”'® However,
the non-equilibrium phase is generally transformed into
equilibrium phase Al:Fe during the homogenization of
the alloy. Figures 7 and 8 show the typical morphology
of the long needle-like second-phase particles of Al 1235
alloy, and a semi-quantitative analysis of its energy spec-
trum, respectively.

Figure 9 shows the second-phase particles and
SAED results of deformed Al 1235 alloy. According to
the calibration results of selected area electron diffrac-
tion, the lattice constant a is 5.79, which is close to the
AlFe; lattice constant, which is 5.82. It can be assumed
that the second phase is the iron-rich precipitate phase
with a cubic structure, which is phase AlFe;, and the
crystal band axis is [231].

According to SEM, the morphology of the sec-
ond-phase particles of the thermally deformed Al 1235
alloy mainly exhibits a long needle-like shape and a
short rod-like shape. According to the precipitation loca-

Figure 10: Second-phase particles of Al 1235 alloy deformed at
400 °C and 50 5!
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tion, the second-phase particles in Al 1235 alloy mainly
exist in the grain boundaries or in the grains. After ther-
mal deformation, the coarse and long needle-like sec-
ond-phase particles at grain boundaries of Al 1235 alloy
are crushed, and a few second-phase particles at grain
boundaries obtain a bone-like shape. However, the sec-
ond-phase particles in the grains mainly have a globular
shape or a short bone-like shape. These particles are
highly dispersed. They have a big dispersion-strengthen-
ing effect on the aluminum matrix, as shown in Fig-
ure 10.

Due to the difference in the precipitation location and
morphology, the second-phase particles have different ef-
fects on the dynamic-softening behavior of the alloy. The
coarse second-phase particles at the grain boundaries act
like coarse insoluble inclusions, and the phase interface
can also become a non-spontaneous nucleation base for
recrystallization. There is obvious dislocation entangle-
ment around the dispersed fine second-phase particles in
the grains, and these regions with high dislocation den-
sity provide favorable conditions for dynamic recrys-
tallization.

There are two reasons for the favorable dynamic
recrystallization caused by second-phase particles in the
alloy."*'* Firstly, second-phase particles become obsta-
cles to the dislocation movement during thermal defor-
mation. In the meantime, the particles can pin dislocation
and increase dislocation slip and uneven dislocation dis-
tribution. As a result, the breeding period of recrys-
tallization nucleation is shortened and the nucleation rate
N is increased. Secondly, these particles can block the
interface migration, including small-angle boundaries or
large-angle grain boundaries and hinder the growth of
crystal nuclei at the same time. As a result, the growth
rate of recrystallized grains G is reduced, and some fine
equiaxed grains are obtained.
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4 CONCLUSIONS

1) The main inclusions in Al 1235 alloy are oxide in-
clusions and iron-rich second-phase particles.

2) The structure of iron-rich second-phase particles in
the alloy is cubic, with a lattice constant of 5.79 and
crystal band axis of [231]. The second phase is AlFe;.

3) The dynamic-softening behavior of Al 1235 alloy
is affected by oxide inclusions and iron-rich sec-
ond-phase particles. Dispersed flaky inclusions have a
big effect on the fragmentation of the metal matrix. The
possibility of matrix fragmentation is reduced by some
oxide inclusions which are small and round.

4) The primary grain boundaries at the intersection of
three grains, dislocation plug area, external surface of the
coarse oxide inclusions, or coarse second-phase inclu-
sions can be the preferred place for dynamic-recrys-
tallization nucleation.
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