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The properties of aluminum alloys can be improved by the processing conditions that cause changes
in the microstructure and by the addition of alloy elements. In order to understand the physical behavior
and mechanical properties of aluminum alloys, it is important to be aware of some of the microstructural
characteristics. Some of these characteristics are the morphology, alloy elements, volume and size, and
second phase. In this study, we analyzed the effect of annealing on the mechanical and microstructural
properties of the laminated AA 5182 aluminum alloy, when subjected to different annealing conditions.
The alloy was heated to temperatures of 50° C, 100° C, 150° C, 200° C, 250° C and 300° C for 10 minutes
and left to cool naturally. The evolution of the microstructure was characterized by optical and electronic
microscopy with EDS, and, to obtain the mechanical properties, a tensile test was performed and the
fractures were subsequently analyzed. The results showed that the heat treatment used reduced the amount
of second phase particles and this influenced the mechanical properties.
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1. Introduction

Aluminum alloys are widely used in the areas of packaging,
electronic technology, automotive body structure, engines
and wheels, and wind and solar power generation, among
others, due to advantages such as high specific strength, high
processability, corrosion resistance', high conductivity, and
ease of recycling?. The mechanical properties of aluminum
alloys vary in accordance with their applications, and heat
treatments are used to modify the microstructures, which
has an effect on their properties’.

Aluminum alloys are distinguished by their chemical
composition, each of which has a specific application.
The 2xxx series has Cu as its main element and is used in
aviation and aerospace. The 3xxx series comprises Mn as its
main element and isutilized in sheets for civil construction
and fins. In 6xxx series, the main elements are Mg and Si
and applications are in tools and the automotive industry.
The alloy of the 5xxx series possessesMg as its main element
and, among its variations, the alloy AAS5182 is highlighted
here due to its use in can end stock (CES). The strength
of the non-heat treatable AA 5xxx series aluminum alloy
is due to a combination of solid solution hardening with
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Mg and dispersion hardening by Mn and other alloying
elements in the formation of dispersoids*’. Another type
of increase in mechanical strength of this aluminum series
is due to plastic deformation which affectsthe grain size®,
displacement density” and texture developed during the
deformation process®.

Beverage cans are produced in aluminum and are
composed of two parts, the body (cup), which is usually
made from AA 3004,and the lid, which is madefrom AA
5182. The manufacturing process of the lids is carried out by
cold forming thin sheets (0.208 mm thickness). To maintain
the quality of the product,either annealing or accelerated
aging is carried out,which simulates six months of exposure
of the final product to normalenvironmental conditions.
Then, the mechanical buckle and manual lid opening tests
are performed. Figure 1 shows the finished product and the
“residual metal” region in which the annealing heat treatment
affects. The aluminum sheets used in this study are used in
the manufacture of packaging caps.

In the search for better performance of products obtained
from AA 5182 aluminum, several studies have sought to
understand the microstructural and mechanical changes of
this alloy when subjected to the annealing process.
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Figure 1. shows the details of the finished product and the “score” point at which the heat treatment is effective (Image: author).

Zhang et al.” submitted cold-rolled AA 5182 alloy to 454 °C
and 540 °C and the effect on the initial recrystallization grain
and mechanical properties were investigated. The authors
found that the fine-grained alloy recrystallized faster and
more homogeneously. The results showed that strength
and flow limits were reduced for those with fine and coarse
grains by increasing the annealing temperature.

Another study showed the effect of annealing and hot
rolling on the chemical composition and morphology of
AA5182 alloy dispersoids used in automobiles. For the
heat treatment, temperatures of 530 °C for 3h were used,
followed by cooling in the oven for 1h and 480 °C for 2h.
After the homogenization annealing, dispersoids containing
finely dispersed Fe and Mn were obtained'’.

In another study, a sheet of AA5182 aluminum alloy was
annealed at 454 °C for 3 h and another, a sheet of direct-chill
(DC), was cold rolled and annealed at 260 °C for 2 h, 288 °C
for 10 min and 343 °C for 10 s. The kinetics and texture
of recrystallization were analyzed. The authors noted that
the texture depends heavily on the annealing temperature.
Atlow annealing temperatures, the recrystallization texture
was characterized by an R orientation and a weak cube
orientation. At high annealing temperatures the texture
of recrystallization was entirely by the cube component'’.

This study shows the changes that occurred in the
microstructure and mechanical properties of AAS182 aluminum
alloy sheets after annealing with temperatures of 50 °C,
100 °C, 150 °C, 200 °C, 250 °C and 300 °C for 10 minutes.
Microstructural characterization was performed by optical and
electronic microscopy with energy dispersive spectroscopy
(SEM-EDS). Details of the behavior of the sheet fractures
that were obtained by the tensile test were also shown by
electron microscopy (SEM-EDS).

2. Materials and Methods

Materials: The aluminum alloy used was AA 5182 (Al-
Mg), which was cold rolled and had a of thickness 0.208 mm
+0.005 mm. This was supplied in the form of 32 x 29.5 cm
plates (Figure 2b).

Chemical composition: For the analysis of the composition,
optical emission spectroscopy was performed (Spectro, model
MaxxLMF15). Table 1 shows the chemical composition
of AA 5182 alloy. Three readings were performed on the
plate (Figure 2c) and the mean and standard deviation were
calculated. The main elements of this alloy are Si, Fe, Cu,
Mn, Mg Zn and Ti, and magnesium is the principal element
of this alloy. The percentage of magnesium in the samples are
not in accordance with the literature for this type of alloy'2.

Heat treatment: The heat treatment used was that of
annealing, which was performed at temperatures of 50,
100, 150, 200, 250, 300 °C, with a fixed time of 10 minutes
for each temperature (Figure 2a). For this step, we used a
Quimis oven (model Q318M).The annealing temperatures
of AAS182 aluminum were based on the temperatures that
the industry already uses, i.e., between 90 and 150 °C.

Tensile strength test: To perform the tensile strength
test, the samples were obtained by manual cutting following
the NBR ISO 6892:2002 standard. Four test pieces were cut
for each temperature. Figures 2a show the samples before
manual cutting. For the tensile strength test, we used an
Instron machine (model 5984) and the test was speed 2 mm/
min, at an ambient temperature of 25 °C.

Metallography: The samples were cold embedded in
silicone molds using acrylic powder resin together with
Fortel® catalyst. For polishing, 0.3 pm alumina was used and
there was no need to perform sanding or chemical attack.
The ASTM E-3:80 was used for the analysis. The microstructure
images were captured using an Olympus optical microscope
(model CX31) and Moticam Plus® image capture software.
Figures 3a, b and ¢ show the samples used for metallography
and microscopy.

Scanning electron microscopy (SEM): To obtain the
images of the fractures, the tested samples were manually cut
at 3 cm parallel to the faces of the fractures. Then, the samples
were inserted vertically into a sample holder and metallized for
4 minutes using a Jeol metallizer (Model: DII-29010SCTR Smart
coater) to improve the quality of the images. For precipitate
images, the samples used for optical microscopy were metallized
before SEM analysis. To obtain the images by SEM, a Jeol
microscope (Model: JSM — IT500HR) was used.
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Figure 2. (a) Plates after heat treatments, (b) sheet metal provided for the study, (c) site of chemical composition measurements using
optical emission spectroscopy.

Table 1. Chemical composition of the aluminum alloy (%).

Elements /Measuments 1 2 3 Mean SD
Si 0.106 0.110 0.128 0.115 0.058
Fe 0.294 0.292 0.337 0.308 0.155
Cu 0.087 0.087 0.088 0.087 0.044
Mn 0.455 0.452 0.492 0.466 0.234
Mg 3.600 3.550 3.170 3.440 1.731
Zn 0.082 0.090 0.098 0.090 0.045
Ti 0.041 0.046 0.051 0.046 0.023
Cr 0.015 0.017 0.033 0.022 0.013
Ni 0.024 0.031 0.042 0.032 0.018
Ag 0.001 0.001 0.004 0.002 0.001
B 0.005 0.006 0.008 0.006 0.003
Be 0.000 0.000 0.000 0.000 0.000
Bi 0.021 0.025 0.031 0.026 0.014
Ca 0.005 0.004 0.007 0.006 0.003
Cd <0.00010 <0.00010 <0.00010 <0.00010 <0.00010
Co 0.024 0.023 0.033 0.027 0.014
Ga 0.027 0.029 0.045 0.034 0.019
Hg <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
La 0.010 0.013 0.016 0.013 0.007
Li 0.225 0.299 0.371 0.298 0.161
Na 0.002 0.002 0.003 0.002 0.001
P <0.0010 <0.0010 <0.0010 <0.0010 <0.0010
Pb 0.061 0.057 0.078 0.065 0.034
Sn 0.058 0.071 0.092 0.074 0.039
Sr 0.003 0.004 0.005 0.004 0.002
\% 0.025 0.027 0.029 0.027 0.014
Zr 0.0459 0.0473 0.0484 0.0472 0.024

Al 94.800 94.700 94.800 94.767 47.383
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Figure 3. AA 5182 alloy heated to 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 300 °C for 10 min. (a) cut samples, (b) samples in the
molds with the resin during the curing process, (c) cold embedded samples.

3. Results and Discussion

3.1. Tensile strength test

Figures 4a, b and ¢ show the behavior of mechanical
properties as a result of annealing temperatures of 50,
100, 150,200, 250 and 300 °C. In Figure 4a, it is possible
to observe that up to 200 °C there was a gentle reduction
in the resistance limit and an increase in elongation.
Between the temperatures of 200 and 250 °C, there was a
greater reduction in the resistance limit and an increase in
elongation. In Figure 4b, it can be observed that between
the temperatures of 200 and 250 °C, there was a reduction
in the yield stress and elastic modulus. As the annealing
temperature increased, a gradual reduction of the yield
stress and resistance limit occurred due to the recovery
effect. Between the temperatures of 200 and 250 °C,
there was a reduction in the yield stress, resistance,
elastic modulus, and a drastic increase in elongation.
This behavior was due to the occurrence of the beginning
and end of recrystallization which reduces the density
of dislocation in the alloy'. After the temperature of
250 °C, behavior of the yield stress, resistance and elastic
modulus was constant®!"'*. In Figure 4c, it is observed
that, between the temperatures of 200 and 250 °C, there
was a reduction in the load and an increase in the rupture
time, which indicates the occurrence of the beginning and
end of recrystallization.

3.2. Microstructures

Figure 5 shows the SEM-EDS image of the dispersoids of
AAS5182alloy heated to 250 °C. Depending on the temperature,
time and cooling classification during heat treatment, the

dispersoids precipitate with different morphologies, including
spheroidized forms, strips, thomboids and plates'. In Figure 5,
three types of morphologies of dispersoids are observed (1)
Al(Si,Mg) spheroidized', (2) Al(Fe,Mn,Cu) rhomboidal and
Al (Mg,Mn) strips'”.

Figures 6a, b, c, d, e and f show the evolution of the
microstructures under heating to temperatures of 50, 100,
150, 200, 250 and 300 °C respectively for 10 minutes.
In Figure 6e, it is observed that there was an increase in the
number of Al dispersoids (Fe, Mn) when the temperature
increased to 250 °C'. Figure 6f shows that there was a
reduction in the number of dispersoids with the increase
in temperature to 300 °C. This reduction indicates that
there was a dilution of the precipitates and an increase
in the concentration of manganese in the matrix'’.
The increase in the quantity and size of dispersoids inhibits
the recrystallization of the alloy". This reflected in the
mechanical properties of the alloy when heated to 300 °C,
since it achieved greater elongation. As the dispersoids
presented a non-coherent interface and high energy in
the matrix, they caused greater mobility and promoted
their dissolution®.

3.3. Fractographic analysis

Figures 7a, b, c, d, e and f show the fractures of the test
samples when annealed at temperatures of 50, 100, 200,
250 and 300 °C, respectively, for a period of 10 minutes.
From the fractures,it can be observed that the increase
in temperature caused a modification in their aspects,
rupturingata 45° angle with annealingat 50, 100 and
200 °C,andat 90° with annealing at 250 and 300°C.
The macrostructural modifications occurred with the
increase in annealing temperature caused the modifications



Annealing Effect on the Microstructure and Mechanical Properties of AA 5182 Aluminum Alloy 5

(a) % Temsilestrength
—e— Elongation

s
&
£

|
.
|
N

25
Elongation (%)

25

Tensile strength (MPa)
Ny

~
£
N

o

50 100 150 200 250 300
Temperature °C

(b) " Moduleclasic
—e— Vield stress (0.2%)

16000 - r24
14000 - e
$ e 20
12000 =
- £
s RER=
< 100004 =
=1 F16 S
£ 8000 2
E P
-é 6000 4 [122
2 -
Z 4000 - s
] =
20004 \¥ re
ke
04
T T T T T T 4
50 100 150 200 250 300

Temperature °C

—=— Load
©
1400 - 600
500
1200
400
~ 10004 } t3o0 5
g™l |y ™3
E ! 200 £
2 e0o i =
800
-
./i\%/ 1 /} 100
600 1 o
-100
400 T T T T T T
50 100 150 200 250 300

Temperature °C

Figure 4. Relationship between tensile properties and annealing temperature: (a) Tensile strength and elongation, (b) elastic modulus
and yield stress, and (c) load and rupture time of AA 5182 Alloy heated to 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 300 °C for10 min.

in the aspect of fractures®'.The reduction of the number
of dispersoids for the sample annealed at 300 °C caused a
fracture aspect with 90°.

Figures 8a, b, ¢, d, e and f show the images obtained
using SEM of the fractures of the annealed samples
at temperatures of 50, 100, 150, 200, 250 and 300 °C,
respectively. While Figures 9a-b show the SEM-EDS fractures
images just for 50 and 100 °C. In all the images, large
and small dimples are observed, which are characteristic
of ductile fracture. It is possible to observe that the larger
dimples decrease as the annealing temperature increases.
The larger dimples are due to the higher triaxial state of
stress. Constituent particles are seen on the inside of the
dimples at all temperatures, but in some they are not seen
and may have fallen or be on the opposite surface. In each
particle, it is assumed that they are sites of nucleation of
dimples due to particle fracture and/or dissociation between
the particles and the matrix?>?. The fracture mechanisms
found are similar for all recrystallization temperatures and
consist of nucleation, growth and coalescence of voids
around the constituent particles of Al(Fe, Mg), Al(Mg)
as seen in Figure 9. Nucleation occurred by creating a
crack from a debondingin an interface of the second
phase particles. The incipient cracks associated with the
particles grow and coalesced by enlargement and linkage
of the voids*.A large number of constituent particles,
which appear to be small dispersoids, can be observed
in the fractures. The size distribution of the constituent
particles, as well as their distribution, are key elements
that determine the tensile ductility of aluminum alloys?.
It was observed that the number of dispersoids decreases
as the annealing temperature increases, and this may have
affected the elongation of the alloy.
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Figure 5. SEM-EDS precipitates of the aluminum alloy AA
5182heated to 250 °C for 10 min.
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Figure 6. AA 5182 aluminum alloy microstructure heated to (a) 50 °C, (b) 100 °C, (c) 150 °C, (d) 200 °C, (e) 250 °C, (£) 300 °C for a

period of 10 min. (polished and magnified to 400X).

4. Conclusions

The effect of annealing on the mechanical and microstructural
properties of AA 5182 aluminum alloy was investigated and
the following conclusions were obtained:

»  Using optical spectroscopy, it was observed in the
studied samples that the chemical composition of
magnesium (the main characteristic element of
AA 5182 alloy) presented below 14%, which is
the standard for this type of alloy.

*  Between the temperatures of 200 and 250 °C, there was
an inversion of the values of the related mechanical
properties, limit of resistance and elongation, elastic
modulus and yield stress, load and rupture time.
This behavior was due to the beginning and end of
recrystallization, which caused a relative reduction
in mechanical resistance.

*  After precipitation, there is a formation of extremely
small and evenly distributed dispersoid particles.

Three different types of morphologies are observed
for the dispersoids, Al(Si, Mg) spheroidized,
Al(Fe,Mn,Cu) rhomboidal and Al(Mg, Mn) strip.
For temperatures above 250 °C, there was a decrease
in the number of dispersoids, which was due to the
growth of the particles.

It can be observed that the angle of rupture of
fractures changes from 45° to 90°, according to
the temperature variation from 200 to 250 °C.
This occurred due to a reduction in the number
of dispersoids.

In all the samples, large and small dimples are
observed, which are characteristic of ductile fracture.
It is observed that the larger dimples reduce as the
annealing temperature increases.

A large amount of constituent particles of Al (Fe,
Mg) and Al (Mg) can be observed at the bottom of
the dimples at all temperatures. Small dispersoids
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Figure 7. AA 5182 aluminum alloy samples heated for a period of 10 min. Fracture of samples at different temperatures: a) 50 °C, b) 100 °C,
¢) 150, d) 200°C, e) 250 °C, and f) 300°C.

Figure 8. AA 5182 aluminum alloy heated for a period of 10 min. SEM of tensile fracture tests of samples annealed at a) 50 °C, b) 100 °C,
¢) 150 °C, d) 200 °C, e) 250 °C, ) 300 °C.



Filizzola et al. Materials Research

Intensity [Counts]

Intensity [Counts]

— > HM

5,000 —

Bﬂ ~Spc_001

7]
7

Energy [keV]

5000 —

A Spc_002

Energy [keV]

Figure 9. AA 5182 aluminum alloy heated for a period of 10 min. SEM-EDS of the fractures in samples annealed at a) 50 °C and b) 100 °C.

can apparently be seen, at the nucleation sites of
the dimples due to particle fracture or discohesion,
growth and coalescence of voids surrounding the
particles and the matrix.

*  The sizes of the constituent particles, as well as
their distribution, are key elements for determining
the tensile ductility of aluminum alloys.

*  Astheannealing temperature increases the number
of dispersoids will decrease, affecting the elongation
of the alloy.
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