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Brazilian aeronautical industries report that, due to the high mechanical properties presented
commercially, AA2024-T351 alloy presents fissures and non-homogeneous deformations during
the mechanical processing. This work proposes a manufacturing process capable of increasing
the ductility of the material to withstand tensions during processing and a subsequent treatment to
recover the mechanical strength of the alloy. The sequence of operations begins with the super-heat
treatment at 415°C 2.5 h, solubilization at 495°C 2.0 h, mechanical conformation with a degree
of area reduction from10% to 90% and artificial aging at 190°C at times of 2, 4, 6 and 8 hours.
The results allowed to obtain an operational sequence where it is possible to form the alloy in the
desired component, without loss of mechanical properties and structural defects, in the shortest
time possible of heat treatment, reducing the manufacturing costs and increasing productivity.
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1. Introduction

Brazil ranks as the 2" largest bauxite producer in the
world (14% of production), however occupies only 6™ place
when it comes to aluminum production, behind all other
countries that make up the so-called BRICs: Brazil, Russia,
India and China'. The position in the production ranking
reflects the Brazilian deficiency in the technologically
more noble stages and, consequently, adds more value,
such as bauxite refining, alumina reduction and, mainly,
aluminum processing'. More than a century after the
discovery of the phenomenon of precipitation hardening
and the expressive use of the AA2024 alloy in the aerospace
industry*?, Brazil still outlines timid steps in relation to
the technological domain of this manufacturing technique.
The basic requirements for aircraft production are low
weight, high mechanical strength, corrosion and fatigue
resistance, in-service hardenability, good machinability,
weldability and reasonably low cost*®. In addition to the
requirements imposed by the increasingly competitive
market, the reduction of fuel consumption, shorter time
between repairs and longer component life are vital factors
for business survival’.

Currently in Brazil, precipitation hardenable aluminum
alloys, such as AA2024 used in the aerospace industry,
are imported in their commercial form, that is, solubilized
and aged - condition T351. In this case, the required
properties are 470 MPa for the rupture stress and 137 HV®.

*e-mail: marcelo.siqueira@unifei.edu.br.

However, if there is a need for the alloy to be formed, national
industries have warned that mechanical properties often
become unstable, even with cracking during processing,
possibly due to excessive hardness increase. The reasons
for these differences in strength, hardness and requirements
for the subsequent processes are still uncertain, but the
working conditions must be better established in order
to obtain better properties without compromising the
structural integrity of the component. In this case, the
softening of the alloy due to over-aging, it is a fundamental
technique so that future stages of conformation are carried
out without the formation of cracks. In addition, it is
expected that the internal energy stored by the forming
process favors the rate of precipitation reaction during the
artificial aging treatment. Consequently, one can expect a
productivity gain due to reduction in treatment time and
saving of electricity.

2. Experimental Methods and Procedures

It was used the aluminum alloy AA2024 T351 with a
thickness of 4.5 mm whose chemical composition is given
in Table 1.

Table 1. Chemical composition of aluminum alloy AA2024 T351
(Wt %).

Cu Mg Mn Si Fe Zn Ti
4,10 1,30 0,46 0,08 0,16 0,22 0,03
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To confirm related problem by aircraft Brazilian industries,

was used a commercial alloy AA2024 T351, dimensions
352x83x23mm, Figure 1.

Figure 1. Commercial AA2024 aluminium alloy.

A rolling machine, model LE-300, roll diameter
350mm, rotation speed 15 rpm was used to reducing plate
thickness simulating manufacturing step. After 7 cold
rolling steps, inhomogeneous deformation was present
and not considerable thickness reduction was observed,
Figure 2. In steps sequence, the material was degraded
and after 10 cycles, the material collapse, Figure 3.

Figure 2. Commercial AA2024 aluminium alloy after 7 steps of
cold rolling.

Figure 3. Commercial AA2024 aluminium alloy after 10 steps
of cold rolling.

Once confirmed the problem related by aircraft
manufacturers, next step is to reduce the mechanical properties
of the as-received alloy.

A plate of AA2024 aluminium alloy was subjected to
an overaging heat treatment at about 415°C for 2.5 hours.
Next, the plate was solubilized at 495°C for 2 hours.
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Then, the samples were cold rolled range from 10% to 90%
in area, using a reduction rolling machine with a rotational
speed of 15 rpm. It is notable that a group of sample was
not subjected to plastic deformation. The main purpose of
performing various cold rolled reducing of samples was
to obtain different microstructures to show their effects
on the mechanical properties. Different times were used
to artificial aging heat treatment (2, 4, 6 and 8 hours)
(Figure 4 and Figure 5).

The microstructure changing was determined by optical
microscopy, scanning electron microscope (SEM), Vickers
Microhardness, tensile test and electrical conductivity. For
the microstructural analysis, the specimens were ground with
120, 320, 400, 600, and 1200-grit SiC papers and polished
with 3 diamond suspension, 1 pm diamond paste and colloidal
silica. Then, samples were etched with a Keller solution
to determine the microstructure using optical microscope
Leica, model DMI 5000M image analyzer LAS V-4.5) and
scanning electron microscope (Jeol, model JXA-840A). The
Vickers microhardness was also measured on all samples in
the central regions based on standard ASTM 384-17°. Each
hardness result was determined from an average of fifteen
measurements per sample with a 4.9 KN indentation load
500gf in the rolling direction. In addition, tensile tests were
performed based on the standard ASTM E8M-00b'? on samples
with a gauge length of 25mm and overall length of 100 mm
under a strain rate of 5 mm/minute at room temperature.

3. Results and Discussions

According Radutoiu et al." the aging treatment promotes
the hardening of the alloy 2024 and the degree of aging is a
function of time and temperature used for treatment. In this
study, temperature was kept constant (190°C) and therefore,
the variation of the time and cold rolling were responsible
for the change in mechanical properties.

The cold plastic deformation of the alloy from the
metastable condition of metallurgical microstructure increases
the dislocation density, which favors the atomic diffusion of
solute atoms. It also elevates the response to treatment of aging,
resulting in an intense effect in increasing alloy strength'* ',
Aging reactions begin to occur at lower temperatures and
response to age hardening is a hardening of the sum of the
contribution and the presence of precipitates’.

The cold deformed AA2024 alloy has two mechanisms,
which are responsible for the increased resistance. The first
is related to stage 1, where the hardening is derived from the
combined effect of work hardening caused by the introduction of
dislocations during cold rolling and Guinier Preston precipitates
formed during the aging treatment. The second mechanism
refers to the decrease of the effect caused by hardening, through
the annihilation of dislocations and increased effect caused
by the growth and aging phase S'Al,CuMg composition'?.
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Figure 4. Route used for aluminium alloyAA2024 analysis.
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Bagaryatsky'® proposed the following aging sequence:
SSS — GPB zones — S"/GPB2 — S — S

SSS refers to supersaturated solid solution, GPB refers
to Guinier-Preston-Bagaryatsky zones and S" and S' are
the precursors of the equilibrium phase S (ALCuMg).
According to Elgallad et al.' there is an emerging view that
the differences between GPB, GPB2 and S" are insufficient
to be firmly confirmed, and these three constituents are
generally referred to as GPB zones.

The effect of aging and the effect of cold rolling can be
observed in Figure 6.
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The maximum value of microhardness achieved during
ageing increases when increasing the deformation. Hardening
due artificial aging takes more time to occur compared with
cold rolled samples aged. Similar results were found by
Naimi et al."”.

In the last case, aging and plastic deformation act to
accelerate the hardening and the maximum linear deformation
values indicates more mechanical resistance independent of
the aging time used, Figure 7.

In accordance Sjolander and Seifeddine'®, the
ability of the alloy to increase strength during the aging
treatment can be defined as the difference between the
hardness of solubilized samples and aged samples.
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ROLLED SAMPLES IN DIFFERENTS AGING TIME

205,00
B L I . e
z
B 185,00
S
S e e e e St e e L b L s
B 165,00 ----m-mm-mmmmmmmmeeeooeoeee NGB
z 153,83
2155!00._......... e e
< 151,06
o 145,00
g
S 135,00
125,00 : :
2 4 6 8
Aging Time (Hours)
= 90% COLD ROLLED —e—COLD ROLLING FREE
Figure 6. Microhardness Vickers for aluminium alloy AA2024 Cold Rolling Free (CRF) and Cold Rolled
—_~ 9 H
E L Liia
= > [
s 1t
g 6 ®
£ s
3 []
e
& 4 2 s L]
-} 2 [ ]
g [ [
= 4 13K } o0
5 *ep %2 ki
':E-:; : ] S Y
<
B e e e e e e e e e e
§ S ‘g’ﬁ?G&TR?G&R?GaR?GER?G&'R?G&'R?GENGGENGGEN?EE
A T T T T T A T P T T aaasTs
A I I e e e e e e e o
S B320000 [ R XaRa Ret LR ) FARAR OO0 RRERXRR RIS S
Condition

Figure 7. Maximum strain for aluminium alloy AA2024 in different conditions.
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Thus, a comparison was performed to confirm the contribution
of microhardness increasing by aging heat treatment effect
and cold rolled effect (Figure 8).

Inrelation metallography analysis, in the alloy AA2024
as received, elonged grain due the cold rolling are present,
Figure 9.

For sample extremely cold rolled, 90%, independent
of aging time used (2, 4, 6 or 8 hours), it can be
observed recrystallization phenome did not is present.
Certainly, aging temperature used in this work was not
enough to reach the initial temperature of recrystallization
(Figure 10).

Intermetallic compounds can be observed in Figure 11
to Figure 13.

Analyzing the distribution profile of the elements in
Figure 11 to Figure 13 note the presence of elements Al,
Cu, Mn, Fe and Si in the points indicates. According to
Liu et al.', Schneider et al.?* and Hughes et al.?!, they are
intermetallic compounds of type Al-Cu-Mn-Fe-Si.

m Aging time effect

m Cold rolled effect

These intermetallic compounds were probably formed
during the solidification. According to Moy et al.¢ the artificial
aging has no effect on them.

The insolubility these intermetallic compounds occurs
mainly because of the presence of Fe and/or Si impurities,
which in commercial alloys for structural applications are
often present due to the high cost of reducing impurities?.

Precipitation phenomenon act directly on electrical
conductivity of AA2024 alloy. During aging, by heating the
super satured aluminium alloy, the excess solute elements
produce fine particles (according to the precipitation sequence
previously cited). This process affects the conductivity by
two competitive mechanisms. The first mechanism is the
purification of matrix from the removed alloying elements
and decreasing of the vacancies retained in the alloy after
quenching from solution treating process. These two phenomena
increase the electrical conductivity. The second mechanism is
the scattering of the conduction electrons due precipitations
fine particles which reduces the electrical conductivity®.
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Figure 8. Effects of aging time and cold rolling in the microhardness in the aluminium alloy AA2024.

Figure 9. Aluminium alloy AA2024 as received.

Figure 10. Aluminium alloy AA2024 cold rolled 90% 2h.
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Figure 11. (a) Microstructure of AA2024 alloy deformation free and aged for 2 hours (CRF 2h) with spotlight for the region
swept away no line scan. (b) Distribution profile of the main elements of the AA2024 alloy free of deformation and aged for
2 hours (CRF 2h). (c) Magnification of the sweep line.
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Figure 12. (a) Microstructure of AA2024 alloy cold rolled 90% and aged for 2 hours with spotlight for the region swept

away no line scan. (b) Distribution profile of the main elements of the AA2024 alloy cold rolled 90% and aged for 2 hours.
(c) Magnification of the sweep line.
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Figure 13. (a) Microstructure of AA2024 alloy cold rolled 90% and aged for 8 hours with spotlight for the region

swept away no line scan. (b) Distribution profile of the main elements of the AA2024 alloy cold rolled 90% and
aged for 8 hours. (c) Magnification of the sweep line.
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Figure 14. Electrical conductivity for aluminium alloy AA2024 in different conditions.

It can be observed in Figure 14 that the electrical
conductivity increases with increasing aging time, for all
conditions. Studied, suggesting that the first mechanism,
described above, overlaps the second.

For cold worked samples, in addition to the phenomena
mentioned above that affect the electrical conductivity,
during aging also occurs recovery (reduction of punctual
defects, rearrangement/elimination of dislocations) which
contributes to the increase of electrical conductivity, as it
reduces the obstacles present in the matrix, facilitating the
movement of electrons.

4. Conclusions

For processing route proposed in this work, we found
that for constant temperature precipitation / artificial aging
(190°C), long treatment times are necessary to obtain the
maximum rupture strain values and Vickers hardness for
samples not laminated. This behavior can be attributed to
precipitation hardening, in which the 2nd phase particles
require longer times to nucleation and growth of precipitates.
The contribution of this factor associated with hardening
factor due to cold plastic deformation, contributed to further
enhance the mechanical properties of AA2024 alloy. In this
case, the maximum value of Vickers hardness was obtained at
significantly shorter times, regardless of the degree of plastic
deformation applied. It is noteworthy that, for understanding
the behavior of the mechanical properties of the alloy, lower
treatment times can indicate the maximum value obtained
from properties, which can not be said with the minimum
time used in this study (2 hours).

This study set a route of treatment to enable manufacture
to alloys without structural damage and get even superior
properties of required and / or reduce costs unnecessary
treatments too lengthy.
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