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Effect of Aging and Deformation Treatments on
Mechanical Properties of Aluminum AA-6063

Victor Alcantara Alza

Abstract: How the parameters of artificial aging heat
treatments, in AA 6063 aluminum samples, previously solubilized
and deformed in cold, influence on the mechanical properties of
hardness and traction was investigated. The experiments followed
the sequence: Firdt, the solubilization treatment was carried out
for 2h using prismatic specimens of 10mm thickness; then the
samples were cold deformed with area reductions. 30% -60%
-80%. Finally, the aging treatment was carried out on all samples,
using temperatures. 150-250-350-450 °C, and holding times:
1-10-30-60-90-120 min. After aging the samples were machined
according to the standards. The hardness was measured on the
Vickers scale (HV) and the tensile tests followed the ASTM E
8M-952 standard. Microscopy was performed at the optical and
Electronic SEM level, complemented with an EDS analysis. It was
found that the highest hardness values occur at 150 °C. Theyield
point YS increases as decreasing aging temperature, and
decreases whith increasing deformation degree. The mechanical
strength UTS increases as decreasing temperature and
increasing whith deformation degree. Regarding the mechanical
properties of traction, the optimal condition is found for the
samples deformed at 80% and aged at 250 °C, presenting a (UTS)
of 193 MPa, and 15% elongation. The samples with 80%
reduction, aged at 450 °C for 120 min are those with the best
recrystallization index. |t would take a time greater than 120 min
for the grainsto thicken and the precipitates completely disappear
to reach complete recrystallization. EDS analysis indicates the
presence of Mg2Si precipitates and the [ phase.
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. INTRODUCTION

Aluminum is one of the main materials used in modern

industry, due to the combination of some propertiesthat make
it very useful in various applications, such asits low density
and high resistance to corrosion, good conductor of
electricity, easily machined and relatively inexpensive. For
these reasons, it is the metal most used in modern industry
after steel [1]. Itsgreat applicability isfound, in the maritime,
land and aeronautical transport industry; and they have
contributed greatly to the improvements of vehicles and
machines, providing structural strength and considerable
weight reduction, as well as resistance to corrosion. In the
automotive industry there is a growing demand for aluminum
alloys; since by reducing the weight of the vehicles, there is
less fuel consumption, and control of the emission of gases.

Manuscript received on March 13, 2021.
Revised Manuscript received on March 18, 2021.
Manuscript published on March 30, 2021.
Victor Alcantara Alza, Department of Mechanics and Energy, National
University of Trujillo, Per(i. Email: victoralc_unt@hotmail.com

© The Authors. Published by Blue Eyes Intelligence Engineering and
Sciences Publication (BEIESP). Thisis an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Retrieval Number: 100.V/ijrte.F5572039621
DOI:10.35940/ijrte.F5532.039621
Journal Website: www.ijrte.org

158

¥

Chack far
updatas

These advantages have attracted great attention in automotive
applications due to its excellent molding capacity, corrosion
resistance and especialy its high weight / resistanceratio [2],
[3].

Unlike steels, heat treatments in auminum alloys are
mainly restricted to the operation destined to increase the
mechanical resistance (UTS) and hardness by means of the
aging treatment or hardening by precipitation; which makes
this treatment an important hardening method, which is used
to increase the strength and hardness of most aluminum alloys
(41, [5], [6].

Aluminum alloys are very diverse, due to the variety of
aloying elements, mainly Copper, Magnesium, Manganese,
Silicon and Zinc, which influence on the UTS in one way or
another. The ANSI assigns each aluminum aloy a four-digit
number, of which thefirst refersto the main aloying element.
Based on these, there are the following aloy groups. 1xxx
series unalloyed aluminum, 2xxx series with copper as the
main aloying element, 3xxx series with manganese, 4xxx
series with silicon, 5xxx series with magnesium, 6xxx series
with magnesium and silicon, 7xxx series with zinc and in
some cases magnesium, 8xxx series for other elements,
athough recently the 9xxx lithium aloys have been added to
these series for unusual aloys [4]. All these aloys are
hardened by heat treatment or by deformation.

Of al the aluminum alloys, the 6xxx series are the most
used for structural applications in various industrial sectors,
due to their low density (one third of steel) with good
mechanical properties[7], [8], [9], [10].

According to Troeger [11], 6xxx aloys have other benefits,
such as good formability, wel dability, resistance to corrosion.
He claims that such alloys can be used in a variety of
applications, including aircraft fusel age skins and automobile
body panels, and are cheaper than the 2xxx and 7xxx series,
after appropriate heat treatments. The main components
of the 6xxx series duminum alloy are Mg and Si, and these
6xxx aloys owe their strength to the Mg,S phase,
(intermetallic compound) that is formed during the
precipitation hardening treatment. This hardening occurs
through solution treatment and artificial aging, which
provides growth control and a composition consisting of a
matrix rich in aluminum [11], [12]. However, if there is an
excessive growth of these precipitates through treatments at
high temperatures or very long times, the movement of
dislocationsisfacilitated, it is brought about by the softening
of the alloy. The treatment that produces this result is called
over-aging. Silicon helps to generate high dislocation
densities, but at the same time influences the reduction of the
ductility of the material.
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On the other hand, it has been shown how the Mg/ Si ratio
controls the hardness of the material so that an excess of Mg
with respect to silicon (Mg / Si> 1.7) helps to maintain its
constant value after aging [13].

Volume fraction of Mg2Si precipitate, dependson thelevel
of Mg within the aloy, but the Si content is also important.
Hirthet a.

[14] concluded that the increase of Si in the aloys type
6xxx increases the UTS with the treatments T4 and T6.
[Natural and artificial treatment of aging and solubilization
respectively].

Much research has been carried out regarding the 6xxx
series aluminum alloys, and especially the AA-6063 alloy, of
which the following should be highlighted:

E. Tan and B. Ogel [15] studied the influence of heat
treatments on the mechanical properties of AA 6066
aluminum alloy under strain conditions. The objective was to
produce high-strength, fine-grained 6xxx aluminum alloys by
adjusting the process parameters. deformation, solution, and
aging. The ideal solution temperature was found to be 530 °
C. Below 530 ° C, there is a tendency to increase hardness
with increasing soaking time, while the trend is reversed for
higher temperatures. When carrying out the aging tests, the
maximum hardness values of 175 °C were found for 8 h. The
micostructure, showed the precipitated phase Mg,Si. With
samples deformed up to 10% before the dissolution process,
the lowest Y S is obtained. As the amount of strain increased,
the recrystallized grain size became smaller, increasing the
UTS and hardness of the samples

N. Anjabin and A. K. Taheri, [16], studied the effect of
aging treatment on the mechanical properties of AA-6082
alloy, using an analytical model with optimized constants. It
was found; that for a constant aging time and low
temperatures Y S increases and the elongation decreases. On
the contrary, under over-aging conditions Y S decreases and
elongation increases. The results predicted by the model
showed good agreement with the experimental data.

B. Milkereit et al, [17] investigated the precipitation
behavior as a function of temperature and time of Aluminum
aloys. 6060, 6063, 6005A and 6082 at different cooling rates
after solution annealing. The CCT diagrams of each of the
alloys were recorded. It was found that an appropriate range
of cooling rates, al alloys show a similar precipitation
behavior. High-temperature reactions produce the
precipitation of the Mg,S equilibrium phase, and
low-temperature reactions produce the precipitation of the
‘and B' phases. They concluded that maximum hardness values
should always be found in materials that cool faster than the
alloy-specific critical cooling rate, which increases with
increasing alloy content.

M. Das et a. [18] studied the microstructure
characteristics and mechanical properties of aloy 6063
processed with severe plastic deformation by torsion, after a
solution treatment. No precipitates were observed in the
dissolution condition, but after deformation very fine
precipitates of Mg2Si were observed varying between 10-20
nminsize. TheYSand UTS mechanical propertiesincreased
with the level of deformation.

J. Lan, et a, [19] established that in @uminum aloys, the
introduction of cold deformation before aging is an important
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hardening method. They carried out an experiment with the
2A14 dloy, using 4 prediction models that were subjected to
experimental testing. The precipitated phases 0, 6 ', 6" were
observed in the aging process after cold deformation. The
greater the cold deformation, the more obvious its effect on
the precipitation reaction. For the four models of hardening
mechanisms, the predicted Y S values of the 2A14 aluminum
alloy during the aging process coincided with the
experimental value, while the cold deformations were less
than or equal to 6%.

The objective of this work is to determine the effect
produced by the variation of the aging treatment parameters
after a solubilization treatment and percentage of cold
deformation, on the mechanical properties of hardness, YS,
UTS, elongation and microstructure characteristics in
aluminum alloys AA 6063

[I. MATERIALSAND METHODS

2.1. Study Material

The AA-6063 aloy is an aluminum aloy with magnesium
and silicon as basic elements. It has good mechanical
properties and is heat treatable by precipitation and is also
weldable. It is the most common alloy used for aluminum
extrusion. It allows the forming of complex shapes with very
smooth surfaces, suitable for anodizing and is therefore
popular for visible industrial and architectural applications
such as window frames, door frames, ceilings and signage
frames. Its chemical composition can be seen in table 1.
Table 1. Chemical composition of aluminum: 6063 (W%)

% | Si | Fe | Cu | Mn | Mg | Cr [ Zn | Ti |Otros| Al
Min | 020 0.45
Max | 060 | 035 | 010 | 0.0 | 090 | 020 | 010 | 0.10 | 0.I5
The material was purchased in the delivery condition, under
annealing treatment (TO temper) with a Vickers hardness of

25 HV. The supply microstructure can be seen in Fig. 1. and
the CCT continuous cooling diagram in Figure 3.
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Figure 1. Microstructure of the material in the delivery
state with annealing treatment (T0). A coar se-gr ained
structureisobserved with precipitatesat the grain edges.
Sample Hardness: 25 HV.
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2.2. Treatmentsand Parameter s Sequence.

Todas las muestras fueron sometidas a un proceso de
tratamientos de envejecido y deformaciéon (Tratamiento
termo-mecanico), siguiendo la siguiente secuencia:

solub ity P

The sequence of therma and mechanical deformation
treatments (Thermomechanical) that were carried out can be
seenin figure 2.

Cold deformation ]- Aging

Solution treatment: 580°C

Aging treatment
450°C

Cooling in

water Cooling

in water

Reduction
30-60-80%

Figure 2. Scheme of the sequence of heat and mechanical
deformation treatmentsused. (T°r = Room temper atur e)

The solubility treatment was carried out, at temperature of
580°C, for 1h, followed by cooling in water. Thistemperature
and time was selected, following commercia standards and
taking into account the CCT diagram of Figure 3. The
treatment was carried out in a THERMOLYNE digital
electric oven. After the solubilization treatment, the samples
were cold deformed to obtain the respective area reduction
according to the reduction percentage. For reduce the area of
the solubilized samples, a small laminator was used with
cylinders of 2” (50.4 mm) mm in diameter x 220 mm in
length. Three area reductions were made to all samples after
solubilization: 30-60-80% with respect to their original
thickness of 10 mm. These deformations were carried out at
room temperature.

EN AW-6063
mass fraction S Fe

solution annealing: 540 °C 20 min
Cu Mn Mg O 2n T

temperature in °C

1004
o‘
1

Figure 3. AA 6063 Aluminum CCT Diagram [22]

The aging treatment (precipitation) was T6 type. It was
carried out in the same Thermolyne digital oven using the
temperatures; 150 °C, 250 °C; 350 °C; 450 °C and holding
times: 1-10- 30- 60- 90- 120 (min). The times were sustained
for each temperature level. After removing each sample from
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the oven, they were immediately cooled in water.

2.3. Experimental Procedure.
2.3.1. Samples

All the specimens were made from standard plates 12.50
mm thick x 1.06 mwide x 3.00 mlong. Prismatic bars 100mm
x 100mm x 10mm (thickness) were cut from these plates. The
samples were ready for the solubilization, deformation and
aging treatments. After being solubilized, the samples were
deformed in a small laminator until reaching thicknesses of
7mm, 4mm and 2mm, which correspond to the percentages of
deformation: 30-60-80%. They were then machined
according to the standards of the hardness and traction tests;
then they underwent the aging treatment before making the
respective tests.

2.3.2. Hardness Test

The hardness test was performed on the Vickers
HV-5/10/30/50, Digital Durometer used for non-ferrous
meaterials.

From 100mm x 100mm x 10mm (thickness) aged samples,
parallel epipeds of the following dimensions: 10x20x30mm.
were made:

The test was carried out according to the ASTM E384
standard, using aload of 120K gf (1176.8 N) with anindection
timeintherange: 10-15s.

To carry out this test, the specimens previously had to be
ground and polished on their surface to guarantee the
parallelism between them, and the measurement is correct.
The grinding was carried out on a COZZI flat grinding
machine and sandpaper: 400, 800 and alumina cloth were
used for polishing. After polishing, the specimens were tested
and indented three times (3) for each measurement, averaging
the results on the HV scale.

2.3.3. Tensiletest.

The tensile tests were carried out on the IMSTRON
UNIVERSAL 8801 machine with a 10 Ton capacity. The
spcimens that were used followed the ASTM E8M-95
standard. The spcimens were machined under the established
standard, whose measurements scheme is shown in Figure 4.
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Figure 4. Plane for making tensile test specimens
accordingto ASTM E8M-95 standard.

The “t” values shown in figure 4 were: 7-4-3 mm, which
represent the degrees of deformation: 30-60-80%
respectively. Figure 5 shows some representative specimens
(reduction to 30%), after being aged and tested by traction. It
can be seen that in all cases the break has occurred within the
area of the calibrated length and shows a
brittle break.
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No ductile failure was observed in al samples. This
indicates the high degree of hardening and embrittlement
caused by the precipitation treatment and artificial aging.

2.3.4. Microscopy Test

The microscopy test was done at the optical level using the
Zeiss 1000X Microscope,

and also the electronic level using the JEOL-JSM-5600
SEM (scanning electron microscope). The same equipment
allows to carry out the Energy Spectroscopy test. Dispersed
(EDS). Finally, the samples were encapsulated and polished
and then they were attacked using as a reagent a solution
composed of: (99.5 ml of water + 0.5 ml of hydrofluoric acid).

Figureb. Tensile specimenstested for 30% deformed and
aged samples. A brittlefractureisobserved within the
length tested.

I11. RESULTSAND DISCUSSION

3.1 Hardness.

The hardness results for various deformation and aging
conditions can be seen in tables 2, 3 and 4 and their
corresponding trend graphs in figures: 6 (a), 6 (b) and 6 (c)
respectively.

For samples deformed to 30%

Fig. 6ashowsthe following: For an aging temperature of
150 ° C; in the first minute the hardness rises from 25 HV to
70.2 HV. Then, in the next 20 min, increases until reaches to
86HV, and then progressively and slowly increases up to
92HV. For samples aged at 250 ° C; It is observed that in the
first 10 minutes the hardness rises to 70 HV, and then
decreasesin the next 20 min until reachesto ~ 63HV, then it
remains almost constant until the end of the interval. For
samples aged at 350 °C, it is observed that in the first min the
hardnessrisesto 69 HV, and then decreasesto 52 HV when it
reaches to 10 min, then it increases until ~&3 HV upon
reaching to 60 min, keeping that value almost constant until
the end of the interval. For samples aged at 450 ° C; the trend
isthe same as for the previous case. The results show that the
solubilized treatment and artificial aging notably increase the
hardness from the beginning of the treatment. In the first
minute increases from 25 HV for the supply state T(0) to
values~ 70 HV. In other words, the hardness amost triplesin
valuein the first minute, showing the strong influence of cold
water tempering. On the other hand, the lowest temperature
(150 ° C) isthe one that increases the hardness the most. The
general trend observed is that the lower the temperature, the
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more the hardness increases, and with respect to the aging
time, it can be reported that from 60 min to 120 min the
hardnessis almost not affected.
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Figure 6. Graphs of variation of the hardnesswith the
aging temperature (TE) and aging time (t»), for AA6063
aluminum samples, according to the defor mation
per centage: a) 30%; b) 60%; c) 80%.

For samples deformed to 60%

In Fig. 6b) the graph of the deformed and aged samples
with 60% reduction is shown. In the first minute the hardness
is dmost the same (~75HV), for the first three aging
temperatures, with the exception of 450 ° C which presents a
value of 60 HV. As in the previous case, it can be observed
that: The hardness decreases as the aging temperature
increases, and varies with the holding time. Thus we have:

For the temperature of 150 °C, the hardness
increases with
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Table 2. Hardnessresultsfor different aging timesand
temperatureswith 30% deformation.

ta HARDNES (HV)- 30% deformation
(min) Te= Te=250°C | Te=350°C | Te=450°C
150°C
1 70,2 70,0 69,3 68,0
10 72,5 70,2 52,3 45,0
30 86,4 62,3 54,0 48,2
60 89,2 64,4 64,7 63,0
90 90,0 64,6 64,8 65,0
120 92,0 65,8 65,2 66,8

Table 3. Hardnessresultsfor different aging timesand
temperatureswith 60% deformation

ta HARDNESS (HV) — 60% defor mation
(min) | Te=150°C [ Te=250°C [ Te=350°C | Te=450°C

1 76,0 75,3 77,2 60,0
10 79,8 75,0 59,8 43,2
30 92,0 68,0 41,5 45,2
60 90,0 62,1 57,0 40,0
20 90,2 62,3 42,0 40,1

120 95,0 68,0 31,5 43,0

Table4. Hardnessresultsfor different aging timesand
temperatureswith 80% deformation

ta HARDNESS (HV) — 80% defor mation
(min) | Te=150°C | Te=250°C | Te=350°C | Te=450°C
1 83,0 84,2 70,5 61,8
10 87,0 71,2 58,4 45,0
30 100,3 63,0 40,5 47,0
60 88,1 64,0 35,0 48,0
90 100,7 63,0 34,2 50,0
120 89,0 63,5 40,5 415

holding time. For the temperature of 250 °C the hardness
decreases with the aging time with an almost constant slope.
For the temperature of 350 °C the hardness decreases with the
aging time, but in an oscillating way. For atemperature of 450
°C it decreases with the aging time, its values overlapping
with the temperature of 350 °C in different timeintervals.
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For samples deformed to 80%

In Fig. 6¢) the graph of the deformed samples with 80%
reduction isshown. Inthiscaseit can a so be observed that the
hardness increases as the aging temperature decreases, with
the exception of the 450 °C temperature, which presents
higher hardness values than the 350 °C temperature.
Regarding the holding time, we have;

For 150 °C, the hardness increases to 83 HV in the first

minute and then shows oscillatory values as the holding
time increases.
For 250 ° C, in the first minute it has the same value as the
previous case and suffers a decrease until it reaches 30
minutes and then remains almost stable until 120 minutes. For
350 °C, the hardness in the first minute dropsto 70.5 HV and
then drops to 35 HV when reaching 60 min, and then
increases to 40.5 HV until reaching 120 min.

When analyzing the three cases, it can be concluded that
the highest hardness is found with the lowest temperature
(150 ° C.) And time does not decrease the hardness. For the
other temperatures, timein some cases decreases the hardness
with an amost constant rate, and in others in an oscillating
manner. For deformations of 60% and 80%, the hardness of
samples aged at 450 ° C is greater than those aged at 350 ° C
in certain sections, being more accentuated for deformation
(80%) where it presents higher values in amost the entire
interval.

3.1.1. Deformation effect on hardness[T°Aging = cte]

Figure 7 shows the graphs of hardness vs. aging temperature,
varying the time and the deformation.

From the 4 graphs shown it can be inferred: That both the
deformation percentage and the aging time are interdependent
variables, which define the hardness of the treatment. They
are not isolated variables; they are mutually interrelated.

For an aging temperature of 150 °C, it is observed that the
higher the percentage of deformation, the higher the hardness
in the entire time interval except for 60 min where the
hardnesses are amost equal. For this temperature, the
deformation isimposed on the increase in hardness; which is
not the case with the other temperatures.
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Figure 7. Graphs showing the effect of defor mation on hardness asa function of aging time, keeping each test
temper atur e constant.

For 250 °C, the relationship: greater deformation implies
greater hardness is met only in the first 10 minutes, then the
samples deformed to 60% present the highest hardness up to
45 minutes and from then on the three deformation curves
present very close hardness. In other words. Time and
deformation hardly affect hardness. For 350 ° C up to the first
10 minutes we have a trend similar to the previous case and
thereafter the effect is reversed, in the sense that the lower
deformation, thelower hardness. For 450 °C up to thefirst 30
minutes, for al three degrees of deformation, the hardness has
amost the same value, and from there up to 120 min, the
increase in hardness is established in the following order:
30%; 80% and 60% respectively. In this case, the least
deformed samples have the highest hardness in this time
interval. It can beinferred that: "The combined effect of the
time - deformation variables in the artificial aging treatment,
up to 120 min, tendsto decrease the hardness of the samples’.
We can say nothing of longer aging times where diffusion
phenomena can cause other types of precipitates that could
increase hardness.

3.2. Tensile mechanical properties
The tensile tests were carried out on a selected group of
samples:

1) For undeformed and solubilized samples.

2) For solubilized, deformed and aged samples at 150 °C
and 250 °C, for atime holding of 2 h, considering the three
reductions of areas (30%, 60% and 80%). Time variation has
not been considered. Theresults can be seenintable5and in
the graphs shown in the figures: From Fig. 8 to Fig. 11.

The legend presented in Table 5 only applies to
solubilized and aged samples. It has also been considered to
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add the o-¢ graphs of the samples solubilized without
deformation tempered in air and water.
Tableb. Tensilemechanical propertiesof selected samples

Mechanical properties
Type of YS) (UTS) | Elongation
sample MPa MPa ()
solubilized
only
Air
Quenching 63 123 0.31
Water
Quenching 85 137 0.32
Solubilized
and aging
Tipo 1 120 164 0.16
Tipo 2 110 183 0.11
Tipo 3 100 187 0.09
Tipo4 110 152 0.21
Tipo 5 90 173 0.18
Tipo 6 80 193 0.15
Legend:
1) Def: 30%; Ta= 150°C; 2) Def: 60%; Ta= 150°C; 3)
Def: 80%; Ta= 150°C; 4) Def: 30%; Ta= 250°C; 5)
Def: 60%; Ta= 250°C; 6) Def: 80%; Ta= 250°C
ta=2h (In all cases)
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Figure 8. Tensile curves obtained for the samples
solubilized at 580 ° C and tempered in air and water
without deformation nor aging.

curves (o-g) [ Ty = 150°C, ta= 2 h.]
IS0

Dall= 30 %5

Dal =60 2%

Dl =80 2%

200

LoD

Stress (MPa)

L 0,03 0.06 0.09 0.12 015 018

Strain (&)

Figure. 9. Graphs of thetensile curvesfor samples
solubilized at 580 ° C, deformed and aged at 150° C, 2 h.

Fig. 8 shows the tensile curves obtained for the
undeformed samples, with solubilized without aging. The
samples tempered in water show higher values of UTS (137
MPa), Y'S (85 MPa), with respect to the samplescooled in air,
athough both present aimost similar elongation values (¢ =
31%), demonstrating good ductility.

Fig. 9. shows the tensile curves obtained for samples aged
a 150 ° C, 2 h. showing the effect of deformation. It is
observed that a greater deformation causes a decrease in YS
and anincreasein UTS and adecrease in ductility €

Fig. 10. show the graphs of the tensile curves obtained

for the samples aged at 250 ° C; showing the sametrend asfor
the previouscase. Thereisnot much variationinY Sand UTS,
but a significant increase in ductility. The increase in
temperature has increased significantly the ductility ¢, for al
degrees of deformation.
Figs: 11 and 12 show the graphs. “Stresss Degree of
deformation”, parameterizing the two aging temperatures:
150 °C and 250 °C, without considering the aging time. It is
observed that YS decreases with increasing deformation,
while UTS increases as the degree of deformation increases.

If al the graphs of the tensile properties for these two
temperatures are observed, the following conclusion can be
drawn: The optimal condition is found for the sample
deformed at 80% and aged at 250 ° C, presenting a tensile
strength (UTS) of 193 M Paand 15% el ongation, resultingin a
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good combination of strength and ductility. This condition
corresponds to a hardness of 63.5 HV

Curves (6-€) [T°4=250°C, ta=2h)
240

e Def= 30% e Def = 60) %9 e Def = 80 %%

Stress (Mpa)
g 8§ 8 8
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0

0 0.03 006 0.09 0.12 0.15 0.18 0.21
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FigurelO. Tensile curvesfor samples solubilized at 580 °
C, deformed and aged at 250 ° C, 2h.
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Figurell. Graphsof (UTS) and (YS) asafunction of the
per centage (%) deformation. Solubilized T ° =580 ° C;
TE = (150 °C - 250 °C), 2 h.
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Figure 12. Graphsof elongation () asa function of the
per centage (%) deformation: for: T ° solubilized = 580 °
C; TE=(150°C - 250 °C), 2 h.
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3.3. Microstructure
The microstructure of the samples prior to aging
(solubilized and tempered in water) is observed in the SEM
photomicrograph of Figure 14. A coarse-grained matrix and
scattered dark spots are observed, which can be non-metallic
inclusions or precipitated phases, which are spherical or
bar-shaped. EDS analysisindicates different compositions for
these two points. The first indicates a large presence of
aluminum with silicon and, being the Mg content high in the
entire aloy, it indicates that it is the Mg2Si precipitate,
according to [11], [12]. The second indicates the presence of
Cr and Cu; which makes it very likely that it is the  phase. In
this 6063 aluminum type, both phases precipitate with aging.
The microstructure of the deformed and aged samples is
observed in figure 13. Samples were taken for the three
degrees of deformation with the four temperature levels, using
two aging times: 90; 120 min. the details are indicated in the
third column of the table containing the figures.
The material after the deformation processes, produces the

AN E
0 0 V:.

\_‘.

extension of the grains that depend on the applied
deformation. This deformation implies high energy retained
in the material in the form of crystalline defects. When high
values of deformation are achieved, an enormous density of
defectsis generated in the crystal line that are responsible for
theincreasein hardness. On the other hand, the aging time and
temperature bring with it the recovery and recrystallization
mechanisms that dampen the hardness induced by
deformation, but at the same time, the temperature and time
are responsible for a hardening by precipitation. All these
factors being involved; therefore. it is justified that the
hardness valuesincrease in one circumstance and decrease in
another. The analysis can be finished stating that, in any case,
the hardness and mechanical resistance always increase
considerably with respect to the supply condition, but in the
aging they do not follow a stable trend.

REDUCTION: 30%
AGED: 90 min
(A) 150°C; (B) 250°C

REDUCTION: 30%
AGED: 120 min
(C) 150°C; (D) 250°C

REDUCTION: 60%
AGED: 90 min
(E) 350°C; (F) 450°C
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REDUCTION: 60%
AGED: 120 min
(G) 350°C; (H) 450°C

REDUCTION: 80%
AGED: 90 min
(i) 350°C; (J) 450°C

REDUCTION: 80%
AGED: 120 min
(K) 350°C; (L) 450°C

Spectrum point 2

SEM HV: 30.0 kV WO: 11,43 mm I VEGAS TESCAN
SEM MAG: 2.00 kx 10pm

Spectrum point 1

Figure 14. SEM photomicrograph of a 6063 aluminum
sample, solubilized and cooled in water, before being
deformed and aged. The EDS analysisisdisplayed for the
indicated points.s.

The microstructures shown in figure 13 correspond to the
samples aged after being solubilized and deformed. Samples
aged at 150 °C; 90 min (Fig.13 @), <till maintain elongated
grains due to deformation.

cps/eV

o 2 4 =3 8 10 KeV
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Increasing the time to 120 min, (Fig. 13c) the recovery is
observed without reaching recrystallization, since a large
guantity of precipitatesis observed.

With the same reduction, but aged at 250 °C, 90 min (Fig.
13b), the elongated grains disappear and intense precipitation
is observed before reaching 120 min (Fig. 13d) where an
almost recrystallized structure is shown. This phenomenon is
repeated inasimilar way for the other degrees of deformation.
The samples with 80% reduction, aged at 450 °C for 120 min
(Fig. 13L) are those with the best recrystallization index. It
would take a time greater than 120 min for the grains to
thicken and the precipitates completely disappear to reach
complete recrystallization. Many research works show that
for low temperatures, in any state of initial deformation, the
aging process seems to be superimposed on the
recovery-recrystallization [20], [21].

IV. CONCLUSION

From the study carried out on the effect of solubilization,
deformation and aging treatments on hardness and tensile
mechanical properties, can be extracted the following
conclusions:

1. The three variables of the experiment: degree of
deformation, aging time and temperature, are interdependent
variables that define hardness and mechanical properties.
They are not isolated research variables, they are mutually
interrelated.

2. For @l degrees of deformation, the artificia aging
treatment produces a very pronounced increase in hardnessin
ashort time (1 min), and then the hardness varies moderately,
according to the treatment parameters. time, deformation
and temperature.

3. The highest hardness values are found at the lowest
temperature (150°C). The aging time in some cases increases
the hardness, in others decreases, and others has an oscillating
tendency.

4. An increase in deformation together with a low
temperature and a longer aging time are the conditions that
provide the maximum hardness values.

5. The yield point YS increases as decreasing aging
temperature, and decreases whith increasing deformation
degree. The mechanical strength UTS increases as
decreasing temperature and increasing whith deformation
degree. Elongation ¢ increases as increasing aging
temperature and decreases with increasing deformation.

6. Regarding the mechanical properties of traction, the
optimal condition is found for the samples deformed at 80%
and aged at 250 ° C, presenting a(UTS) of 193 MPa, and 15%
elongation; since is a good combination of high strength and
good ductility in a@uminum aloys.

7. The changes in the treatment parameters give rise to the
presence of very fine particles that could be inclusions,
intermetallic phase and/or light precipitates that are
responsible for the irregularities in hardness and mechanical
properties. Asisthe case with the Mg,Si and B-phase particles
that are common in this type of treatment.
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