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Abstract

Aluminum alloys can be strengthened by cold or hot working due to interaction between precipitates

and dislocations. The alloy 6063 was deformed (2

5, 10, 15 and 20) % after water quenching, and

9~

artificially aged at different aging temperatures (160, 180 and 200) °C for various periods of time (0.5, 5,
10, 50 and 100) hours. The results showed a considerable improvement in yield and tensile strength with
an increasing level of prestrain. Generally aging temperature of 160 °C gave the best increase of yield and
tensile strength, but these were decreased with increasing aging temperature i.c. (180 and 200) °C at a

given level of prestrain.

The peak aging time that improves the mechanical properties decreased with an increasing aging
temperature. The alloy of 20 % deformation and aged at 160 °C for 10 hours developed maximum (yield,
tensile strength and hardness) values compared with all other conditions involved, because the density of
dislocation tangles which improved (yield and tensile) strength increased with increasing degree of

prestrain.

The 6xxx aluminum alloys are readily welded by most types of welding processes, but with severe
local softening in the heat-affected zone (HAZ) where the hardness reduces to about half that of the

parent metal.

Keywords:- cold work, precipitation, heat-treatment, microstructure, aluminum alloy

6063, mechanical properties.

Introduction

The 6000 aluminum alloys are heat
treatable, and have moderately high
strength coupled with excellent corrosion
resistance. They are readily welded.
Today Al-Mg-Si-Cu alloys are widely
used as sheet materials for various
automotive details, including the car body.
These alloys are subjected to quenching
and aging in order to achieve higher
strength. The  precipitation-hardening
response depends on the temperature of

aging, the degree of deformation and the
composition [1-4].

Aluminum alloys can be strengthened
by mechanical (cold and hot) working.
This causes microscopic defects and
strain in the aluminum crystals, which
make it more difficult for the slip planes
to move [5&6]. Precipitation may
significantly increase hardness and tensile
strength of the Al-Mg-Si alloys depending
on precipitate  structure, size and
distribution [7].
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Some aluminum alloys and tempers
approach or surpass the strength of
commonly used automotive steels, for
example, automotive aluminum alloys
achieve tensile strength of 310 MPa for
alloy 6061-T6 and 290 MPa for 6063-
T832[8-11].

After cold deformation step, the material
goes through heat treatment in order to
develop a fine homogeneous distribution
of hardening precipitates [9&12]. Most of
aluminum alloys can be arc welded as
readily as steel, using gas-shielded
processes.

Aluminum can be alloyed with a
number of different elements, (Cu, Si, Mg,
Mn, and Zn) to provide improved
strength, corrosion resistance and general
weldability [6, 13&14].The precipitation
sequence in the Al-Mg-Si alloy is
generally accepted to be [1, 6, 11&135]:

oa—>GP zonesl— GP  zones2

(B")—>p'—B

Where:

o: is a supersaturated solid solution
(ssss).

GP zones: are generally considered
spherical clusters with unknown

structure.

B'': are fine needle-shaped zones along
[100] Al, with a monoclinic
structure (coherent precipitate).

B’: are rod-shaped precipitates [100] Al
having a  hexagonal  crystal
structure (semi- coherent
precipitate). And

B : are usually (Mg,Si) platelets on
[100] of Al, having f.c.c. structure
(incoherent precipitate).

Figure (1) indicates kinds and formation
of precipitates. The formations of
solute clusters were first proposed by
Pashley et al [11].
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Figure (1) Kinds and formation of
precipitates ¢ %'¢'7
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Experimental work
1. Material

The material used in this investigation was
wrought aluminum alloy (6063).

The chemical composition of this alloy is
given in Table (1).

Table (1) The chemical composition of
AA 6063

2. Specimen preparation for difierent
heat treatment

Specimens of (50x22x7) mm of wrought
aluminum alloy (6063) were prepared by
cutting them from plates. These were then
solution heat treated at 540 °C for a
sufficient time of 30min.

After that, subsequently water quenched
to room temperature, (rapid cooling), and
stabilized for 24 hours. Some of the as
quenched samples were given (2, 5, 10, 15
and 20) % prestrain in compression by
using (Compression machine model
55806 wifi wykham).

3. Aging process

Aging treatment began for prestrained
(cold-deformed) specimens by two steps:

3.1 Natural aging
Carried out for some deformed

specimens at room temperature  (the
specimens were stored more than six
months at room temperature).
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3.2 Artificial aging

Artificial aging was performed for
specimens at elevated temperatures (160,
180 and 200) °C, for various lengths of
time (0.5, 5, 10, 50 and 100) hours.

4. Hardness Measurements

Brinell hardness measurements Were
carried out on the ground and polished
samples. With a 15.6 kg direct load
applied for 10s. At least six approximately
equally spaced measurements were taken
for each sample (which were solutionized,
deformed and polished) to ensure
representative results.

5. Tensile Testing

The tensile test specimens were
machined from the samples of hardness
testing according to the ASTM A 370
standard with a gauge length of (16mm)
and (4mm) diameter. Tensile tests were
performed at room temperature by using a
(MT 3037 Universal Testing Machine,
Treco-Stockholm, Sweden) at a strain rate
of (0.036 s1). The ultimate tensile strength
ou and 0.2 % offset proof yield strength
(oy) and percentage elongation El % ()
was accurately determined by using two
specimens for each condition.

6. Specimens' preparation for
photography

The specimens after grinding
polished using a diamond past of (1, 1/4)
um for (2-3) minutes successively and
then eiched chemically according to
(ASTM)[18] standard .After etching
process, samples were prepared for
photography process and were examined
by optical microscope.

7. Specimen preparation for welding
proeess

Samples of good mechanical properties
were taken to welding process. by (metal
manual arc welding). Welding has been
done with filler type (4047A) and
composition of filler as shown in Table

Q).

Results and discussion

Tensile results

Table (3) shows the values of yield
strength (0y), ultimate tensile strength
(ou) of (as-annealed and quenched)
specimens of aluminum alloy 6063. It can
be observed that the (Oy, Oy) strength and
HB of as-annealed and quenched
condition had an  increase  of
appreciatively (25.8) % in Oy, (28.1) % in
o, and (57.1) % in HB, respectively for
as-quenched sample over that of as-
annealed material.

Because the quenched  specimens
consisted mainly of widely spaced
dislocations which were pinned by solute
cluster or GP zones which were formed
during quenching [9].

Table (2) the chemical composition of
filler material (4047A)

Chemical composition % of filler

Table (3) Mechanical properties of
aluminum alloy 6063 at as- annealed
and quenched condition
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Figure (2) Variation of yield strength
with aging time at 160°C

Figure (2) shows the variation of yield
strength (0y) as a function of aging time
(0.5, 5, 10, 50 and 100) hours at 160 °C
for various levels of prestrain (0, 2, 5, 10,
15 and 20) %.

It can be seen that as aging time
increased at each level of prestrain, the
(0y) increased to its peak at the (10) hours
of aging time, after which it decreased
with further aging time (over aging).

This can be attributed to an
increase in dislocation density due to
prestraining which piled up in tangles,
hence increasing the (Oy) strength of
material.

The deformation after quenching
increases the strength, this may
correspond with the increasing fineness of
the B" precipitates, which thus serve as
more efficient obstacles preventing the
movement of dislocations.

The significant increase in the
strength after deformation is obviously

300 4

280 -

260

240 4

Ultimate tensile strength (MPa)

220 A

200 v T 7 T —rT 1
0.1 1 10 100

Log aging time (h}

Figure (3) Variation of ultimate tensile
strength with aging time at 160°C

due to work hardening which also reaches
a maximum at 20 % of prestrain and this
agrees with Eskiu results [19]. Prior strain
will enhance the nucleation and early
growth  stages of  semi-coherent
intermediate phase precipitation [20].

The time to reach peak (yield and tensile)

strength of aged alloy at (160) °C occurred
after (10) hours, as shown in Figures
(2&3).
Figure (3) shows the variation of ultimate
tensile strength (0,) as a function of aging
time (0.5, 5, 10, 50 and 100) hours at
160°C for various levels of prestrain.

The same trend of strength increased with
an increasing level of prestrain as
discussed in Fig. (1).

Figure (4) shows a fall in percentage
elongation (El %) to fracture with aging
time at (160) °C for various lengths of
time, it was observed during aging of up
to (50h) after which the rate of reduction
decreased due to over aging. Also, at the
aging time corresponding to peak (Oy) of
material, the El % generally decreased
with an increasing level of prestrain.
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Figure (4) Variation of elongation %
with aging time at 160°C

The essential reason of the decrease in
ductility (El %), in the deformed and aged
alloys may be attributed to the hindering
of dislocation mobility as a result of their
pinning by B’ precipitates, but the essential
increase in ductility (El %) in the
deformed and aged alloys after 50 hours
due to over aging.

A close look at the Table (4) shows that at
160 °C there was an increase of
approximately (6.9, 10.4, 13.9, 14.7 and
17.3) % in yield strength (Oy),

respectively for (2, 5, 10, 15 and 20) %
prestrain over that of the unstrained
material. The corresponding tensile
strength (0,) increases were (6.1, 10.6,
12.2, 12.2 and 15.2) % respectively. For
the 180 °C aging temperature, the
increases in yield strength (Oy) were (1.7,
4.2,9.3,11.01 and 13.5) % respectively.
While the corresponding percentage
increases in tensile strength (0y) were (3,
6.1, 9.1, 10 and 10.6) % respectively. For
the 200 °C aging temperature, the
increases in yield strength (Ty) were (4.3,
5.2, 13.1, 14.9 and 15.7) % respectively.
While the corresponding percentage
increases in tensile strength were (3.1, 9.4,
9.4, 11 and 14.1) % respectively.

The peak value of yield and tensile
strength results for various levels of
prestrain at different aging temperatures
(160, 180 and 200) °C are summarized in
table (4). Peak aging times (tp) for aging
temperatures are (10, 5 and 5) hours,
respectively. The variation of peak yield
and tensile strength with aging time was
presented in both Figures (5) and (6),
respectively.

Table (4) Variation of peaks (oy, 6, and HB) with various levels of prestrain,

| Pak
- properties

aging temperatures and peak times (tp)

270 100 268

77

294 93 264 290
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Figure (5) Variation of peak yield
strength with aging temperature

In Figure (5) it can be observed that the

(0 %) prestrain condition shows an
increase in yield strength (Oy) from (160
to 180) °C and a decrease beyond that.
On the whole, there was a general
decrease in the peak value of yield
strength (0,) with the increasing of
temperature.

It can be observed that the aging
temperature had slightly affected on the
yield strength value (0,) of the
undeformed samples when compared to
the deformed samples. This decrease of
(0y) with the increase of aging
temperature is attributed to over aging.
Figure (6) shows a decrease in the peak
value of the tensile strength (0,) from
(160 to 200) °C for all prestrain
conditions this decrease of (0,) with
increasing of aging temperature attributed
to over aging. The T6 condition
procedure was varied slightly throughout
changing the aging temperature (160,
180, and 200) °C and improves the
ductility by (1-2) % without change in
strength.
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Figure (6) Variation of peak tensile
strength with aging temperature

This result is consistent with the
result of Bergsma [21]. Both Figures (5)
and (6) show adequate strength of the
material at (160 and 180) °C and decrease
beyond that and this agrees with
Quanioo’s results [9]. Fig. (7) Shows the
effect of various levels of prestrain at room
temperature for specimens naturally aged
for (6) months on strength (yield Oy and
ultimate tensile ou).

It can be seen that as percentage
prestrain increased at room temperature the
(oy, ©y) increased, but lower. than artificial
aging results.

Strength (MPa)

0 5 10 15 20

Prestrain %

Figure (7) Variation of strength with
prestrain % of specimens naturally
aged for 6 months
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Murayama and Hono[11] recently
reported that clusters of Mg atoms are
present in the as-quenched alloys, and
separate clusters of (Mg, Si) atoms and
their co-clusters evolve after long-term
(natural aging) [11]. Natural aging (ie.
keeping the alloy at room temperature)
enables the formation of GP zones. This
GP zones precipitation occurs via the help
of quenched-in vacancies which accelerate
diffusion, which is very slow at this
temperature.

Brinell hardness results
Figure (8) shows the variation of

Brinell hardness (HB) with aging time at -

160 °C for various levels of prestrain (0, 2,
5, 10, 15 and 20) %. The trend is similar
to the results shown in Figures (3) and
4).
Welding results

Figure (9) shows the variation of
brinell hardness (HB) as a function of
distance from welded zone of specimens
deformed for various levels of prestrain
(0, 10, and 20) %, and aged at 160 °C for
10 hours after that metal arc welded. The

90
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70 1

60 -

Brinell hardness number (HB)

50 1

40

0.1 1 10 100
Log aging time (h)

Figure (8) Variation of hardness (HB)
as a function of aging time at 160°C

Brinell hardness number (HB)

Distance (mm})

Figure (9) Variation of hardness (HB)
with distance of specimens deformed
and aged at 160°C
HAZ (heat affected zone) can be divided
into two regions (A and B) as indicated in

the Fig. (9).

The hardness is a minimum at the
boundary between the two regions point
(A), and then rises steadily as we move
out to point (B), beyond B; the heat of
welding has negligible effect and full
parent properties are assumed to apply.

The microstructure evolution of
the Al-Mg-Si alloys during welding and,
in particular, the reduction of hardness
values in the HAZ can be attributed to the
distribution of high temperature reached
during welding in the HAZ.

The hardness distribution in the
HAZ of the Al-Mg-Si alloys depends on
the interplay between dislocation and

Figure (10) Microstructure of as-
annealed material (100X)
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reprecipitation, which are complicated

processes.
Figure (10) shows the microstructure of
as-annealed alloy. It can be seen that the
grains (which are equiaxed), boundaries
of the grains and small insoluble particles
which formed during annealing process
on the boundary.

Figures ((11)-(13)) indicate the effect
of prestrain on strengthening,
microstructure change (sizes and shapes
of grains) and precipitate of aluminum
alloy 6063.

The grains are somewhat
elongated gradually from2% Fig(12) to
15 % deformation Fig (13), it is clear that
precipitated pellets are more numerous
and have grown larger which signifies the
faster precipitation kinetic (this structure
gave the best mechanical properties).

Also, it can be seen the reduction
in sizes of the deformed grains which
increased with an increasing level of
prestrain, and no change in sizes and
shapes for unstrained specimens.

Figure (11) Microstructure of as-
quenched specimen 0 % and aged at
160 °C for 10 hours (100X).

Figure (12) Microstructure of
specimen deformed 2 % and aged at
160 °C for 10 hours (100X)

Figure (13) Microstructure of specimen
deformed 15 % and aged at 160 °C for
10 hours (100X)

Conclusions

1. The dislocation density increases with
the degree of prestrain and contributes to
the strengthening of aluminum alloy
6063.

2. The peak yield strength, ultimate
tensile strength and Brinell hardness of
aluminum alloy 6063 decrease with an
increasing of the aging temperature at
fixed levels of prestrain.

3. At the times corresponding to peak
yield strength, aluminum alloy 6063
showed a decrease in percentage
elongation with increasing levels of
prestrain.

4. In the heat affected zone (HAZ)
hardness reduced to a minimum in
particular for specimens aged at 160°C,
and this due to over-aging

5. At low aging temperature (160 °C) this
alloy wanted (10hr) to reach peak
condition compared with (Shr) at
(180,200°C).
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