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

and dislocations. The alloy 6063-was deformed (2, 5, 10, f S,an{-ZO) oh aftet water quenching' and

artificially aged at different aging temperatures (16b, 180 and 200) oC for various periods of time (0'5' 5'

10, 50 and 100) hours. The risults showed a considerable improvement in yield and tensile strength with

an increasing level of prestrain. Generally aging temperature of 160 oC gave the best- in^crease of yield and

tensile strength, but these were decreasia *itt incieasing aging temperature i'e' (180 and 200) "C at a

given level of presh'ain. -r --.:.L ^- :-^-^-" Th" peak aging time that improves the mechanical properties decreased with an increasing aging

temperature. The alloy of 20 Yadeformation anJageO at tOO iC for l0 hours developed maximum (yield'

tensile strength and hardness) values .o*pur"d rriih 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

local softening in the heat-affected
parent metal.

Keywords:- cold work, precipitation,
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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

readily weldecl by most types of welding processes' but with severe

,n i tulZ) where the Lardness reduces to about half that of the

heat-treatment, microstructure, aluminum alloy

aging, the degree of deformation and the

composition [1-a]'
Aluminum alloys can be strengthened

by mechanical (cold and hot) working'
itrit causes microscopic defects and

strain in the aluminum crystals, which

make it more diffrcult for the slip planes

to move t5&61. PreciPitation may

significantly increase hardness and tensile

stiength 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 3tr0 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 16, 13&l4l.The precipitation
sequence in the Al-Mg-Si alloY is
generally accepted to be [1, 6, 11&i5]:

o-+GP zonesl-> GP zones2

(F')+F'+F
Where:
o: is a supersaturated solid solution

(ssss).

GP zones: are generally
spherical clusters with
structure.

considered
unknown

p": are fine needle-shaped zones along

[100] Al, with a monoclinic
structure (coherent precipitate).

$': are rod-shaped precipitates [100] Al,
having a hexagonal crystal
structure (semi- eoherent

precipitate). And

B : are usually (Mg2Si) 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].

Figure (1) Kinds and formation of
PreciPitates 

(6 &l 6'l 7)

Experimental work
1. Material
The material used in this investigation was

wrought aluminum alloY (6063).

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

Table (f) The chemical composifion of
AA 6063
2. Specimen preparation for different
heat treatment
Specimens of (50x22x?) mm of wrought

aiuminum 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, L0,15

and 20) o/o ptestrain in compression by

using (Compression machine model

55806 wfi wYkham)"

3. Aging process
Aging treatment began for prestrained

(cold-deformed) specimens by two steps:

3.L Natural aging
Carried out for some deformed

specimens at room temperature (the

specimens were stored more than six

months at room temPerature).

ffiffiffiffi
ds|.rrtr ataa Uqoi.nfi ci lmrratrnn Oii'dr.rmt
.-ffirldr ,..cdta. dClm E r'b

Mn Mg Cu Fe Si AI

0.0099 0.4247 0.005 0.2t23 0.564 Rem.
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3.2 Artilicial aging 7. Specimen preparation for welding

Artificial aging was performed for proeess

specimens at elevated temperatures (160, 
^Sampies of good mechanical properties

180 and 200) .C, for various tengths oi *.r. ta!..t to welding process' by (metal

time (0"5, 5, 10, 50 and 100) hours. manual arc welding)" Welding .has 
been

done with filler tYPe (4047A) and

4. Hardness Measurements composition of filler as shown in Table

Brinell hardness measurements were (2)'

carried out on the ground and polished

samples. with u is'a kg direct load Results and discussion
appfied for 10s. At least six approximately Tensile results
equally spaced measurements were taken Table (3) shows the values of yield

for each sample (w-hich were solutionized' strength (ov), ultimate tensile strength

deformed and polished) to enstue (ou) of (is-annealed and quenched)

representative resuits. ipecimens of aluminum alloy 6063. It can

be observed that the (ov, ou) strength and

5. Tensile Testing HB of as-annealed and quenched

The tensile test specimens were conr,ition had an increase of
machined from the samples of hardle; appreciatively (25.s) oh in or, (28.1) % in
testing according to the AsrM A 370 J,'*a ol.il yo in HB, respectively for
standard with a gauge length of (16mm) #;;H.d-'sample over that of as-

and (4mrn) diarneter. Tensile tests were ;;;i;Jmaterial.
performed at roorn temperature by using a B;;;; 

-_ 

tfr* quenched specimens

ifUf 3037 Universal Testing Machine, ;j|;tfu *uirt, ^ of widely spaced
ireco-stockholm, Sweden) at a strain rate ;;i;;;;* *ti"i, were pinned by solute
of (0.036 s-1;. The ultimate tensile strength ;.;;;;";; bp ,orr", which were formed
<iu and A.2 % offset proof yield strenglh ffi;; quenching [9].
(o' ) and percentage elongation El % (e)

was accurately determined by using two Table (2) the chemical cornposition of

specimens for each condition' filler material (4047A)

6. Specimens' PreParation for
photography

The sPecimens after grinding

polished using a diamond past of (1' 114)

pm for (2-3) minutes successively and

ihm etched chemically according to

(ASTMXISl standard 'After etching

pro.*rt, 
- 

samPles were PrePared . 
for

photography ptoc.ts and were examined

by optical microscoPe.

Ch"rrt.-t comPosition % of filler
material $A47Al

nrt j ftl; 7h;;
:t i$$r 'it'

0.r5 0.10 0.30 0.60 0.20 t2.0 Rem

Table (3) Mechanieal properties of-

alurninuur alloy 6063 at as- annealed
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Figure {2) Variation of yield strength
with aging time at 150'C

Figure (2) shows the variation of yield

strength (Or) 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,

l5 and 20)%.
It can be seen that as aging time

increased at each level of prestrain, the

(or) increased to its peak at the (10) hours
of aging time, after w-hich 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 (ov) 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

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

due to work hardening which also reaches

a nraximum at20 Yo 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 ofaged alloy at (160) "C occurred

after (10) hours, as shown in Figures
(2&3).
Figure (3) shows the variation of ultimate

tensile strength (or) as a function of aging

time (0.5, 5, 10, 50 and 100) hours at

160oC 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 (EI %) 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 (or) of
material, the El o/o genetally decreased

with an increasing level of prestrain.
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Figure (4) Variation of elongation %o

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 p'precipitates, but the essential

incr.ase 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 oC there was an increase of
approximately (6.9, 10.4, 13.9, 14.7 and

17.3) % in yield strength (or),

Tabte (4) Variation of peaks (oy, cu and HB) with various levels of prestrain'

respectivelY for (2, 5, 10, 15 and 2q %
prestrain over that of the unstrained

material. The corresponding tensile

strength (or) increases were (6.1, 10'6.

12.2, 12.2 'and 15.2) % respectively' For

the 180 oC aging temPerature, the

increases in yield strength (or) were (1'7,

4.2,9.3,11.01 and 13'5) % respectively'

While the corresponding percentage

increases in tensile strength (ou) were (3,

6.1,9,1, 10 and 10.6)% respectively' For

tlre 2AA oC aging temPerature, the

increases in yield strength (or) 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, tl and 14.1) o/o resPectivelY'

The peak value of Yield and tensile

strengih results for various levels of
prestrain at different aging temperatures

itoO, tAO and 200) oC are summarized in

table (a). Peak aging times (to) 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.

aging ternperatures and peak times (to)
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Figure (5) Variation 0f peak yield
strength with aging temperature

In Figure (5) it can be observed that the
(0 %) prestrain condition shows an

increase in yield strength (or) 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 (or) with the increasing of
temperature.

It can be observed that the aging
temperature had slightly affected on the

yield strength value (oy) of the
undeformed samples when compared to
the deformed samples. This decrease of
(oJ with the inmease of aging
temperature is attributed to over aging.
Figure (6) shows a decrease in the peak

value of the tensile strength (or) from
(160 to 200) oC for ail prestrain

conditions this decrease of (o") with
increasing of aging temperatue attributed
to over aging. The T6 condition
procedure was varied slightly throughout
changing the aging temperature (160,

180, and 200) oC and improves the
ductitity by (l-2) % without change in
strength.

Aging temperrtuttCC)

Figure (6) Variation of peak tensile
strength with aging temPerature

This result is consistent with the

result of Bergsma l2l). Both Figures (5)

and (6) show adequate strength of the

material at (160 and 180) oC and decrease

beyond that and this agrees with

Quanioo's results [9i. Fig. (7) Shows the

effect of various levels of presrain at room

temperature for specimens naUrally aged

for (6) months on stength $ield o, and

ultimate tensile ou).
It can bo seen that as Percentage

prestain increased at room temperature the

(or, ou) increased, but lower than artificial
aging results.

o 5 
,.r,t"ot'o * 

l5 lo

Figure (7) Variation of strength with
prestraiu 7o of specimens naturally

aged for 6 months
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Murayarna and Hono[l1] recentlY

reported that clusters of IvIg 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]. Nahml aging (i.e.

keeping the alloy at room temperature)

enables the formation of GP zones. This

GP zones precipitation occtus via the help

of quenched-in vacancies which accelemte

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 2q%. The trend is similar
to the results shown in Figures (3) and

(4).
Welding results

Figure (9) shows the variation
brinell hardness (HB) as a function
distance from welded zone of specimens

deformed for various levels of prestrain
(0, 10, and 20) o/o, and aged at 160 "C for
10 hours after that metal arc welded. The

Log tging time (h)

Figure (8) Yariation of handness (HB)
as a function of aging time at 160'C

s ts 
or*I,*, 

3s 45

Figure (9) Variation of hardness (HB)
with distance of specimens deformed

and aged at 160oC

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 rnicrostructure evolution of
the Al-Mg-Si alloys during welding and,

in particular, the reduction of hardness

values in the HAZ canbe attributed to the

distribution of high temperature reached

during welding in the HAZ.
The hardness distribution in the

HAZ af the Al-Mg-Si alloys depends on

the interplay between dislocation and

u80

am
E

i60
t

E

of
of

Figure (10) Microstructure of as-

annealed material (100X)

s:r 
- T----rl Ih"t--

31



(JZS)lournal af Zankoy Sulalmani, September 2007, 9 (1) Part A
A u,tg1tS,tti O, ,lr.r r"v Jtt<t urt'il- a4'ti s,'llS

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 ancl small insoluble particles

r,vhich formed during arureaiing 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 from}a/a Fig(12) to
15 %o deformation Fig (13), it is clear that

precipitated pellets are more numerous

and tiave grown larger which signifies the

faster precipitation kinetic (this structure

gave the best mechanical properties)'

Also, it can be sesn the reduction

in sizes of the deformed grains which

increased with arL increasing level of
prestrain, and no change in sizes and

shapes for unstrained sPecimens.

Figure (13) Microstructure of specimen

diformed 15 7, and aged at 160'C for
L0 hours (100X)

Conclusions
1. The dislocation density increases with

the degree of prestrain and contributes to

the sirengthening of aluminum alloy

6063"
2. The peak yield strength, ultimate

tensile stiength 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 160oC'

and this due to over-aging

5. At low aging temperature (160 "C) this

alloy wanied- (i0hr) to reac-h 
-peak

.oniiti"t comPared with (5hr) at

(180,200"c).
Figure (11) Microstructure of as-

quenched sPecimen 0 7o and aged at

160 "C for 10 hours (100X).

Figure (12) Microstructure of
specimen deformed 2 o/o and aged at

160 "C for 10 hours (100X)
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