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a  b  s  t  r  a  c  t

The  effect  of  Mg,  Si and  Cu  content  on  the  microstructural  development  during  ageing  treatment  of
dilute  6000  series  alloys  have  been  investigated  using  transmission  electron  microscopy  (TEM).  Four
dilute  alloys  were  used  in  this  study.  These  alloys  were  subjected  to quenching  and  artificial  ageing  at
100 ◦C,  185 ◦C  and  300 ◦C. The  microstructural  developments  of the  precipitates  formed  were  monitored
vailable online 7 June 2011
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by  TEM.  The  ageing  temperature  of 100 ◦C was  found  to  be  too  low  to form  precipitates.  It  was  found
that  needle  or rod-shaped  precipitates  were  formed  in  the  alloys  after  ageing  at  185  and  300 ◦C.  Prolong
ageing  up  to  1000  h  at 300 ◦C resulted  in  the  formation  of  Mg2Si precipitate  that  coexists  with the  type
of  AlFeSi  and  Si precipitates.  The  results show  a correlation  between  the  Mg2Si,  Si and  Cu  content  on  the
microstructure  of  the  four dilute  alloys  after  ageing  treatment.
EM

. Introduction

Al–Mg–Si alloys or 6000 series alloys are widely used for
edium strength structural applications and also in increasing

emand in the automotive industry. These alloys have been the
aterials of choice for skin panels because they have a combination

f good formability and medium strength. The alloys are age hard-
nable and strengthened by Mg2Si, which is the primary hardening
hase. These alloys often require precipitation hardening through
eat treatment in order to develop their optimum mechanical prop-
rties.

Numerous investigations on the effect of alloy composition on
he microstructure and mechanical properties of the aged alloys
ave been carried out [1–4]. Silicon additions in excess (ExSi) of that
equired to form Mg2Si has a significant effect on the precipitation
ardening response [4].  Small addition of Cu to the alloys is known
o refine and increase the precipitation density of Mg2Si precipi-
ates [3]. The presence of Mn  and Cr has been reported to modify
he microstructures and improves the mechanical properties such
s toughness and ductility of the alloys [5].

Although the precipitation hardening process of 6000 series

lloys has been extensively studied by many workers [6–9] but
he understanding of the precipitation hardening process and its
equence is very complex and still remains controversial. The pre-
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cipitation hardening process is difficult to optimise because it is
governed by many parameters such as in addition to alloy composi-
tion, solution treatment temperature, time between quenching and
ageing, ageing time and temperature, which could affect the pre-
cipitation hardening behaviour [7,10].  The precipitation sequence
of Al–Mg–Si alloys, which has been generally accepted in the liter-
ature, is the following [6,11,12]:

�SSSS → GP zones → �′′ needle-shaped precipitates

→ �′ rod-shaped precipitates → � Mg2Si precipitates

where � (SSSS) is supersaturated solid solution and GP zones are the
precursor of the �′′ needle-shaped precipitates. It has been reported
by many authors that the �′′ needle-shaped precipitates is very
important because it may  play a major role as an effective strength-
ening precipitate in the 6000 series alloys [4,6,7].  Ageing at higher
temperatures will finally bring the equilibrium of �-precipitate or
Mg2Si phase, formed as platelets, lying in the (1 0 0)Al planes [13].

The precipitation hardening process in the dilute 6000 series
alloys is still new and not many works has been reported. The
aim of the present study is to investigate the effects of Mg,  Si
and Cu content on the precipitation hardening behaviour and the

microstructural development during artificial ageing of some dilute
6000 series aluminium alloys. This alloy has a potential to be used
in the automotive industry because it is economical due to less
amount of alloying addition used.

dx.doi.org/10.1016/j.jallcom.2011.05.061
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:cnaizza@gmail.com
mailto:cnaiza.gd07@student.usm.my
dx.doi.org/10.1016/j.jallcom.2011.05.061
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Table  1
Chemical composition of the alloys (wt%).

Alloy Si Fe Cu Mn  Mg  Ti Mg2Si ExSi

Cu-containing A1 0.22 0.17 0.1 0.03 0.20 0.01 0.32 0.1
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A2 0.79  0.17 0.1 

Cu-free B1 0.20 0.17 0.00
B2  0.76 0.17 0.00

. Experimental procedure

The composition of the 6000 series dilute alloys is given in Table 1. They are
ivided into two groups: Cu-containing and Cu-free alloys, which consist of the
ore dilute alloys (A1 and B1) and the less dilute alloys (A2 and B2).

These alloys are in extruded form with 40 mm wide and 3 mm thick. The
xtruded alloys were cold rolled to 1.5 mm thickness. After cold rolling, the alloys
ere solution treated at 530 ± 5 ◦C for 5 min  and quenched into cold water. The

uenched alloys were then artificially aged at 100 ◦C, 185 ◦C and 300 ◦C with a spe-
ific ageing time. TEM analysis was performed on the alloys which have been aged
t  100 ◦C for 1000 h, 185 ◦C for 30 h and for artificially aged alloys at 300 ◦C, the
lloys were concentrated on three ageing times: 3 min, 1 h and 1000 h. The aged
lloys samples were punched into 3 mm diameter discs. The discs were ground to
 thickness of between 100 and 200 �m using silicon carbide paper of 1200 grit.
he  disc were then electropolished in a solution of 70% methanol and 30% nitric
cid  cooled to −30 ± 1 ◦C using a Struers Tenupol-3 jet electropolisher operating at

 potential difference of 9 V. The Philips EM400 and CM200 operating at 120 kV and
00 kV, respectively were used to observe the microstructures and to obtain selected

ig. 1. TEM micrographs and corresponding SAD pattern (inset) of alloys aged at 100 ◦C f
c)  Alloy A2 and (d) Alloy B2. Arrows A and B showing faint streak in SAD patterns of allo
0.03 0.51 0.01 0.80 0.5
0.03 0.20 0.01 0.32 0.08
0.03 0.50 0.01 0.79 0.47

area diffraction (SAD) pattern. Samples were orientated with the electron beam in
the  [1 0 0] directions of the matrix. The Philips CM200 and Tecnai 20 operating at
200  kV were used for EDX analysis. Thickness measurement was made using conver-
gent beam electron diffraction pattern technique [14]. The length and the number
of  precipitates were measured and counted from TEM micrographs. The density of
the  precipitates was  calculated by dividing the number of measured precipitates by
the volume of field [15].

3. Results and discussion

The strengthening of 6000 series alloys is dependent upon the
type, morphology, orientation, distribution, number density and

the size of precipitates [16]. Figs. 1–5, 7 and 8 show bright-field (BF)
TEM micrographs representing the typical microstructure of both
Cu-containing and Cu-free alloys that have been artificially aged
at 100 ◦C, 185 ◦C and 300 ◦C, respectively. All the TEM micrographs

or 1000 h. Electron beam is in the [1 0 0] matrix direction. (a) Alloy A1, (b) Alloy B1,
ys A2 and B2 and it can be clearly seen on the computer screen.
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Fig. 2. TEM micrographs of alloys aged at 185 ◦C for 30 h. Electron beam is in the [1 0 0] matrix direction. (a) Alloy A1, (b) Alloy B1, (c) Alloy A2 and (d) Alloy B2. At this stage,
fine  needle-shaped precipitates predominate in the less dilute alloys.

Fig. 3. TEM micrographs of (a) Alloy A2 and (b) Alloy B2 aged at 185 ◦C for 30 h (taken at higher magnification). Electron beam is in the [1 0 0] matrix direction. The
needle-shaped precipitates are clearly observed in the less dilute alloys.
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ig. 4. TEM micrographs and corresponding SAD pattern (inset) of (a) Alloy A1 and

re with the incident electron beam in the [1 0 0] direction of the
atrix.

.1. Ageing for 1000 h at 100 ◦C

Fig. 1 shows the TEM bright field micrographs and correspond-
ng SAD pattern of all dilute alloys, which have been aged at 100 ◦C
or 1000 h. It can be seen that no distinct features of precipitates
ere observed in the more (Fig. 1a and b) and less dilute alloys

Fig. 1c and d) at the low ageing of 100 ◦C. The results also show that
o faint streak pattern was found in SAD pattern of the more dilute
lloys (A1 and B1) but it was observed in the less dilute alloys (A2
nd B2). The presence of faint streaks on SAD pattern proposes that
here is precipitate in the less dilute alloys. The faint streaks were

sually generated from precipitates parallel to the beam direction.
hese observations suggest that the precipitates may  be fully coher-
nt with the matrix and their size is too small, therefore these
recipitates are not clearly resolved under TEM microscope used

ig. 5. TEM micrographs of (a) Alloy A2 and (b) Alloy B2 aged at 300 ◦C for 3 min. Electro
redominate in the less dilute alloys.
loy B1 aged at 300 ◦C for 3 min. Electron beam is in the [1 0 0] matrix direction.

in this study. The method to identify the nature of precipitation
based on the formation of streak pattern co-exist with diffraction
spot of aluminium was also used by Yassar and Field [9],  Dutta and
Allen [12] and Murayama et al. [17].

Based on the TEM results, it is proposed that the precipitates
might have been formed at different rates where the precipita-
tion kinetics might be slightly different in the more and less dilute
alloys. The driving force for the nucleation of precipitates is high at
low ageing temperature but the diffusion process is slow; there-
fore the precipitate distribution is now dominated by the slow
growth. At low ageing temperature, the precipitates need a very
long time to grow and become large. Therefore in precipitation
sequence of the alloys, the transformation process from small pre-
cipitates into intermediate precipitates, as well as into equilibrium

precipitates is very slow. The presence of faint streak on SAD pat-
tern of the less dilute alloys suggests that the precipitation kinetics
in the less dilute alloys is significantly faster than in the more dilute
alloys.

n beam is in the [1 0 0] matrix direction. At this stage, needle-shaped precipitates
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Table 2
The number density and average length of needle-shaped precipitates observed by
TEM after ageing at 185 ◦C for 30 min.

Alloy Number density (×1013 cm−3) Length (nm)
A1 6.67 790 ± 41
B1 5.56 937 ± 73

F
f

Fig. 6. The pseudo-binary Al and Mg2Si phase diagram.

ig. 7. TEM micrographs of alloys aged at 300 ◦C for 1 h. Electron beam is in the [1 0 0] ma
urther  coarsened needle-shaped precipitates predominate in the less dilute alloys.
A2  455.29 269 ± 14
B2  353.04 273 ± 19

3.2. Ageing for 30 h at 185 ◦C

Fig. 2 shows the TEM bright field micrographs obtained from all
dilute alloys aged for 30 h at 185 ◦C. It is very interesting to notice
that ageing at 185 ◦C for 30 h produced a microstructure consisting
of large amount of needle-shaped precipitates. These precipitates
are dominant in the microstructure and they are responsible to
give rise to the maximum strength of 6000 series alloys in the T6-
condition [6,18].

The number density and length of needle-shaped precipitates

after ageing at 185 ◦C for 30 min  are summarised in Table 2. Among
the four dilute alloys, the highest number densities of the precipi-
tates were found in the less dilute alloys. The precipitates in alloys
A2 and B2 were smaller in size and therefore they are more densely

trix direction. (a) Alloy A1, (b) Alloy B1, (c) Alloy A2 and (d) Alloy B2. At this stage,
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Table  3
The number density and average length of needle or rod-shaped precipitates after ageing at 300 ◦C for 3 min, 1 h and 1000 h.

Alloy 300 ◦C (3 min) 300 ◦C (1 h) 300 ◦C (1000 h)

Number density (×1013 cm−3) Length (nm) Number density (×1013 cm−3) Length (nm) Number density (×1013 cm−3) Length (nm)

A1 – – 1.67 818 ± 75 – –

d
B
m
t
t
t
n
S
s
a
i

a
B

B1  – – 1.24 

A2  28.22 485 ± 76 34.02 

B2 10.87  517 ± 94 11.90 

ispersed and closely spaced than those observed in alloys A1 and
1. This observation can be clearly seen in the TEM micrographs of
icrostructure at high magnification (Fig. 3a and b), which shows

hat the precipitates were fine, dense and homogeneously dis-
ributed throughout the matrix. From these results, it appears that
he higher Mg2Si and ExSi contents level in these alloys give a higher
umber density of precipitates than that of the more dilute alloys.
imilar observation was also reported by Gupta et al. [4])  when they
tudied precipitation hardening in Al–Mg–Si alloys. They found that

 higher volume fraction and refined distribution of precipitates

ncreased with increasing Mg2Si and ExSi contents.

However, as presented in Table 2, alloy A2 from Cu-containing
lloys shows the highest number density of precipitates than alloy
2 from Cu-free alloys. This observation suggests that the combina-

Fig. 8. TEM micrographs of alloys aged at 300 ◦C for 1000 h. Electron beam is in the [
360 ± 38 – –
601 ± 70 0.86 2289 ± 38
947 ± 81 – –

tion of higher ExSi (0.5 wt%) and Cu (0.1 wt%) contents in the alloy
would increase the number density of the precipitates. The role of
ExSi in 6000 series alloys is not only enhancing the ageing response
but it also increases the solvus temperature of Mg2Si which in turn
increases the thermodynamic driving force for precipitation during
ageing [19]. Alloys with a constant Mg2Si content after quenching
from the solution treatment temperature should be more supersat-
urated with the higher ExSi. The enhanced driving force increases
the number of nucleation sites and results in an increasing a finer
distribution of needle-shaped precipitates [19].
The higher number density of precipitates in alloy A2 also sug-
gests that the addition of Cu provides favourable nucleation sites for
the precipitates formation. Cu refines the precipitates and increas-
ing the density of their precipitation [3].  In addition, an increase of

1 0 0] matrix direction. (a) Alloy A1, (b) Alloy B1, (c) Alloy A2 and (d) Alloy B2.



8638 A. Jaafar et al. / Journal of Alloys and Compounds 509 (2011) 8632– 8640

0 ◦C fo

n
a
p
e
a
e
s
r
t
a

f
m
c
o
p
a
a
T
w
i
[
w

3

a
3

Fig. 9. (a) TEM dark field micrographs of alloy B2 after ageing at 30

umber density of precipitates and ageing response of the alloy A2
re probably attributed to the formation of Q phase or lath-shape
recipitates in the alloy. Basically, the lath-shaped precipitates
xisted in the Al–Mg–Si–Cu alloys system and normally they were
ppeared at peak aged and/or during overageing [20,21].  The pres-
nce of high number density of all those precipitates may  effectively
top the dislocation movement resulting an increase in ageing
esponse of the alloys [22,23]. From these results, it can be seen
hat the precipitation hardening kinetics was also enhanced by the
ddition of 0.1 wt% Cu.

The number density of precipitates in alloys A1 and B1 were
ound to be similar. However alloy B1, which forms precipitates

ainly on dislocations, shows the lowest number density of pre-
ipitates among the dilute alloys in line with the low solute contents
f ExSi and Cu. It can be seen that the length of needle-shaped
recipitates for alloy A1 is shorter than alloy B1. This proves that
ddition of small Cu refines the precipitate microstructure of the
lloys which in turn increases the number density of precipitates.
he same observation was also made by Tamizifar and Lorimer [2],
ho reported the effect of Cu resulting in refinement of the precip-

tates in alloy 6061. This further supported by Laughlin and Miao
1] who found that the microstructure of the high Cu alloy of 6022
as much finer than that of the lower Cu alloy.

.3. Ageing at 300 ◦C
In order to study the changes in the precipitation state during
geing at high temperature (300 ◦C) by TEM, three ageing times of

 min, 1 h and 1000 h were chosen. Figs. 4, 5, 7 and 8 present the

Fig. 10. (a) TEM bright field micrographs of alloy B2 after ageing at 300 ◦C
r 1000 h and (b) EDX spectrum from coarse precipitate labelled A.

bright-field (BF) TEM micrographs of the alloys artificially aged for
3 min, 1 h and 1000 h at 300 ◦C, respectively. As the ageing time
progressed from 3 min  to 1000 h, the growth of precipitates were
observed clearly in all dilute alloys.

3.3.1. Ageing for 3 min at 300 ◦C
Fig. 4 shows bright field micrographs and the corresponding SAD

patterns of the more dilute alloys ageing at 300 ◦C for 3 min  while
Fig. 5 shows bright field micrographs of the less dilute alloys ageing
at the same condition.

At the relatively high ageing temperature of 300 ◦C, precipitates
were expected to form in all the more and less dilute alloys. How-
ever, there is no evidence of precipitates formation was detected in
neither the micrograph nor diffraction patterns in the more dilute
alloys for the short ageing time, 3 min  at 300 ◦C (Fig. 4). Never-
theless, the needle-shaped precipitates were clearly visible on the
bright-field micrographs for the less dilute alloys (Fig. 5).

At high ageing temperature, the driving force for precipitation
is low, but the diffusion and growth of precipitates are very fast.
Therefore, precipitation becomes dominated by nucleation. When
the alloy is aged to the higher ageing temperature, there may  be a
delay before nucleation occurs but once nucleation does occur, the
precipitates will grow very fast.

In 6000 series alloys, it is believed that the delay before nucle-
ation of precipitates is dependent on the alloy composition. This

can be explained by using phase diagram as shown in Fig. 6. In the
more dilute alloys, the Mg2Si compositions (0.32 wt%) are closer to
the solvus line (point x). Therefore, alloys A1 and B1 have a lower
driving force and low probability for nucleating precipitates. Based

 for 1000 h and (b) EDX spectrum from coarse precipitate labelled B.
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Fig. 11. (a) TEM bright field micrographs of alloy B2 after ageing at 3

n this study, it is proposed that the precipitation kinetics in the
ore dilute alloys is significantly delayed for the short ageing time

t high ageing temperature.
Alloys A2 and B2, which the Mg2Si composition (∼0.8 wt%) is far

rom the solvus line, have a high driving force and a high probability
o form precipitates (point y). From TEM results, it can be inferred
hat the rate of precipitate formation is very fast in the less dilute
lloys compared to the more dilute alloys.

Table 3 shows the number density and length of needle or rod-
haped precipitates after ageing at 300 ◦C for 3 min, 1 h and 1000 h.
s observed from Table 3 the number density of precipitates in
lloy A2 is higher than that of alloy B2. The results presented above
how that the higher solute content of ExSi (0.50 wt%) and Cu
0.1 wt%) in alloy A2 led to increasing the precipitates density in the

icrostructure of the alloy. The presence of Cu refines the precipi-
ates microstructure, thus the density of precipitates in the alloy A2
s higher compared to alloy B2. These results also suggest that the
inetics of precipitation in the alloy A2 from Cu-containing alloys
ppear to be faster than that in B2 from Cu-free alloys. However,
he average length of the needle-shaped precipitates in alloys A2
nd B2 is similar. This result infers that the length of precipitates is
ot significant for the less dilute alloys at high ageing temperature
f 300 ◦C for shorter ageing time.

.3.2. Ageing for 1 h at 300 ◦C
The microstructure development for alloys aged at 300 ◦C for 1 h

s shown in Fig. 7. After ageing for 1 h, needle-shaped precipitates
ere appeared in the more dilute alloys meanwhile the precipitate

ecame coarsened in the less dilute alloys.
The number density of the precipitates follows the similar pat-

ern as shown in alloys artificially aged at 185 ◦C for 30 h but has
uch lower number density. From Table 3, it is interesting to

ote that alloy B1, which is the more dilute Cu-free alloy shows
he shortest and lowest number density of precipitates than other
lloys. This is in line with the fact that alloy B1 has low amount of
xSi and Cu contents, thus produce lower number density of pre-
ipitates than other alloys. From the TEM results, it is inferred that
he alloys with higher Mg2Si and ExSi contents with or without Cu
A2 and B2) produced higher number density of precipitates than
ther alloys. This result is consistent with the observation found in
lloys aged at 185 ◦C for 30 h.

Generally, it can be seen that the length of precipitates in dilute

lloys increases with increasing ageing temperature from 185 ◦C to
00 ◦C. By increasing ageing temperature, the precipitates forma-
ion is accelerated and the growth of precipitates is increased. This
an be clearly seen in TEM micrographs where longer and larger
 for 1000 h and (b) EDX spectrum from coarse precipitate labelled C.

sized of the precipitates are revealed at the higher ageing tempera-
ture compared to the lower ageing temperature (Figs. 2, 5, 7 and 8c).

3.3.3. Ageing for 1000 h at 300 ◦C
There is a distinct difference between the microstructures of

alloys that aged for 3 min, 1 h and 1000 h at 300 ◦C as shown
in Figs. 4, 5, 7 and 8 respectively. When the alloy is over-aged,
the precipitates will dissolve and a number of coarser precipi-
tate particles will be formed [18]. In the present study, prolonging
the ageing time up to 1000 h resulted in the formation of rod-
shaped and coarse precipitates with different morphologies, as
shown in Fig. 8. The length of the rod-shaped precipitates in alloy
A2 increases while the density decreases as shown in Table 3.
However for other dilute alloys, coarse precipitates with differ-
ent morphologies were observed, replacing the needles-shaped
precipitates.

Coarse precipitates present in alloy B2 were identified using
TEM-EDX analyses. EDX analyses on coarse precipitate labelled as
A as shown in Fig. 9 was suspected to be Mg2Si. The Mg2Si precipi-
tate is the equilibrium stable phase in 6000 series alloys and always
present in the over-aged alloys. This precipitate contributes little to
the strength of 6000 series alloys [6].  In addition to the Mg2Si pre-
cipitates, EDX analysis showed other coarse precipitates (labelled
as B and C) such as Si and AlFeSi were also present in the alloys
as observed in Figs. 10 and 11,  respectively. However, it was very
difficult to distinguish them from each other on the basis of their
morphology.

4. Conclusions

Precipitation hardening behaviour in dilute 6000 series alloys
with different Mg,  Si and Cu content at different ageing tempera-
ture has been successfully investigated by TEM. It was found that
the precipitates formed in the artificially aged alloys were mainly
needle-shaped. The number density of precipitates increases as
their solute content of Mg2Si and ExSi increase. The addition of Cu
(0.1 wt%) resulted in refinement of needle-shaped precipitates and
may  also have increased the number density of precipitates. The
precipitation kinetics in the less dilute alloys is faster as compared
to the more dilute alloys.
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