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STUDY OF MECHANICAL PROPERTIES AND PRECIPITATION REACTIONS
IN LOW COPPER CONTAINING Al-Mg-Si ALLOY

The scope of this work is to investigate the precipitation of two Al-Mg-Si alloys with and without Cu and excess Si by using
the differential scanning calorimetry (DSC), transmission electron microscopic (TEM), Vickers hardness measurement and X-ray
diffraction. The analysis of the DSC curves found that the excess Si accelerate the precipitation and the alloy contain the excess Si
and small addition of copper has higher aging-hardness than that of free alloy (without excess Si and Cu) at the same heat treatment
condition. The sufficient holding time for the precipitation of the β'' phase was estimated to be 6 hours for the alloy aged at 100°C
and 10 hours for the alloy aged at 180°C. The low Copper containing Al-Mg-Si alloy gives rise to the forming a finer distribution
of β (Mg2Si) precipitates which increases the hardness of the alloy. In order to know more about the precipitation reactions, concern
the peaks on the DSC curve transmission electron microscopy observation were made on samples annealed at temperatures (250°C,
290°C and 400°C) just above the corresponding peaks of the three phases β'', β' and β respectively.
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1. Introduction
Al-Mg-Si aluminum alloys have been the topic of several
scientific research works. The excellent mechanical and electrical properties of these alloys allowed their use in many sectors such as aerospace, automotive and transport of electricity
[1-5]. The heat treatable Al-Mg-Si alloys are often selected for
this application, because they show up a well combination of
weldability, formability and corrosion [6]. The strengthening of
the above alloys is based on a precipitation hardening process.
The precipitation sequence in these alloys is generally accepted
[7-13] to be:
(SSS) → (G.P) zones → β'' → β'→ β
where:
•
SSS is the supersaturated solid solution.
•
G.P is Guinier and Preston zones
•
β'' is the coherent strengthening phase, which is in the form
of needles coherent precipitate growing along a <100>
direction of the Al matrix [14]. The structure of β'' phase
was identified as monoclinic with lattice constants of
a = 0.77 nm, b = 0.67 nm and c = 0.405 nm [15,16].
•
β' is the semi-coherent phase, which is in the form of rods
growing along a <100> directions of the Al matrix. This
phase has hexagonal structure with a = 0.705 nm and
c = 0.405 nm [17,18]

•

β is the equilibrium phase, which is in the form of small
plates with thicknesses of about ten nm and a few hundred
nm of size. This phase has a face-centered cubic (FCC)
CaF2 structure with a = 0.639 nm [19]
The 6xxx series aluminum alloys have low addition elements and are easy to form into extrusions such as: forgings and
other shaped products and then to obtain their highest mechanical
properties during heat treatment and ageing [20-22].
In the Al-Mg-Si aluminum alloys with Cu and excess Si, the
initial heat treatment (T6) condition consists of the usual needleshaped ternary metastable precipitates in high number density
and volume fraction, together with a smaller number and volume
fraction of L-phase. L-phase is a coherent precipitates growing
along <100> of aluminum matrix, which has a disordered rod or
lath morphology. This phase is different from Q' and occurs as
a precursor to Q'. The majority needles have Cu-free bulks and
Cu-enriched interfaces [23]. The Addition of Cu to Al-Mg-Si
alloys slows down the formation of solute clusters in an early
stage and promotes their subsequent growth in a later stage [24].
The highest Cu addition increases hardness of alloys with higher
number densities of shorter precipitates, and reduces the width
of precipitate free zones (PFZ’s) [25].
The purpose of this research is to investigate the effect of
small addition of copper (Cu) on the kinetics transformation
and the precipitation in two Al-Mg-Si base and Al-Mg-ExcessSi-Cu alloys.
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2. Materials and methods
The composition of the studied alloys is given in Table 1.
The alloys were cast, homogenized, hot and cold rolled to 1.9 mm
sheets. The sheet samples were solution treated for 15 min at
530°C and then water quenched to room temperature.
The DSC analysis were carried in a SETARAM DSC92 at
a heating rate of 5°C/min and the evolution of the microstructure as a function of heat treatments was performed in EM400T
analytical electron microscope.
Thin foils for TEM were prepared by spark machining
to form discs 3 mm in diameter. The discs were subsequently
grounded with fine silicon-carbide emery paper to about 200 mm
thick. Final thinning was by jet polishing using a Struers Tenupol
Unit with a solution of 33% HNO3 in Analar grade methanol at
–10 to –15 volts and a temperature of –20 to –30°C. When the
electropolishing was completed the specimens were removed
from the solution as quickly as possible and washed with Analar
methanol. The specimens were dried between filter papers and
then stored in a specimen grid box under vacuum.
Hardness measurements were performed using Vickers
hardness tester. The test samples used for hardness measurements
were 1×1 cm in size. Hardness data were determined using 10 Kg
load. Each measure of Vicker’s hardness represents the mean
value of at least 10 indentations

Finally, the endothermic peaks (II), (IV) and (VI) appear
at temperatures of 224°C, 343°C and 485°C respectively, corresponding to the dissolution of the GP zones and dissolution
of the two phases β' and ( β and / or Si atoms)

Fig. 1. DSC scan at a heating rate of 05°C/min for alloy 1

3. Results and discussion

Fig. 2 shows the DSC curve of the alloy 2 immediately after
solutionizing and quenching to room temperature. Four exothermic reactions tagged as I, III, V and VII and four endothermic
labeled as II, IV, VI and VIII were observed.
The exothermic reaction (peak I), appeared at 100°C corresponds to the formation of the GP zones.
The exothermic reaction (peak III), centered near 260°C
correspond to the strengthening precipitate β'' which is formed
before the peak-aged condition.
The exothermic reaction (peak V), centered near 294°C
is associated with the precipitation of the phase (β' ) and / or
phase Q' .

Fig. 1 shows typical DSC curve obtained at a heating rate
of 5°C/min for the alloy 1 immediately after solutionizing and
quenching to room temperature. The DSC curves show six main
processes marked by (I) to (VI). Out of these processes, three
are exothermic reactions tagged as I, III and V and the others
processes are endothermic tagged as II, IV and VI. The three
exothermic peaks were centered around 106°C (peak I), 270°C
(peak III) and 430°C (peak V), respectively. The endothermic
peaks (II), (IV) and (VI) appeared at about 224°C, 343°C and
485°C respectively.
The exothermic reaction I corresponding to the early stage
clustering of Si-Mg atoms clusters and the formation of G.P
zones. This confirms the result that obtained by [26] which
revealed the existence of these G.P zones Around 100°C. The
exothermic peak III corresponds to the strengthening precipitates
β'' and β'.
The obtained result is in good agreement with that obtained
by [19] which confirms the existence of the β'' phase at 285°C in
the Al–1.12 wt.% Mg2Si–0.35 wt.% Si alloy. The last exothermic
peak V corresponds to the β (Mg2Si) and Si atoms [19,27,28].

Fig. 2. DSC scan at a heating rate of 05°C/min for alloy 2The
last exothermic (peak VII), centered near 414°C is attributed to
the formation of the equilibrium phase β.
The endothermic peaks II, IV, VI and VIII appear at temperatures of 212°C, 288°C, 336°C and 477°C respectively,

TABLE 1
Chemical compositions of the alloys
Alloys
Alloys 01
Alloys 02

Mg

Si

Cu

Fe

Mn

Excess Si

0,20
0,21

0,20
0,62

0,001
0,10

0,18
0,17

0,032
0,030

0,08
0,50
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representing the dissolution of the GP zones and the dissolution
of the phases β'', (β' and / or Q' ) and β respectively.
The comparison of the exothermic peaks of the alloy 2
containing the excess Si and a small addition of copper with
respect to the exothermic peaks observed in the case of the alloys 1 without excess Si and Cu shows that they are shifted to the
low temperatures. It can also be noted that the peak corresponds
to the formation of the two phases β'' and β' in the case of the
alloy 1 has become two peaks each of which corresponds to the
formation of each phase in the case of the alloy 2, Fig. 3. These
observations can be related to the excess of silicon contained
in the alloy 2. In fact the silicon accelerates the precipitation.

Fig. 4. TEM micrograph of the alloy 02 showing the presence of the
β'' phase

Fig. 3. Superposition of the DSC curves of the two alloys

In order to know more about the precipitation reactions,
concern the peaks on the DSC curve of Fig. 2, transmission
electron microscopy observation were made on samples annealed
at temperatures (250°C, 290°C and 400°C) just above the corresponding peaks of the three phases β'', β' and β respectively.
The TEM images are obtained with the incident electron beam
in the <100> matrix direction.
For the sample heated just above the DSC peak III, Fig. 4.
A first sight, some needle-shaped precipitate growing along
a [100] direction of the aluminum matrix were observed, this
results confirm that the DSC peak III correspond to the strengthening precipitate β''.
Fig. 5 shows the microstructure of a sample heated just
above the DSC peak V. A certain rod-shaped precipitates with
different diameters were observed along a [100] direction of the
aluminum matrix. The rod-shaped was due to the precipitation
of β′ phase
The microstructure of a sample treated to 400°C (peak VII)
was also examined. Large particles with different morphologies
and a few large rods were observed, Fig. 6. This observation
suggests that the DSC peak IV corresponds to the precipitation
of the equilibrium β phase.
Fig. 7 shows the variation of microhardness as a function
of the aging temperature for the two alloys. It is clear that the
alloy 2 containing the excess Si and a small addition of copper

Fig. 5. TEM micrograph of the alloy 02 showing the presence of the
β' phase

Fig. 6. TEM micrograph of the alloy 02 showing the presence of the
β phase
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has hardness higher than that of the alloy 1. This increase in
hardness is ascribed to the effect of grain refinement caused by
the copper as a result of forming a finer and smaller distribution
of Mg2Si precipitates in higher number but their volume fraction
is decreased. This result is in good agreement with the results
obtained by Gaber et al. [19]. A shift to a low temperature of
the peak corresponds to the strengthening precipitate β'' in the
case of the alloy 02, with respect to that obtained in the alloy 01,
is also observed. This observation may be related to the excess
silicon contained in the alloy 02, and in that the silicon accelerates the precipitation.
Four peaks were centered at about (75°C, 100°C) for peak I,
(250°C, 275°C) for peak II, (325°) for peak III and (425°C) for
peak IV are also observed. The first peak is due to the formation
of the GP zones, the second peak is associated with the formation of the hardening phase β'', the third peak is associated with
the precipitation of the phase β' and the last peak corresponds
to the equilibrium phase β.

Fig. 7. Variation of microhardness as a function of aging temperature

Fig. 8 shows the variation of microhardness as a function of
the artificial aging time at 100°C for the two alloys. We observe
that the microhardness of the two alloys increases with increasing of aging time to a maximum value obtained after 6 hours
of holding time.
This is probably due to the formation of clusters of Si and /
or Mg. We also note that the increase in hardness in the case of
the alloy 2 (contain the excess Si and small addition of copper)
is relatively rapid compared to that of the alloy 1 (without excess
Si and Cu). This is due to the effect of copper on the precipitation
kinetics. The addition of Cu to the alloy increases the number of
precipitates and refines the average grain size.
Fig. 9 shows the microhardness curves of the two alloys as
a function of the artificial aging time at 180°C. We observe that
the microhardness increases with the increasing of the artificial
aging time until reaching a high value after 10 hours of holding

Fig. 8. Variation of microhardness as a function of artificial aging time
at 100°C

Fig. 9. Variation of microhardness as a function of artificial aging time
at 180°C

time. This time is necessary to initiate the precipitation of the
β'' phase at this temperature. This is in good agreement with the
results of [11].
XRD patterns of the two alloys in the initial state (as received) are shown in Fig. 10. The peaks correspond to the C.F.C
structure of the α-aluminum matrix. The most intense peak is the
peak (111) of pure aluminum from the ASTM files.
The same peaks are also observed in the case of the tow
alloys homogenized at 550°C for 1 hour, Fig. 11. However, the
appearance of certain rays of low intensities means that there is
a variation of the lattice parameter of the mesh of the α-aluminum
matrix due to the presence of the additions elements. The presence of these rays shows the precipitation of the phases in the
studied alloys. Table 2 shows the peaks resulting from the addition elements.
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Fig. 10. X-ray diffraction patterns of two alloys in the initial state (as
received)

Fig. 11. X-ray diffraction spectrums of two alloys homogenized at
550°C during1 hour and quenched in ice water

TABLE 2

The precipitation sequence of the two Al-Mg-Si alloys
depends on the concentration of the addition elements silicon
and low copper. It is obtained that:
•
The formation of Guinier and Preston (G.P) zones → the
precipitation of the β'' phase → the precipitation of the
β' phase → the precipitation of the β phase and/or the Si
particles.
The low Copper containing Al-Mg-Si alloy gives rise to the
forming a finer distribution of Mg2Si precipitates which increases
the hardness of the alloy.
The excess of silicon accelerate the precipitation.
•
The sufficient holding time for the precipitation of the β''
phase was estimated to be 6 hours for the alloy aged at
100°C and 10 hours for the alloy aged at 180°C.
•
The homogenization treatment releases a portion of the
addition elements responsible for the formation of the
precipitates.

Illustration of the peaks resulting from the additional elements
2θ

Phases

References

17.20
27.76
47.16
112.06

α-AlFeSi
β'(Al3Mg2)
β''(Mg5Si6)
α-AlFeMnSi

[29]
[30,31]
[30,31]
[29,31]

4. Conclusions
The precipitation behavior of Al-Mg-Si alloys with and
without Cu and excess Si has been investigated. The use of the
differential scanning calorimetry (DSC), transmission electronic
microscopy (TEM), X-ray diffraction and Hardness Vickers
(Hv) allowed us to define the influence of the addition elements
on the precipitation kinetics, and to characterize age-hardening
behavior of the Al-Mg-Si alloys.
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