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Besides altering the kinetics of precipitation, the reinforcements with alumina particles
appear to alter the relative proportions of the various phases formed in the matrix alloy
during ageing. Alumina also seems to reduce the volume fractions of hardening phase in
these materials, especially at higher contents. One reason for this effect could be the
dislocation relief of the matrix strain associated with the early precipitates. Additionally, the
diffusion of Mg and its subsequent incorporation into the reinforcement at the Al2O3/Al
interface could also result in Mg depletion from the matrix, accounting for the reduction of
the β (Mg2Si) particle sizes. Magnesium incorporation into interfacial alumina to form
MgAl2O4 has been observed in these materials. This paper shows that the nature and
morphology of the second phases depend the heat treatment conditions on.
C© 2002 Kluwer Academic Publishers

1. Introduction
Al-Mg-Si alloys reinforced with alumina particles are
being employed in automotive and aerospace appli-
cations [1]. The role of reinforcements in the ageing
behaviour of metal-matrix composites (MMCs) has a
considerable scientific and technical importance [2]. In
general, precipitation of both metastable and equilib-
rium phases are observed to be accelerated in MMCs.
Both nucleation and growth of precipitates can be at-
tributed to the increase of the density of dislocations
created from the thermal mismatch between the matrix
and the reinforcements which provide additional sites
for precipitation and enhance pipe diffusion of solute
atoms [3–8].

In these composites the mechanical properties are
further compromised by the thermodynamic instabil-
ity of the phase mixtures and the interfacial reactions
[9–11]. The presence of the reinforcement can also con-
siderably influence the response of the matrix alloy
under a solubilizated state or under a hardening state
[12–14].

The aluminium matrix contains a wide range of sec-
ond phase particles depending on their chemical com-
position and the nature of alloying elements [15–17].
The clusters of these particles become heterogeneously
distributed during subsequent thermal processing. Dur-
ing solubilization treatments most of the soluble par-
ticles from the major alloying additions such as Mg
and Si are dissolved. Dispersoids of the Al-Mg-Si-Cu
type or the precipitation of Mn, Cr or Zr phases can
be formed during annealing treatments [18]. The size

and distribution of these various phases depend on time
and temperature of the solubilization and/or annealing
processes. The distribution and size of particles have
a significant influence on the microstructure and me-
chanical properties of these materials [19, 20].

Therefore the formation of particles removes solute
from the matrix and, consequently, changes the strength
properties of the matrix material [21, 22]. This fact is
especially relevant in alloys treated thermally, where
depletion in Mg and Si can significantly change the
metastable precipitation processes and age hardening
of these materials [23].

2. Experimental procedure
2.1. Materials
The materials used in this work were composites based
on an Al-6061 matrix. These matrices contain a 10%
(W6A10) or 20% (W6A20) volume fraction of Al2O3
particles, which were non-uniform in the shape and
have an average diameter of 17 µm for 10% and 23 µm
for 20% vol. fraction. Duralcan Co. provided these ma-
terials in extruded and a T4 heat treatment condition.
The composition of the matrices and of the monolithic
alloys were determined using a Jeol 8900 serie M elec-
tron probe microanalyser on highly polished surfaces
of the specimens and by IPC spectroscopy. The average
composition obtained from five different readings for
all materials are listed in Table I.

2.2. Methods
The as-received materials were treated by solubiliza-
tion heat treatment prior to microhardness testing and
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T ABL E I Chemical compositions of the materials (wt%)

Element (wt%)

Material Si Fe Cu Mn Mg Cr Zn Ti Al

AA6061 0.48 0.70 0.20 0.150 1.20 0.11 0.25 0.15 bal
W6A10 0.53 0.08 0.27 0.005 0.89 0.11 0.01 0.01 bal
W6A20 0.55 0.06 0.27 0.004 1.19 0.12 0.01 0.01 bal

differential scanning calorimeter studies (DSC). All
samples were heat treated at 560◦C ± 0.5◦C for 3 hours
and quenched in iced water. They were then stored
at −20◦C before further experiments were performed.
In order to investigate the age-hardening behavior of
these alloys, samples of all materials were heat treated
at 175◦C ± 0.5◦C for a range of time up to 30 hours.
Vicker’s testing was performed on an Akashi MVK-A3
microhardness using a 100 g indentation load. All tests
were carried out on polished surfaces, without etching.
The microhardness values were taken on the matrices
from three different samples for each heat treatment
condition.

In order to determinate the influence of the temper-
ature on the precipitated phases, subsequent heat treat-
ment were applied to all materials: T6 (solubilized at
560◦C ± 0.5◦C for 3 hours and quenched in iced water
and ageing at 175◦C ± 0.5◦C during 8 hours and cool-
ing in air) and annealed (solubilized at 560◦C ± 0.5◦C
for 3 hours and cooled in the furnace).

DSC experiments were performed on a Metzler
(TA4000) machine. The samples used were discs,
0.6 mm thick and 3 mm diameter, which were ob-
tained by cutting from bulk material in an ultrasonic
Gatan 601 machine (26 KHz frequency and using SiC
as abrasive). The discs were solution heat treated prior
to testing, as described above. All tests were started
at 25◦C and finished at 500◦C, using a heating rate of
10◦C/min on three different samples for each type of
material studied.

Scanning electron microscopy (SEM-EDS) studies
were performed on the samples using a Jeol 6400
(SEM) and a Link EDX microanalyser. All samples
were metallographically prepared on polished surfaces
using the Keller’s reagent to develop the microstructure
of samples.

Transmission electron microscopy (TEM) stud-
ies were performed to correlate the microstructural
changes in MMCs materials with the mechanical prop-
erties. Thin slices 50 µm thick were obtained by dia-
mond disc cutting, grinding and finally polishing with
a diamond suspension of 1/10 µm in diameter, using
ethylenglycol as lubricant. Specimens of 3 mm diame-
ter were ultrasonically cut. The discs were concave pol-
ished in a Dimple Grinder Gatan model 656. Finally,
an Ion Milling machine, Gatan model 600 (5 Kv, 1 mA,
−10◦C and an angle of 15◦) was used. Microstructural
studies and phase identification were carried out by
transmission electron microscopy (TEM) using a Jeol
2000 EX operating at 200 KV equipped with a Link
(AN1000) X-ray spectrometer.

Mechanical tests (tensile test) were performed for
all samples to determine the relationship between the

properties and the microestructural changes. Finally,
fractographic studies were carried out in order to deter-
mine the fracture mechanisms.

3. Results and discussion
3.1. DSC, microhardness and

microestructural evaluations
Results from microhardness measurements as a func-
tion of aging time at 175◦C for the AA6061 alloy and
for two composites (W6A10 and W6A20) are shown in
Fig. 1. Comparing the three curves (Fig. 1), differences
in the behavior of the parent alloy (AA6061) and the
matrix composites can be observed.

The parent alloy (AA6061) shows higher hardness
than the W6A10 and W6A20, likely. This fact is due
to the different precipitation processes that occur in
these materials. In DSC curves, (Fig. 2), it can be ob-
served, that the aging process in the MMCs is less pro-
nounced than in the parent materials (AA6061), as a
consequence of the lower content of free Mg in the
aluminum matrix of the composites. Magnesium and
alumina react during the heat treatments giving rise to
the formation of the MgAl2O4 spinel. These reactions
can provoke that the precipitation path:

GP → β ′′ → β ′ → β(Mg2Si)

in the matrix composites with a 10 and 20% volume
fraction in Al2O3 are inhibited due to the Mg consume

Figure 1 Microhardness profiles as a function of ageing time at 175◦C
for the AA6061 matrix alloy and for two composites (W6A10 and
W6A20).

Figure 2 DSC thermograms for the AA6061 matrix alloy and for two
composites (W6A10 and W6A20). Error = ±0.5% mW.
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Figure 3 (a) TEM image of β-Mg2Si phase in the matrix composites with heat treatment T6; [011̄] ED patterns. (b) SEM image of MgAl2O4 spinel.
and (c) TEM image of MgAl2O4 spinel; [01̄1] ED patterns.

in the matrix, as deduced by comparing the DSC and
the microhardness curves for the composites.

The equilibrium β-Mg2Si phase in plate form
(Fig. 3a) was observed in all materials with heat
treatment T6 and in minor percentage in matrix com-
posites than in the parent alloy. It presents a cubic sym-
metry with a cell parameter a = 6.3675 Å.

On the other hand, images obtained by SEM (Fig. 3b)
and TEM (Fig. 3c) in both composites and heat con-
ditions, show MgAl2O4 spinel growing in aluminum
matrix and on the Al2O3 crystals. Spinel has a cu-
bic structure with lattice parameter of a = 8.0813 Å,
and was found in higher percentage in annealing heat
condition.

Additionally to β-Mg2Si phase and MgAl2O4 spinel
in the matrix composites with heat treatment T6, two
second phases were identified in the matrix alloy with
any element (Si), which are necessary to form the hard-
ness precipitates: Al3FeSi and amorphous SiX OY .

3.1.1. Al3FeSi phase
The typical morphology of these phases is shown
in Fig. 4. The particles had sheet form of 4 µm
size. The chemical information was obtained by EDS,
showing a monoclinic symmetry, with cell parame-
ters a = 18.8033 Å, b = 10.015 Å, c = 9.2345 Å and
β = 133.631◦. In this way, these particles were identi-
fied as the γ -Al3FeSi phase.

3.1.2. Amorphous SiX OY
Another type of particle frequently found in this al-
loy contained a very high concentration of Si (Fig. 5a)
with a size of 600 nm and idiomorphic shape. X-ray
diffraction analysis showed no evidence of crystallinity.
They always appeared dark in the bright-field images
(Fig. 5b) and showed no change in contrast with speci-
men tilt. With these data, these particles were identified
as the amorphous SiX OY phase.

In the case of composites with annealing heat treat-
ment the ternary and quaternary phases appear due to
the temperature and cooling rate conditions improve
the diffusion processes. Additionally to the kept phases,

Figure 4 TEM image of Al3FeSi phase with a [122] ED pattern.

other three ones were identified in the AA6061 matrix
annealed: Al2CuMg, Mg2SiO4 and Al1.9CuMg4.1Si3.3,
in small amount, which are descripted below.

3.1.3. Al2CuMg phase
A phase with plate form and 3 µm of size was found
in boundary grain. A [100] ED pattern of a particle
(Fig. 6) allowed to identify the Al2CuMg phase which
has orthorhombic symmetry, with lattice parameters
a = 4.0086 Å, b = 9.2437 Å and c = 7.1455 Å. This
phase form at 460◦C during slow cooling, therefore the
appearance of this phase is favoured in the heat treat-
ment applied.

3.1.4. Mg2SiO4 phase
These particles appear to have needles shape with
15 µm of length. Some examples are shown in Fig. 7.
Measurements of lattice spacing from [001] elec-
tron diffraction pattern have shown that the lattice
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Figure 5 (a) EDX analysis of the precipitates; (b) Electron diffraction analysis and TEM image of amorphous SiX OY phase.

Figure 6 TEM image of Al2CuMg phase with a [100] ED pattern of
Al2CuMg phase.

parameters of this phase is a = 8.2243 Å, however the
crystal structure was determined to be cubic.

3.1.5. Al1.9CuMg4.1Si3.3 phase
This type of particles was less observed in the matrix as
compared with studied phases before. They are usually
small, in the range of 50 nm and spherical shape as ob-
served in the micrograph of Fig. 8. The particles were
identified to have a hexagonal structure with lattice pa-
rameters of a = 10.3463 Å and c = 4.0085 Å.

3.2. Mechanical properties evolution
From these tests, we can deduce that the intermetallic
precipitation obtained with the different heat treatments

Figure 7 TEM image of Mg2SiO4 phase with a [001] ED pattern of
Mg2SiO4 phase.

bring out the most interesting changes in the mechanical
properties of the composites.

Table II shows tensile strength and the yield strength
of the parent alloy (AA6061) and the W6A10 and
W6A20 composites. It can be deduced that both com-
posites present a higher yield strength and tensile
strength in relation to the parent alloy. The increases
in the tensile strength are 15% (W6A10) and 26%
(W6A20), in T6 condition. In relation to the yield
strength the increase are 20% (W6A10) and 39%
(W6A20). On the other hand the loss of elongation
in the composites in relation to the AA6061 in the
same heat treated conditions is 60% (W6A10) and
73% (W6A20). In the case of annealed condition, the
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T ABL E I I Tensile values for the AA6061 alloy and composites
(W6A10 and W6A20)

Tensile 0.2% Proof Elongation
Materials Heat treatment strength (MPa) stress (MPa) (%)

AA6061 T6 330 270 15
AA6061 Annealed 127 76 25
W6A10 T6 375 330 6
W6A10 Annealed 156 95 20
W6A20 T6 408 375 4
W6A20 Annealed 160 96 13

Figure 8 TEM image of Al1.9CuMg4.1Si3.3 phase; with a [100] ED
pattern of Al1.9CuMg4.1Si3.3 phase.

Figure 9 Ductile fracture with Mg2Si in the matrix composites.

increase both tensile strength and yield strength is ap-
proximately of 25% about parent material (AA6061).

Broken surfaces in different thermal conditions and
in different mechanical tests were studied by SEM-EDS
techniques in order to determine the fracture mecha-
nism in these materials. Fig. 9 shows the broken sur-
faces of the W6A10 in T6 condition. The fracture type is
ductile and intermetallic compounds similar to Mg2Si
appear in the voids. When the Al2O3 particles have a

Figure 10 Fracture in Al2O3 particle with a size larger than 15 µm.

Figure 11 Cracks grow into the alumina particles when the interfacial
reaction takes place.

size more than 15 µm these can appear fractured, as
shown in Fig. 10. However, when the interfacial reac-
tion takes place between the matrix and Al2O3 particles
(MgAl2O4), then cracks grow into the alumina particles
(Fig. 11).

These facts indicate that the percentage of reinforced
particles is the principal response of the mechanical
properties changes, in the same heat treatment condi-
tion. T6 heat treatment combines the maximum values
both volume fractions of reinforced particles and hard-
ening phase (Mg2Si). Secondary phases precipitated in
the composite matrix do not modify directly mechan-
ical property values of these materials. However these
phases remove any element as Si and Mg, which are
necessary to form the hardening precipitates.

4. Conclusions
1. This investigation shows that the nature and morphol-
ogy of second and ternary silicium and/or magnesium
rich phases in composites matrix, are depend upon the
heat treatment condition. The temperature and cooling
rate conditions improve the diffusion process.

2. The parent alloy (AA6061) shows higher micro-
hardness than the matrix W6A10 and W6A20 compos-
ites. This fact is due to the lower content of free Mg and
Si, necessary to form hardening phase, in the aluminum
matrix of the composites.
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3. The precipitation sequence of β-Mg2Si phase in
AA6061 is unaffected by the addition of alumina par-
ticles. However, the formation of the MgAl2O4 spinel
by reaction of Mg and Al2O3 and the secondary phases
precipitation, inhibit the precipitation processes of the
β-Mg2Si phase.

4. The mechanical properties of composites increase
when the volume fraction of reinforced is higher. The
secondary phases precipitation in the composites ma-
trix, remove elements which are necessary to form ma-
trix hardening phase.
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