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Precipitation kinetics in Al6061 and in
an Al6061-alumina particle composite
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Differential scanning calorimetry (DSC) was used to study the precipitation kinetics of
metastable phases in an Al6061 alloy and a 20 vol % alumina particle reinforced Al6061
composite. The thermal effects in the DSC traces were analysed quantitatively. The kinetic
parameters for the phase transformations in the Al6061 alloy and composite were calculated
using the varying heating rate method and the Kissinger approach. It was found that the
overall age-hardening sequence of the Al6061 alloy did not change due to the addition of
Al2O3 particles, but the volume fractions of the various phases and the precipitation kinetics
of some of the phases were modified. The precipitation transformations of the metastable
phases in both the Al6061 and the composite obey an n-order kinetic model.  1998 Kluwer
Academic Publishers
1. Introduction
Aluminium-based metal matrix composites (MMCs)
reinforced with ceramic particles are attractive be-
cause of their improved mechanical properties due to
synergetic effects between the matrix and the rein-
forcement [1]. The aluminium matrix is often of the
precipitation hardenable type, responding to a solu-
tionize—quench—age heat treatment. It is likely that the
mechanical properties of the matrix alloy play a signif-
icant role in the strength of the composite. It has been
reported that increase in strength in an Al6061 alloy
due to age hardening is positively affected by the
introduction of 20 vol% SiC particles [2, 3]. How-
ever, reinforcements such as Al

2
O

3
and SiC are not

thought to affect the overall chemistry of the matrix.
Hence, the reinforcing particles must affect the precipi-
tation response in the matrix. This stimulation of the
precipitation process is attributed to vacancy annihi-
lation and a high dislocation density resulting from
differential thermal expansion as well as stimulated
nucleation at the particle—matrix interface. It is evi-
dent that precipitation hardening behaviour must be
studied in order to optimize the properties of the MMCs.

Al6061, a widely used typical extrusion alloy con-
taining Mg and Si as the principal alloying elements, is
a very suitable alloy as matrix for MMCs. The precipi-
tation processes in Al6xxx alloys are more compli-
cated than those in Cu bearing Al2xxx alloys, since the
formation of metastable phases requires diffusion of
both Mg and Si. Although there are some reports
about the precipitation sequence and kinetics in
Al6xxx alloys [3—6], the exact order is not known as
different results have been reported thus far. Edwards
et al. [5] proposed that the precipitation sequence in
an Al—Mg—Si alloy consists of the formation of separ-
ate clusters of Mg and Si atoms, co-clusters of Mg and
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Si atoms, small equiaxed precipitates, b@@ precipitates,
b@ and B@ precipitates and, finally, b-Mg

2
Si precipi-

tates. Dutta and Allen [6] found the precipitation
processes in an Al6061 alloy to be associated with
vacancy-silicon clusters, GP-I zone, GP-II zone, b@
and b-Mg

2
Si formation. Papazian [3] did not find

clusters or GP-zones in Al6061. So the precipitation
processes in Al6061 alloys and their kinetics remain
largely unknown.

In light of the reasons described above, and of the
emerging awareness of the importance of the micro-
structure of the matrix for MMC properties, it is
thought that an investigation of the precipitation ki-
netics of an Al6061 alloy and the effects of Al

2
O

3
reinforcements on the kinetics would be appropriate.
Differential scanning calorimetry (DSC) was selected
as the principal technique, because this allows rapid
but accurate evaluation of the kinetics of the various
reactions taking place in the base material and the
Al

2
O

3
particle-reinforced material.

1.1. Kinetic analysis
A DSC run yields the heat flow (heat release or ab-
sorption), dH/dt, due to a phase transformation as
a function of temperature under a constant heating
rate. The partial area divided by the total area, A,
under a DSC peak is taken as equal to the fraction, y,
of the transformation completed at a given time, thus

y"
1

A P
t

0

dH

dt
dt (1)

or in differential form

dH

dt
"A

dy

dt
(2)
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Hence, dividing the partial DSC output by the area
under the peak results in a plot of dy/dt, which is
a convenient function to fit to the kinetic equations.
Many studies [7—9] have shown that the results of
continuous heating experiments can be used to obtain
a good kinetic description of the process by assuming
that the rate of transformation is given by

dy

dt
"k(¹ ) f (y) (3)

where k (¹ ) is the rate constant defined as
k(¹)"k

0
exp(!E/R¹), where k

0
, R and ¹ denote the

pre-exponential factor, the gas constant and the abso-
lute temperature, respectively, and E is the activation
energy. f (y) is a function depending on the reaction
mechanism of the transformation. In heterogeneous
solid-state transformations, f (y) is often approxi-
mated by an n-order kinetic model [7, 10, 11]

f (y)"n(1!y)ClnA
1

1!yBD
*(n~1)@n+

(4)

That is, the kinetics of heterogeneous solid-state trans-
formations under non-isothermal conditions can be
described by an equation

y"1!exp[!(b)n] (5)

where n is a numerical exponent, b": k(¹ ) dt is the
state variable fully determining the state of trans-
formation. In non-isothermal transformations, ¹ and
k(¹) depend on t. There are several ways to extract the
kinetic parameters from Equation 3. For a constant
heating rate /"d¹/dt, after rearranging Equation 3,
we get the following expression for the relation be-
tween the rate of transformation and the activation
energy of the process
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where y
i
is the fraction transformed for all reactions

taking place at temperature, ¹
+
, when the heating rate

is /
+
. A plot of ln[(dy/d¹)y

*
/
+
] against (1/¹

+
) should

yield a straight line of slope (!E/R), from which the
value of the activation energy of the process can be
calculated without recourse to any special model for
the transformation kinetics.

Mittemeijer and co-workers [12, 13] used the
so-called Kissinger-like method to extract kinetic
parameters from data obtained in non-isothermal
experiments. Using an approximation to the integral
b": k(¹ ) dt+(¹2//) (R/E)k, the following expres-
sion was derived for a fixed stage of transformation, y

&

ln
¹2y

&

/
"

E

R¹y
&

#ln
E

Rk
0

#ln by
&

(7)

They further showed that the temperature, ¹
*
, where

the reaction rate has a maximum (i.e. the temperature
corresponding to the point of inflection on the y—¹
curve), is an appropriate substitute for ¹y

&
, the temper-

ature for a fixed stage of transformation. It has been
shown [12] that for non-isothermal kinetics b

T*
:1,

so the last term in Equation 7 could be neglected
without incurring significant error. The slope of the
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plot of ln(¹2
*
//) against (1/¹

*
) yields the activation

energy.
For precipitation transformations that are partially

superimposed, we assume that the heat release detec-
ted by the calorimeter may be taken as the sum of the
heat flows of each transformation, thus

dH
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"
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1
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#

dH
2
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(8)

Combining Equations 2 and 8 and /"d¹/dt, results
in
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Using Equation 5 and taking b
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Combining Equations 9 and 10, the coefficients A
*
, n

*
,

k
0*

and E
*
can be determined from the DSC trace by

using the non-linear regression version of Marquart’s
method of minimization of least squares error of
experimental data to Equation 9, upon reasonable
estimations of the initial values.

2. Experimental procedure
The alloy Al6061 and the composite Al6061#20
vol% Al

2
O

3
used in the experiments were manufac-

tured using powder metallurgy, followed by extrusion.
The compositions of Al6061 and the composite mater-
ials, as listed in Table I, were measured using X-ray
fluorescence (XRF).

Samples for DSC analysis in the form of discs 6 mm
in diameter by 0.8 mm thickness, with an approximate
weight of 46 mg, were cut from the extruded rod and
were solution treated at 530 °C for 1 h in air, followed
by quenching into water at 12 °C (WQ). Then, the
discs were examined immediately in a Perkin-Elmer
DSC7 over a temperature interval ranging from 0 to
530 °C using a set of heating rates up to 40 °C min~1.
Dry nitrogen was passed through the cell to avoid
oxidation. Efforts were made to ensure that the delay
between WQ treatment and DSC analysis was as
short as possible. For comparison, water quenched
samples, stored in a fridge for various periods were
also analysed. Typically, at least three DSC samples
were made for each heat treatment condition. The
results obtained were found to be highly reproducible.
Al6061 and/or composite samples aged for 10 h at
400 °C with a mass close to that of the specimen were
found to be very suitable as reference materials. The
baselines were obtained by subtracting the output of
the reference measurements from that of the specimen.

TABLE I Chemical composition (wt%) of the materials tested

Material Mg Si Cu Ni Mn Cr Fe Ti

Al6061 0.890 0.628 0.338 0.011 0.104 0.104 0.364 0.030
MMC 1.107 0.446 0.229 0.006 0.001 0.029 0.045 0.012



3. Results and discussion
3.1. Differential scanning calorimetry
The DSC thermograms, as shown in Fig. 1, were
obtained at heating rates of 5, 10, 20 and 40 °C min~1

over the range 0—530 °C. The average peak temper-
atures and the heat effects associated with these
transformations are shown in Tables II and III, re-
spectively. For the solutionized and freshly quenched
Al6061 the traces show that there are four exothermic
peaks in the interval 0—530 °C. For a heating rate of
10 °Cmin~1, one peak is at 83 °C (A), two partially
overlapping peaks close to 243 °C (B) and 298 °C (C),
and one at 495 °C (D).

Furthermore, peak B is found to be a doublet of B
1

and B
2
. All peaks are found to shift to lower temper-

atures at lower heating rates, indicating that the rate
of formation is controlled by the reaction kinetics. In
line with other studies [5, 6, 14] the precipitation
events in the freshly solutionized and quenched
Al6061 are assigned to take place in the following
sequences: supersaturated solid solution, vacancy re-
lated clusters (exothermic peak A), GP-I and GP-II
(b@@) zone formation (peak B

1
, B

2
), b@ formation (peak

C) and b-Mg
2
Si formation (peak D).

The calorimetric measurements on the MMC sam-
ples show a similar behaviour. The precipitation se-
quences and the shapes of the peaks do not change,
but some aspects of the reactions are altered. The
precipitation peaks are slightly advanced to lower
temperatures compared with those for monolithic
Al6061 at the same heating rate. The area and the
height of all peaks are smaller than those of the corres-
ponding peaks in Al6061. As shown in Table II, for
a heating rate of 10 °Cmin~1, peak A, peak B

2
and

peak C shift to lower temperature by 1.2, 2.5 and 7 °C,
respectively. The ratios of the volumes of peak A, peak
B and peak C in the MMC to those of corresponding
peaks in Al6061 are 0.27, 0.81 and 0.54, respectively.
The peak ratio for peak b@@ (peak B

2
) should be inter-

preted in the light of the difference in chemical com-
position between the Al6061 alloy and the 6061 matrix
of the MMC. Using the data provided by reference
[15], the maximum volume fractions b@@ (peak B

2
)

formed in the same amount as Al6061 and the matrix
of the MMC can be calculated to be 1.36 and
1.27 vol%, respectively. Taking into account that the
MMC contains 20 vol% Al

2
O

3
, the ratio of the b@@

volume fraction in MMC to that in Al6061 should be
0.75 (i.e. 0.8]1.27/1.36). This is less than the observed
ratio of 0.81, which indicates that the presence of
Al

2
O

3
particles promotes the formation of b@@. These
Figure 1 DSC thermograms for various heating rates, showing four
precipitation peaks A through D: (a) as-quenched Al6061 and
(b) as-quenched 20 vol % Al

2
O

3
—Al6061 (MMC). (1) 5°C/min;

(2) 10°C/min; (3) 20°C/min; (4) 40°C/min.

observations indicate that the addition of a reinforcing
phase accelerates ageing of MMC precipitation pro-
cess relative to the matrix alloy, decreases the volume
fractions of peaks A and C, but increases the volume
fraction of peak B.

A closer look at the thermograms of both Al6061
and MMC for heating rates of 5 and 10 °C min~1

suggests that peak B is an unresolved doublet. As
shown in Fig. 2, the peaks B in the DSC traces at low
heating rates can be separated with perfect fit for
individual peaks to n-order reaction kinetics (Equa-
tion 4). The doublet cannot be resolved at higher
heating rates. Whether peaks B

1
and B

2
fully overlap

or whether one of them disappears with increasing
heating rate is still under analysis.

Al6061 and its composite are very sensitive to
the delay time between quenching and the DSC
TABLE II DSC peak temperatures (°C) as a function of the heating rate

Heating rate Peak A Peak B
1

Peak B
2

Peak C
(°C min~1)

Al6061 MMC Al6061 MMC Al6061 MMC Al6061 MMC

5 71.2 70.4 214.9 209.6 233.6 230.8 285.5 276.7
10 82.8 80.6 218.2 221.0 242.8 241.4 298.2 291.2
20 93.8 89.7 — — 253.5 252.5 308.8 304.7
40 105.6 102.4 — — 266.3 269.1 324.2 320.5
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TABLE III Total heat effects (J g~1) of the DSC peaks at different heating rates

Heating rate Peak A Peak B (B
1
#B

2
) Peak C

(°C min~1)
Al6061 MMC Al6061 MMC Al6061 MMC

5 2.32 0.73 4.15 3.13 3.18 1.14
10 2.11 0.59 4.01 3.02 3.22 1.41
20 1.46 0.52 4.09 3.06 3.89 1.35
40 1.39 0.49 4.14 2.83 3.81 1.13
Figure 2 Part of the DSC traces after deconvolution showing peak
B consisting of two unresolved exotherms, B

1
and B

2
(deconvoluted

by equation 10) for a heating rate of 5 °C min~1 (a) Al6061 and
(b) MMC.

Figure 3 The effect of delay time in the fridge on the DSC thermo-
grams of Al6061. (1) no delay; (2) delay in fridge for 24 h; (3) delay in
fridge for 48 h.

experiments. Samples were stored in a fridge at
!5 °C. Fig. 3 shows the effect of the delay time on the
DSC runs of Al6061. The peak A temperature shifts to
higher temperatures with progressive delay in the
4480
fridge, with the onset temperature being unchanged.
A delay time leads to the formation of an endothermic
peak A@, the longer the delay, the bigger peak A@.
Peaks B shifts to higher temperatures and seem to
become one peak, B

2
. The temperature of peak C does

not change, but the height of the peak is reduced.
These observations indicate that delay supports peak
B
2

formation but retards the formation of peak C.
Similar effects were found for the MMC.

3.2. Kinetic parameters for the various
phase transformations

3.2.1. Varying heating rate method
(Equation 6)

The DSC peak designated A in Fig. 1 is assigned to the
formation of vacancy-solute clusters. The fraction
transformed of the phase, y, and the precipitation rate
(dy/d¹), calculated from the DSC peak A using Equa-
tions 1 an 2 are shown as a function of temperature in
Fig. 4 for Al6061. The y—¹ curves (Fig. 4a) have the
expected sigmoidal shape and shift to higher temper-
atures with increasing heating rate, which implies
a kinetically controlled transformation. The data ex-
tracted from Fig. 4a and b are replotted in Fig. 5 for
four values of y

*
(0.2, 0.4, 0.6 and 0.8) using Equation 6.

The average slope of the four straight lines obtained
from the (dy/d¹)y

*
/
+
] versus (1/¹) plots yields the

activation energy, E, for peak A formation.
Similar procedures and plots were used to calculate

the activation energies for the transformation pro-
cesses related to the other peaks. The kinetic para-
meters obtained for the two materials are summarized
in Table IV.

3.2.2. Kissinger-like method (Equation 7)
It can be proved that the inflection point temperature,
¹

*
, of the y versus ¹ curves is the peak temperature in

the DSC experiment. The average values of the peak
temperatures for all peaks of the two materials are
listed in Table II. By plotting ln(¹2

*
//) against (1/¹

*
),

as shown in Fig. 6, the effective activation energies for
peaks in both materials were obtained (see Table IV).
These values agree very well with the results obtained
from the varying heating rate method (Equation 6).
Barring extrapolation errors, the pre-exponential fac-
tors, k

0
, were also calculated.

Kinetic parameters obtained by analysis of the
calorimetric signal according to the n-order model
given by Equation 10 are listed in Table V for heating
rates of 5 and 10 °Cmin~1. The good agreement of the



Figure 4 (a) The y versus temperature curves and (b) (dy/d¹)/
versus temperature, for peak A formation at different heating rates
(Al6061).

Figure 5 Plots of ln(dy/d¹) versus the reciprocal temperature for
peak A formation in Al6061 (after Equation 6). r y"0.8; j y"0.6;
n y"0.4; s y"0.2.
Figure 6 Arrhenius diagram for phase transformations in Al6061
and MMC: d"Al6061; h"MMC.

values between Tables IV and V shows that the phase
transformations in Al6061 and MMC follow the n-
order model, with n varying only modestly between
0.9 and 1.2.

Comparison of the results for Al6061 and MMC
shows the following effects.

1. Precipitation of peak A in the composite requires
a higher driving force than in the unreinforced alloy.

2. The activation energy required for the precipita-
tion of peak B

2
(GP-II) reduces from 135 to

110 kJmol~1 in the composite.
3. The addition of Al

2
O

3
does not change the ac-

tivation energies for the formation of peaks B
1

and
C (within experimental error).

These effects will now be discussed in more detail.
The values of the activation energy for peak

A formation obtained in the present study for Al6061
and MMC are 58 and 64 kJmol~1, respectively; and
are in the range 41—66.9 kJ mol~1, i.e. the migration
energy of vacancies in Al—Cu alloys and Al—Cu—Mg
alloys [10, 16]. When the alloy is quenched from the
solution treatment temperature, excess vacancies are
quenched in. In the presence of excess vacancies, diffu-
sion of the solute proceeds at a rate equal to that for
migration of the vacancies. Thus, peak A reflects diffu-
sion of vacancies. It is believed that the relatively high
dislocation density introduced by differential thermal
expansion between the reinforcement and the matrix
in the MMCs [4, 17] on quenching from the solution
heat treatment temperature influences the precipita-
tion kinetics in a complex manner. First, the disloca-
tions and the particle—matrix interfaces give rise to
vacancy annihilation, thus retarding the precipitation
TABLE IV Kinetic parameters for the transformations

Parameter Equation Peak A Peak B
2

Peak C

Al6061 MMC Al6061 MMC Al6061 MMC

E, kJ mol~1 6 60.5 65.5 129.8 114.1 123.9 122.8
7 58.1 64.1 135.2 110.1 127.5 120.4

k
0
, min~1 7 1.95]108 1.86]109 2.86]1013 7.06]1010 2.43]1011 6.63]1010
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TABLE V Kinetic parameters by simulation according to Equation 10

Peak B
1

Peak B
2

Peak C

Parameter Heating rate Al6061 MMC Al6061 MMC Al6061 MMC

E, kJ mol~1 5 92.5 93.6 127.5 110.9 127.4 126.6
10 89.7 92.1 128.4 110.1 124.7 125.8

k
0
, min~1 5 6.8]1011 6.9]1011 5.8]1014 6.5]1012 4.4]1013 5.0]1013

10 7.1]1011 6.8]1011 7.6]1014 5.6]1012 3.1]1013 4.2]1013

n 5 1.235 1.011 0.975 0.943 1.224 0.914
10 1.356 1.066 0.868 0.955 1.275 0.989
process and reducing the volume fraction of the pre-
cipitates formed. Second, the high dislocation density
and the particle—matrix interfaces act as nucleation
sites for heterogeneous nucleation of the precipitation
and offer high diffusivity paths for the solute in the
composite and so promote the ageing process. Dislo-
cations have been shown by both theoretical and
experimental analysis [18] to serve as short-circuits
paths for solute diffusion. In fact, at lower temper-
atures, dislocations can have little effect on the rate of
zone formation because few atoms are near a disloca-
tion and dislocations are stationary. With the temper-
ature increasing the effect of dislocations would
become more significant. Hence, with the vacancy
concentration being lower in the MMCs than in the
monolithic alloys, the height of peak A should be
lower in the MMC. In a vacancy-deficient environ-
ment, the activation energy required for peak
A formation would be higher than in the vacancy-rich
counterpart. It is to be expected that the activation
energy for peak A formation in the MMC is larger
than that in the unreinforced alloy.

Comparing the kinetic parameters of peaks B
1

and
B
2
, the lower activation energy for peak B

1
implies

that there is a lower kinetic barrier for its reaction to
take place and initially it is the favoured transforma-
tion, as observed. The larger pre-exponential factor,
often called the frequency factor, for peak B

2
implies

that the jump rate of atoms across the interface of the
b@@ phase is large, so that if the kinetic barrier is
surmountable, a comparatively large volume of b@@ will
result.

The activation energy for formation of peak B
1

is
about 90 kJmol~1, which is much lower than the
activation energies for migration of Si and Mg. (The
activation energies for Si and Mg migration in bulk
aluminium are 139 and 110 kJmol~1, respectively
[19].) It can be inferred that the formation of peak B

1
is associated with vacancy-assisted diffusion of solute
atoms. When the heating rate is increased, GP-I (peak
B
1
) formation should be at a higher temperature.

However, when the temperature is high enough, the
solute atoms get enough energy to surmount the high-
er kinetic barrier of GP-II, resulting in the formation
of GP-II (peak B

2
) at the expense of peak B

1
.

The activation energy for peak B
2

formation in
Al6061 is 135 kJmol~1, the value for migration of
Si. That means that the formation of GP-II is a Si
diffusion-controlled reaction. The addition of Al

2
O

3
particles lowers the activation energy from 135 to
4482
110 kJmol~1, equal to the activation energy for Mg
diffusion. The reduction can be due to the extra dislo-
cations acting as pipe-circuits for solute diffusion
and/or the difference in the matrix composition. Mg is
the excess alloying element in the MMC matrix.

The Al
2
O

3
containing samples showed an acceler-

ation of formation (peak C shifts to lower temper-
atures), but a reduction in the amount of b@ phase
formed. The activation energy does not change. This
might be attributed to the higher Mg content in the
matrix of the composite. The excess Mg (the ratio of
Mg : Si in the b@ phase is 1.68 [20]) in Al6061 makes
the phase corresponding to peak C unstable [21].
Other factors may affect the height of peak C too, as
the samples of Al6061 stored in the fridge seem to have
the same effect on peak C. Whatever the mechanism,
this observation shows that the relative proportions of
b@@ and b@ will be significantly different in an Al

2
O

3
/

Al6061 composite when compared with Al6061. The
addition of Al

2
O

3
particles biases the formation of the

b@@, which contributes to strengthening, and hence
increases the strength of the MMC.

The experimental findings in the storage time ex-
periments can be explained by excess vacancy theory
[22]. Upon quenching from 530 °C, excess vacancies
may cluster to form small voids, and then collapse into
vacancy loops. These kind of vacancy loops (pre-
clusters) would serve as nuclei for precipitates. If the
alloy is placed in a temperature regime (ageing) that
allows stable growth of the pre-clusters, the excess
vacancies will be incorporated in pre-clusters. As pre-
clusters grow to a critical (stable) nucleus size, clusters
or zones form. The critical stable nucleus size depends
on the ageing temperature. Dutta found in transmis-
sion electron microscope (TEM) micrographs that the
initial stage of ageing in an Al6061 is similar to that in
Al—Si alloys [6]. Experiments on precipitation in the
Al—Si alloy show that on ageing formation of vacancy
loops decorated with Si atoms precedes the actual Si
precipitation, which becomes detectable only after 2 h
of ageing at about 130 °C [23]. It can be inferred that
peak A in the DSC traces of the fresh samples of
Al6061 reflects the formation of the vacancy loops.
When a sample is stored in a fridge (about !5°C),
vacancy loops decorated with solute atoms form and
are of subcritical size. During a DSC run the pre-
clusters continue to grow by vacancy-assisted solute
atom clusters. The longer the delay, the larger the
pre-cluster size. An increase in the pre-cluster size will
result in an increase of the peak temperature [24]. If



this model is tenable, peak A in the DSC traces of the
delayed samples would reflect the vacancy-assisted
solute atom clusters. As vacancy-assisted solute clus-
ter formation takes place during a DSC run, the super-
saturation of solute remaining in solution is
diminished. When the supersaturation is further re-
duced as a result of rising temperature, the size at
which a cluster becomes stable is increased. Because
supplies of solutes and vacancies from the matrix
cannot support the growth of clusters, the clusters
start to dissolve leading to peak A@. So it is suggested
that the precipitation sequence in the delayed Al6061
is vacancy-assisted solute atom clusters (peak A), sol-
ute cluster dissolution (peak A@), GP-II formation (b@@)
(i.e. peak B), b@ formation (peak C) and b-Mg

2
Si forma-

tion (peak D). Further studies on the disappearance of
GP-I formation in the delayed samples are needed.

4. Conclusions
1. Based on the DSC investigation, a precipitation

sequence for Al6061, in the freshly water quenched
state, is proposed as: (i) vacancy related clusters; (ii)
competitive formation of GP-I and GP-II (b@@) zones;
(iii) precipitation of the b@ phase; (iv) formation of the
b-Mg

2
Si phase.

2. The age-hardening sequences in the 20 vol %
Al

2
O

3
/Al6061 are similar to those of the unreinforced

Al6061 alloy.
3. The precipitation transformations of the meta-

stable phases in both Al6061 and the composite obey
a first-order kinetic model, with 0.9(n(1.2.

4. The kinetic parameters for the formation of va-
cancy-related clusters, GP-I and GP-II (b@@) zones, and
b@ phase precipitates calculated using the varying heat-
ing method and the Kissinger expressions are in good
agreement.

5. The addition of alumina particles reduces the
amount of peaks A and C formed in Al6061 and shifts
the peak temperatures to lower temperatures.

6. The addition of Al
2
O

3
particles biases the forma-

tion of the b@@, which contributes to the strengthening
and will increase the strength of the composite.
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