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The aging behavior of SiC particle reinforced 6061 aluminum matrix composites was
investigated with Brinell hardness measurement, differential scanning calorimetry (DSC),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). For 40
vol%SiCp/6061Al composite, the age-hardening efficiency was lower than that of
monolithic 6061Al alloy and its high strength was mainly attributed to the introduction of
high volume fraction particles. At low aging temperature, the aging process of composite
was more accelerated than that of 6061Al alloy. With temperature increasing, the time to
reach the peak hardness was shortened and the precipitation processes became
accelerated. Moreover, precipitation process observed in the matrix alloy was altered by
the addition of SiC particles. Formation of G.P. region was severely suppressed and the
activation energy of β ′ phase decreased, which made the precipitation of β ′ phase easier
than that of 6061Al alloy. C© 2004 Kluwer Academic Publishers

1. Introduction
Metal matrix composites reinforced with high volume
fraction particles are attractive for applications requir-
ing higher elastic modulus and strength [1]. For alu-
minum matrix composites, aging treatment has been
widely used as an effective method to obtain stabi-
lized microstructure and ultimate application proper-
ties [2, 3]. Extensive researches have been investigated
on the aging behavior of aluminum matrix composites.
These researches [4–9] indicated that aging kinetics and
aging hardening efficiency of composites depended on
variety of factors, such as the size, shape and volume
fraction of reinforcement, fabrication method of the
composites, aging temperature and so on. However, ag-
ing characteristics of high volume fraction (≥30 vol%)
particle reinforced composite have so far received lit-
tle attention. Suresh et al. [10] found that with particle
volume fraction increasing, there was no obvious im-
provement on the aging process of SiCp/Al compos-
ite. However Jun-Shanlin et al. [11] believed that in
SiCp/Al composites the volume fraction was higher,
the time to achieve peak-aged hardness was shorter,
and addition of 20 vol%SiC particles accelerated the
progress of aging.

The present work is aimed to investigate the effect of
high volume fraction SiC particle on aging behavior and
precipitation kinetics of squeeze cast 40 vol%SiCp/Al
composite. The aging behavior has been examined us-
ing Brinell hardness and differential scanning calorime-
try (DSC) analysis, combined with microstructure ob-
servation by scanning electron microscope (SEM) and
transmission electron microscopy (TEM).
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2. Materials and methods
SiC particles (40 vol%, 3.5µm mean size) reinforced Al
composites were fabricated by squeeze casting technol-
ogy [12]. The aluminum matrix alloy was an Al-Mg-
Si alloy (6061Al) whose nominal compositions were
listed in Table I.

The composite was solution treated at 530◦C for 1 h
and water quenched at room temperature. After solution
treatment, the alloy and composite were aged at 130,
160 and 190◦C for periods up to 100 h. For comparison,
the unreinforced matrix alloy was also treated as above-
mentioned craft.

An S-570 scanning electron microscope (SEM) was
used to examine the microstructure of the composite.
Brinell hardness (HB) tests were performed immedi-
ately after aging on an HBV-30 double-purpose tester
with a 1 mm diameter ball indenter. A load of 30 Kgf
was applied and maintained for 20 s. Each hardness
value was the average of at least five measurements.
Fig. 1 shows the shape and dimensions of specimen
used in hardness testing as well as the indented posi-
tions.

DSC experiments were conducted immediately af-
ter solutionized and quenching treatment condition us-
ing PERKIN-ELMER thermal analyzer. The weight of
sample was less than 50 mg. All DSC tests started at
room temperature and terminated at 400◦C, and a range
of heating rates from 5◦C/min to 20◦C/min were used.

Transmission electron microscope (TEM) foils were
prepared by a standard combination of mechanical
and ion-beam thinning using a Gattan-600 ion mill
equipped with liquid-nitrogen cold stage to prevent
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T ABL E I Chemical compositions of aluminum matrix alloy of com-
posite (wt%)

Alloy Cu Mg Mn Fe Si Zn Ti Ni Al

6061Al 0.43 0.75 0.22 0.36 1.26 <0.15 <0.05 <0.05 Bal

Figure 1 Shape and dimensions of hardness testing specimen and the
indented positions of hardness testing.

heating during the ion-milling process. A Philips T20
electron microscope was used to characterize the mi-
crostructures at an accelerating voltage of 200 kv.

3. Results and discussion
3.1. Microstructure observation
Fig. 2 shows SEM microstructure of as-fabricated
SiCp/6061Al composite used in this paper. It was found
that SiC particles distributed uniformly in matrix alloy.
Moreover, the composite was dense and macroscop-
ically homogeneous, free from common cast defects
such as porosity and shrinking cavities.

3.2. Aging behavior
The effect of aging time on the hardness of the
SiCp/6061Al composite and the unreinforced 6061Al
alloy aged at 130◦C is shown in Fig. 3. Due to the ad-
dition of SiC particulates, the hardness of composites
was obviously higher than that of matrix alloy. The
hardness difference between composites and alloy was
larger prior to the peak hardness, beyond this peak,
the differences in hardness gradually became steady.
The composite reached peak hardness in 9 h ,while the
matrix alloy required 53 h, indicating accelerated age-

Figure 2 SEM micrograph of 40% SiCp/Al composites.

Figure 3 Aging curves for 6061Al alloy and SiCp/6061Al composite
aged at 130◦C.

Figure 4 Effect of aging temperature on the peak-aging time for 6061Al
alloy and SiCp/Al composite.

hardening in the SiCp/Al composite compared with the
unreinforced 6061Al alloy at 130◦C.

Fig. 4 gives the effect of aging temperature on the
peak-aging time for the composite as well as unre-
inforced alloy. The peak-aging time decreased with
increasing of aging temperature for both the alloy
and composite, and the age-hardening kinetics became
faster as the aging temperature increased. Under exper-
imental temperatures, the time to achieve peak hardness
was less in the composite as compared with the mono-
lithic alloy. When the aging temperature higher than
130◦C, the peak-aging time difference between the al-
loy and composite was very little. However, previous
research [13] referred that for SiCp/Al composites at
low temperature aging kinetics was more delayed than
that of matrix alloy or not affected by reinforcement,
which was contradicted with our results.

The effect of aging temperature on the peak hard-
ness increment (�HB) for the composite as well as
unreinforced alloy is shown in Fig. 5. For unreinforced
matrix alloy, the hardness difference between homo-
nization condition and peak condition was more than
60 HB. However, in case of the composite, the hardness
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Figure 5 Effect of aging temperature on the peak hardness increment
for 6061Al alloy and SiCp/6061Al composite.

difference between two conditions was less than 10 HB,
which was lower than that of matrix alloy. The peak
hardness increment was lower at all temperatures for
the composite as compared with that of the matrix al-
loy, that was, the age-hardening efficiency of SiCp/Al
composite was lower than that of monolithic 6061Al al-
loy. This may be attributed to the existence of the high
volume fraction particles, which influences or alters the
volume fraction or shape of precipitates in matrix alloy
to affect aging behaviors of composite. And the further
discussion is in what follows. Hunt et al. [14] showed
that the hardness enhancement of SiCp/Al composites
after natural aging was lower than that of matrix alloy.
But in this paper, for high volume fraction composite,
after artificial aging, the degree of hardness improve-
ment was lower than that of matrix alloy.

Therefore, for high volume fraction SiCp/Al com-
posite, the age-hardening efficiency was lower than that
of monolithic 6061Al alloy. High strength was mainly
attributed to the introduction of high volume fractions
particles, which makes the time to peak hardness less
and comparatively at low aging temperature the aging
process advanced more than that of the monolithic alloy.

Figure 6 DSC thermograms for the as-quenched 6061Al alloy and SiCp/Al composites at different heating rates.

3.3. DSC analysis
Fig. 6 shows the DSC thermograms of the composite
and matrix alloy. There were three exothermic peaks in
Fig. 6a, but there was only one exothermic peak in the
range of 50–400◦C in Fig. 6b. Generally, peak corre-
sponding to G.P. zone formation and dissolution should
be present on the lower temperature parts of DSC plots,
while no obvious peak associated with G.P. zones was
observed under four different heating rates in Fig. 6b.
According to previous research on the aging behav-
ior of 6061Al alloy [15–17], three exothermic peaks
in Fig. 6a respectively corresponded to the formation
of G.P. (I) zones (A), G.P. (II) zones (B) and β ′ phase
(C), one exothermic peak in Fig. 6b corresponded to the
formation of β ′ phase. Moreover, exothermic peak cor-
responding to β ′ phase in alloy was very sharp, but that
in composite was rather gentle, which revealed that pre-
cipitation temperature range of β ′ phase in composite
was wider than that in matrix alloy.

Therefore, it can be seen that the age-hardening pro-
cess and aging precipitation products in the composite
were different from those in the 6061Al alloy, and the
formation of G.P. zone was seriously suppressed. This
may be attributed to the following possible reasons.
First, the formation of G.P. was inherently slow. And
higher density dislocations were induced in the com-
posite due to the large differences in the coefficient of
thermal expansion between the SiC particles and the
6061Al alloy, which offset some vacancies and made
vacancies obviously sunk to reduce. In addition, high
volume fraction particles themselves also limited the
aggregation of vacancies. Therefore, precipitation of
G.P. zone, which was mainly dependent on the gather-
ing of vacancies, was seriously suppressed. Secondly,
at the same time the addition of high volume fraction
particles also pulled in a lot of interfaces, which can
trap vacancies to reduce the whole concentration of va-
cancies in matrix alloy. The decrease in vacancies con-
centration had a strong influence on the nucleation of
G.P. zone. So the formation of G.P. was depressed far
away. Even no obvious G.P. peak in DSC curves was
found, which was different from that of unreinforced
matrix alloy (seen in Fig. 6).
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T ABL E I I Temperature of exothermic peak of SiCp/6061Al compos-
ites and 6061Al alloy

Peak temperatures (◦C)
Heating rates

Materials (◦C/min) G.P. (I) G.P. (II) β ′

6061Al 5 81.4 236.6 280.7
10 87.0 243.6 287.4
15 93.7 252.3 302.0
20 103.7 262.6 315.6

SiCp/6061Al 5 – – 259.3
(Vf = 40%) 10 – – 268.7

15 – – 278.6
20 – – 290.5

Furthermore, Table II shows temperature of exother-
mic peak for SiCp/6061Al composite and 6061Al alloy.
It followed that exothermic peaks were shifted to higher
temperature with increasing of heating rate. At all heat-
ing rates, the peak temperature of β ′ phase precipitation
in the composite was lower than that in the monolithic
alloy, which revealed that the precipitation kinetics was
accelerated by the addition of SiC particles.

3.4. Calculation of thermal diffusion
activation energy

Thermal diffusion activation energy during precipita-
tion process can be calculated according to the follow-
ing equation of Augis and Bennett [18]:

ln[(Tp − T0)/Q] = −ln K0 + E/RTp (1)

where Tp represents exothermic peak temperature of
precipitates, T0 represents initial temperature, Q repre-
sents the heating rate, K0 represents reactive constant,
E represents thermal diffusion activation energy and R
represents gas constant 8.314 J/mol.

Results shown in Table II was put in formula (1) to
make a graph of a relationship between ln[(Tp−T0)/Q]
and 1/Tp, then points determined by four heating rates
were made to fit a straight line, and the slope coefficient
of that line was tan θ :

tan θ = E/R (2)

According to formula (2), thermal diffusion activa-
tion energy of different precipitates in two materials can
be calculated, as shown in Fig. 7. It can be clearly seen
that thermal diffusion activation energy of β ′ phase in
composite was 98.64 KJ/mol, while in matrix alloy it
was up to 144.93 KJ/mol. Obviously, thermal diffusion
activation energy in composite was lower than that in
matrix alloy, which indicated that lower energy was
needed to form β ′ phase in composite. That is to say,
the precipitation of β ′ phase was accelerated. This cal-
culation results were coinciding with the observation
results in Table II.

It followed that introduction of high volume frac-
tion particles made the precipitation in composite dif-
ferent from that in unreinforced matrix alloy, which
was verified by DSC testing. The addition of high

Figure 7 Comparison of thermal diffusion activation energies of various
precipitates.

volume fraction SiC particles significantly accelerated
age kinetics of the aluminum matrix alloy, which was
consistent with most researchers’ conclusions [7–9].
However, the formation of G.P. region was severely
suppressed and the activation energy of β ′ phase was
decreased, which made the precipitation of β ′ phase
easier than that of 6061Al alloy.

3.5. TEM observation
The TEM morphology of SiCp/6061Al composites
aged at 160◦C for 40 h is shown in Fig. 8. Rod like β ′
precipitates was observed and precipitation of β ′ phase
were coarse under over-aged condition. In addition, the
precipitates were inclined to each other at an angle and
two mutually perpendicular directions for the precipi-
tates dominated the microstructures. And β ′precipitates
in matrix alloy which have formed heterogeneously on
dislocations, were consistent with the observations of
Dutta et al. [16]. Under over-aged condition, most of
dislocations were exhausted, while discontinuous pre-
cipitates at the dislocations can also be observed in com-
posite matrix (as pointed in Fig. 8). The characteristic
〈110〉 of the matrix 6061Al alloy is quite apparent in
the diffraction patterns shown along with the micro-
graphs in Fig. 8b. In general, though the precipitation
of G.P. zones in composite was suppressed, the residual
stresses and high density dislocations (seen in Fig. 9)
as well as interfaces introduced by the presence of high
volume fraction SiC particles provided favorable loca-
tions for non-uniform nucleation of β ′ phase, which
reduced the nucleation incubation period and acceler-
ated nucleation precipitation. On the other hand, high
density dislocation made Mg and Si et al. atoms dif-
fuse faster, which reduced the formation energy of β ′
phase and promoted β ′ phase precipitation. That was
corresponding with the results of DSC analysis. Fur-
thermore, in this composite, the volume fraction of the
particles was 40%, namely there was only 60 vol% ma-
trix alloy. Although the aging process was accelerated
and the thermal diffusion activation energy of β ′ phase
was reduced, in general, the magnitude of precipitates
was less than that of the unreinforced matrix alloy. So
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Figure 8 TEM micrographs of SiCp/Al composite aged at 160◦C for 40 h.

Figure 9 High-density dislocations in the composite.

the age-hardening efficiency of SiCp/Al composite was
lower than that of the monolithic 6061 alloy.

4. Conclusions
1. Introduction of high volume fraction particles,

which brought high-density dislocations and interfaces
et al., made the precipitation of the composite differ-
ent from that of unreinforced matrix alloy. The age-
hardening efficiency of SiCp/Al composite was lower
than that of the monolithic 6061 alloy. High strength
was mainly attributed to the introduction of high vol-
ume fractions particles.

2. Aging temperature had great effect on the harden-
ing process. Comparatively, at low aging temperature
aging process was more accelerated than that of 6061Al
alloy. With the increasing of temperature, the precipita-
tion process became accelerated, and the time to reach
peak hardness was shortened.

3. Addition of high volume fraction SiC particles
significantly accelerated age-hardening kinetics of the
aluminum matrix alloy. The formation of G.P. region
was severely suppressed and the activation energy of

β ′ phase decreased due to the addition of SiC particles,
which causes the precipitation of β ′ phase easier than
that of 6061Al alloy.
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