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Precipitation sequence in a SiC/Al-Mg2Si
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The precipitation sequence of an Al-1.0mass%Mg2Si composite material having 8 vol.% SiC
particles was investigated by Vickers micro hardness and specific electrical resistivity
measurements, and by TEM observation. The formation of GP zones was suppressed in the
composite material and its age-hardenability was reduced. Distribution of precipitates in
the composite material was coarser and their size was larger than that in the
Al-1.0mass%Mg2Si alloy (base alloy). Some types of precipitates in the composite material
were not similar to those found in the base alloy but were similar to those in an
Al-1.0mass%Mg2Si alloys with excess silicon (the excess Si alloy). Especially, the
metastable phases in the composite material aged at 473 K belonged to the type-A, type-B
and type-C precipitates, which are typical metastable phases in the excess Si alloy, instead
of the β ′ phase that is a typical metastable phase in quasi-binary Al-Mg2Si alloys. The
dislocations had little effect on the aging process of this composite material, because of the
small number of dislocations introduced by the quenching after solution treatment.
C© 2001 Kluwer Academic Publishers

1. Introduction
Many studies had been performed on composite mate-
rials consisting of age-hardenable aluminum alloys and
ceramics particles such as Al2O3 [1–3] or SiC [4–9].
In the composite material containing Al2O3 particles,
age-hardenability was reduced due to the formation of
spinel at the interface between the matrix and particles.
The spinel was formed by the reaction between oxy-
gen in the Al2O3 and the magnesium contained in the
matrix alloys [10]. While, in the case of an Al-Cu-Mg
alloy containing SiC particles [7], the aging behavior
of the composite material showed a similar behavior
to an Al-Cu-Mg alloy with Si additions [11]. Due to
the decomposition of the SiO2 layer, which formed at
the surface of SiC particles, free silicon would be gen-
erated and then dissolved into the matrix [8]. In the
composite material, theσ phase that precipitates in the
Al-Cu-Mg-Si alloys was observed [7]. It was very dif-
ficult to clarify the effects of free silicon atoms on the
aging process in the composite materials due to the co-
existence of many kinds of precipitates (S′,β, σ phases
etc.) and the inhomogeneous distribution of the each
precipitate in the composite material.

Recently, the aging process of Al-Mg-Si alloys con-
taining excess Si was clarified [12]. It was found that
the crystal structure of the intermediate precipitates
was completely changed from those in the balanced

Al-Mg-Si alloy by the addition of a small amount of
excess silicon. The Al-Mg-Si alloy system is very suit-
able as a matrix material for investigation of the effects
of free silicon on the aging process of a composite
material containing SiC particles, because quantitative
data concerning the relationship between some types of
metastable phases and excess silicon content has been
reported in our recent work [12]. Detailed studies have
not yet been performed concerning the crystal systems
of precipitates formed during aging of SiC reinforced
Al-Mg-Si alloy.

In this report, the aging process of composite material
containing 8 vol% SiC particles in an Al-Mg-Si alloy
was investigated to clarify the effects of free silicon
on the aging behavior and also changes in the crystal
structure of precipitates.

2. Experimental procedure
An Al-0.66mass%Mg-0.35mass%Si (almost 1.0mass%
Mg2Si) matrix alloy (referred to as base alloy here-
after) was made by melting 99.99 mass% pure alu-
minum, 99.9 mass% pure silicon and magnesium in-
gots, and then the molten alloy was cast into an iron
mold. SiC particles of 1.1µm diameter (Showa Denko
Co. Ltd.) were used for the reinforcement. The prepa-
ration of the composite material was performed by
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TABLE I Chemical compositions of alloys (mass%)

Alloys Mg Si Fe Cu Ti Mn Cr Zn Mg2Si Excess Si

Base alloy 0.62 0.35 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.96 <0.01
Excess Si alloy 0.62 0.73 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.98 0.37

the following techniques; the SiC particles were pre-
packed into a metal mold and the molten metals were
injected under a limiting pressure around 700 MPa.
The mold was rapidly cooled by use of a water
jacket from the bottom. The volume fraction of SiC
particles was about 8%. in the composite material. A
base alloy with 0.4 mass% Si addition (referred to as
excess Si alloy hereafter) was also prepared for com-
parison with the composite material. Table I shows the
chemical compositions of these alloys. Billets hav-
ing 30 mm diameter and 50 mm length were ex-
truded at high temperature to bars with 7 mm dia-
meter, then cut into thin disks to make specimens
for micro-Vickers indentation studies and transmission
electron microscope. The relative electrical resistiv-
ity was measured by a four-terminal method on
the strip shaped specimen (0.3× 4.0× 7.0 mm). The
base alloy, excess Si alloy and the composite ma-
terial were solution-treated at 848 K for 3.6 ks,
quenched into ice water, and then aged at 423, 473
and 523 K. Topcon EM002B type transmission elec-
tron microscopy (TEM) was used at 200 kV to observe
the microstructures of the specimens.

3. Results
3.1. Aging at 423 K
Fig. 1a shows the changes in hardness of the base al-
loy, the excess Si alloy and the composite material aged

Figure 1 (a) Changes in the Vickers Micro Hardness of the base alloy,
excess Si alloy and composite material aged at 423 K with aging time
and (b) their specific electrical resistivities.

at 423 K. The hardness value after the solution treat-
ment of the composite material is higher than that of
the excess Si alloy. The base alloy has the lowest value
of the three. The hardness of the base alloy increased
slightly in an early stage of aging. On the other hand,
an abrupt increase in hardness is observed in the early
stage of aging in excess Si alloys, then increased up
to the peak value. The hardness in the composite ma-
terial increased in the early stage of aging while the
time to reach peak hardness,tmax, was shorter than
those of the other two alloys. The increments of hard-
ness between the as quenched and the peak condition
(age-hardenability,1H ) in the excess Si alloys is the
highest, while that in the composite material is the low-
est. Fig. 1b shows the results of the specific electrical
resistivities. A constant value was observed in the early
stage of aging in the base alloy and then the resistiv-
ity reduced slowly with increasing aging times. In the
composite material, the increase of specific electrical
resistivity could not be observed in the early stage of
aging as was observed in the base alloy. On the other
hand, the specific electrical resistivity increased in the
excess Si alloy in an early stage of aging. This im-
plies that GP zones formed in the first stage of aging
at 423 K in the excess Si alloy [13]. Precipitation on
the dislocations would be also seen in the matrix near
a SiC particle of the composite material at an early
stage of aging at 423 K, although that TEM picture was
omitted. A small amount of the preferential precipi-
tates on the dislocations was observed in this investi-
gation, suggesting that inhomogeneous precipitation is
not important for the aging behavior in the composite
material.

Fig. 2 shows TEM images of samples aged at 423 K
up to tmax. Needle- or rod-shaped precipitates aligned
parallel to〈100〉 directions of the matrix in Fig. 2a were
found in the base alloy aged at 423 K for 1200 ks.
As shown in Fig. 2b, the finest precipitates were ob-
served in the excess Si alloy at the peak condition. These
fine precipitates account for the high hardness and age-
hardenability found in this alloy. The peak hardness
of the composite material was almost the same as that
of the excess Si alloy but the age-hardening response
was the lowest among the three alloys. Thetmax of the
composite material was greater than the other two al-
loys (see Fig. 1). The distribution of the precipitates in
the composite materials (Fig. 2c) was coarser than those
in other two alloys, so it is expected that the compos-
ite material would show the lowest hardening response
among them. A number of characteristic precipitates (as
judged by the HR images) which appeared with a rela-
tively high frequency were found in the early stage of
aging in the composite materials; an example is shown
in Fig. 3a. This shows a precipitate in the composite
material aged at 423 K; its longitudinal direction is
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Figure 2 TEM images of specimens aged at 423 K up to their maximum hardness,tmax. (a) Base alloy, (b) excess Si alloy and (c) composite material.

parallel to this picture, so this is a cross section of the
precipitate. The bright dots in this cross section do not
show any periodic array corresponding to a particular
crystal structure. This precipitate has been referred to as
the ‘random type’ precipitate in our recent work on the
precipitation sequence in Al-Mg-Si alloys [14]. Fig. 3b
shows a precipitate that has a periodic array of bright
dots. This type of precipitate is also referred as the
‘parallelogram type’ precipitate in our previous reports
[15, 16]. A feature of this precipitate is that the length
of the sides of the parallelogram range from 0.6–0.7 nm
for its short side and 0.7–0.8 nm for its long side, while
the included angle between the two sides has a range
of 62–89 degrees. The two types of precipitates men-
tioned above do not have a rigid crystal structure and
might be formed in the transition stage from the G.P.
zone to metastable phases. Fig. 3c shows a precipitate
having a spacing of bright dots of 0.67 and 0.77 nm
and an included angle between the sides of 75 degree.
In addition, an angle of 20 degrees was observed be-
tween the side of the parallelogram and〈100〉 direction
of the matrix. This type of precipitate is theβ ′′ phase
with a monoclinic crystal lattice [17]. Fig. 4 shows a
summary of the changes in the relative frequency of
each type of precipitate with aging time in the compos-
ite material. The random type precipitate is dominant
in the early stage of aging. The parallelogram type pre-
cipitate accounts for less than 20 percent of the total in
any aging stage. Theβ ′′ phase increases up to 70% with
aging time. In the base alloy aged at 423 K, the paral-
lelogram type precipitate was dominant while theβ ′′
phase was somewhat observed, as shown in our recent
work [18]. In the excess Si alloys, the parallelogram
type precipitate was not observed and almost 100%β ′′
phase was found [19]. Although an Al-1.0mass%Mg2Si
alloy was used as the matrix alloy of the compos-
ite material, the types of precipitates were the same
as those found in the excess Si alloy. Thus, it can be
speculated that excess silicon element was formed by
the decomposition of the SiC particles and dissolved
into the matrix. The composition of the matrix shifted
from a quasi-binary composition to the excess silicon
side.

3.2. Aging at 473 K
As shown in Fig. 5a, at the higher aging temperature of
473 K, both the excess Si alloy and the composite ma-
terial reached the maximum hardness in a shorter time
than the base alloy. Furthermore, comparing with the
response at 423 K, the time needed to reach maximum
hardness is almost equal in the both alloys and the com-
posite materials. The amount of hardening in the com-
posite material at 473 K was again lower than those in
the base alloy and in the excess Si alloy. In Fig. 5b, an
increase of resistivity can be observed in the excess Si
alloy alone.

Fig. 6 shows TEM images of all samples aged at
473 K up to their maximum hardness. Precipitates in
the excess Si alloy are most densely distributed and
this sample has the highest hardness. In the base alloy,
a somewhat coarse and relatively large distribution of
the precipitates is observed. In the composite material,
a coarser distribution of the precipitates is observed
than in either of the base alloys. The difference in size
and distribution of precipitates in the samples are in
good agreement with their maximum hardness values
(Fig. 5a). The maximum hardness also provided by the
parallelogram type of precipitate in the base alloy and
by theβ ′′ phase in the excess Si alloy. The changes in
frequencies of the various types of precipitates in the
composite material aged at 473 K with aging time are
shown in Fig. 7. Three kinds of precipitates, namely
the type-A, type-B and type-C precipitates begin to
precipitate from a peak aged condition around 10 ks. In
our recent reports, the type-A precipitate has a hexago-
nal crystal lattice witha= 0.405 andc= 0.67 nm. The
type-B precipitate has an orthorhombic crystal lattice
with a= 0.683, b= 0.794 andc= 0.405 nm and the
type-C precipitate has a hexagonal crystal lattice with
a= 1.04 andc= 0.405 nm [12]. In the base alloy aged
at 423 or 473 K, only theβ ′ phase precipitated and
the three types of metastable phases were not observed
in this work. Furthermore, our recent work has shown
that three types of metastable phases precipitated while
theβ ′ phase did not form at these aging temperatures
in the excess Si alloys [14]. Consequently, the precip-
itation sequence found for the composite material is
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Figure 3 High-resolution TEM images of the cross section of needle-shaped precipitates taken from the composite material aged at 423 K for 240 ks.
(a) The “random type” precipitate, (b) the parallelogram type precipitate and (c) theβ ′′-phase.
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Figure 4 Changes in relative frequencies of each type of precipitate in
the composite material aged at 423 K with aging time.

Figure 5 (a) Changes in the Vickers Micro Hardness of the base alloy,
excess Si alloy and composite material aged at 473 K with aging time
and (b) their specific electrical resistivities.

Figure 6 TEM images of specimens aged at 473 K up to their maximum hardness,tmax. (a) Base alloy, (b) excess Si alloy and (c) composite material.

Figure 7 Changes in relative frequencies of each type of precipitate in
the composite material aged at 473 K with aging time.

in good agreement with that observed in the excess Si
alloys, although the quasi-binary base alloy was used
as the matrix of the composite material.

3.3. Aging at 523 K
Fig. 8 shows age-hardening curves and specific electri-
cal resistivities of the alloys and the composite mate-
rial aged at 523 K. Thetmax of the composite material
and excess Si alloy occurred at a shorter time than that
of the base alloy. The1H of the excess Si alloy was
the highest among all the samples. Fig. 9 shows TEM
images of samples aged at 523 K up to their peak-aged
conditions. At low magnification, the excess Si alloy
having the highest hardness had the finest distribution
of the precipitates, while the precipitates in the base
alloy were relatively coarser. The composite material
had a coarser distribution and large spacing of precipi-
tates. This tendency is in good agreement with the case
of 473 K aging, namely, the highest hardness at the
peak condition is provided by a denser and finer mi-
crostructure of precipitates in the matrix. The specific
electrical resistivities of all the samples immediately
decreased from their as-quenched condition at 523 K
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Figure 8 (a) Changes in the Vickers Micro Hardness of the base alloy,
excess Si alloy and composite material aged at 523 K with aging time
and (b) their specific electrical resistivities.

(compare Figs 1b, 5b and 8b) when the aging treatment
was started. Therefore the formation of GP zones may
not occur at this aging temperature. From the results
of the TEM observation in our other reports [18, 19],
the maximum hardness at 523 K can be obtained both
for the base and excess Si alloys, when only theβ ′
metastable phase is formed in the base alloy and only
theβ ′′ is precipitated in the excess Si alloy. As shown
in Fig. 10, the type-B precipitate is formed in the com-
posite material at the maximum hardness on its age-
hardening curve. In Fig. 11a, a triangular shaped pre-
cipitate was observed in the overaged condition. This
precipitate co-existed with theβ (Mg2Si)-phase. The
electron diffraction pattern of Fig. 11b was identified
as a〈111〉 zone of silicon and the chemical analysis
of Fig. 11c also indicated just silicon. Theβ phase is

Figure 9 TEM images of specimens aged at 473 K up to their maximum hardness,tmax. (a) Base alloy, (b) excess Si alloy and (c) composite material.

Figure 10 Changes in relative frequencies of each type of precipitate in
the composite material aged at 523 K with aging time.

the only equilibrium phase in a stoichiometric, quasi-
binary Al-Mg2Si alloy, so it is expected that the equilib-
rium phase in the composite material is theβ-phase, as
found in the base alloy. According to our result, how-
ever, the Si phase also co-existed as the equilibrium
phase in this composite material, as observed in the ex-
cess Si alloy. Thus the matrix of the composite material
has an excess silicon contents.

4. Discussion
In our previous report [8], free silicon will be provided
from the SiO2 layer formed at the surface of SiC par-
ticles by a reaction between the oxide layer and the
matrix, with the free silicon dissolving in the matrix.
Finally, the matrix of the composite material will con-
tain excess Si. The thickness of the SiO2 layer on SiC
particles to provide the 0.4 mass% of free silicon can be
calculated to be 24 nm, assuming that all the SiC par-
ticles used in this investigation are spherical in shape
and their mean radius is 1.1µm. This thickness is rea-
sonable, because 50 nm thickness of SiO2 layer on the
surface of 13µm SiC particles diameter has been pre-
viously reported [9].
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Figure 11 (a) A TEM image of a Si particle in the composite material aged at 523 K for 1200 ks, (b) its selected area diffraction pattern and (c) its
EDS profile.

The acceleration of the aging process in SiC particle-
dispersed Al-Mg-Si alloy composite materials may be
caused by the preferential formation of theβ ′ phase
on the dislocations [20–22]. In this work, however, it
is obvious that the composite material has the same
types of precipitate as those in the excess Si alloy
rather than the typicalβ ′ phase found in the base
alloy.

At a relatively low aging temperature such as 423 K,
the formation of GP zones may be retarded by the reduc-
tion of the excess vacancy concentration in the matrix
due to the absorption of vacancies into the interfaces be-
tween particles and the matrix, or at dislocations during
quenching. As a consequence of the depression of the
GP zone and increased silicon content, the precipita-
tion of metastable phases such as the type-A, type-B
and type-C precipitates is accelerated in the composite
material. On the other hand, at a higher aging temper-
ature of 523 K, in spite of the depression of GP zones
in the base alloy and the composite material, the ac-
celeration of the aging process in the composite ma-
terial is caused by the precipitation of different types
of metastable phases in the matrix. The type-B precip-
itate was observed at the peak aging condition of the

composite material. The type-B precipitate has a dif-
ferent crystal structure from theβ ′ phase. The type-B
precipitate has an orthorhombic crystal lattice and con-
tains aluminum, magnesium and silicon in the ratio of
4 : 5 : 2 [23], while theβ ′ phase has a hexagonal lat-
tice and contains magnesium and silicon [24]. Fig. 12
shows HRTEM images of precipitates in the compos-
ite materials aged at 523 K. theβ ′ phase or the type-C
precipitate were often observed attached to the B type
precipitates, and the regions ofβ ′ and type-C increased
with progressing of aging time. So the type-B precip-
itate provides the nucleation site or acts as nuclei for
theβ ′ phase and type-C precipitate. It has been already
clarified that the type-C precipitate is the predominant
precipitate in the precipitation sequence of deformed
excess Si alloys containing a high density of disloca-
tions, although the type-B precipitate was much sup-
pressed in the same sample [25]. So the acceleration of
the precipitation sequence due to the preferential pre-
cipitation of theβ ′ phase on dislocations introduced
by quenching after solid solution treatment can not ex-
plain the present results, because theβ ′ phase has a
different crystal structure from the type-B precipitate
[23, 24].
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Figure 12 HRTEM images of precipitates in the composite material aged at 523 K. (a) Aged for 12 ks and (b) for 1.92 ks. In Fig. 12a, theβ ′ phase
(right region) is joined to the Type-B precipitate (left region), while type-C precipitate (left region) is joined to the type-B precipitate (right region) in
Fig. 12b.

5. Conclusions
The precipitation sequence of the composite material
having 8 vol.% SiC particles was investigated by micro
Vickers hardness and specific electrical resistivity mea-
surements, and by TEM observation. Obtained results
are summarized as follows:

1. The formation of GP zones was suppressed in the
SiC particle dispersed composite material and the aging
hardening effect was reduced. The distribution and size
of precipitates in the composite material were coarser
than those in the base alloy.

2. Preferential precipitation on dislocations induced
by the quenching after solution treatment was observed,
but this was not the main precipitation reaction. The
types of precipitates found in the composite material
were not the same as those in the base alloy, but were

similar to those found in the excess Si alloys, The
metastable phases in the composite material aged at
473 K were type-A, type-B and type-C precipitates,
typical of the excess Si alloy, instead of theβ ′ phase.
The matrix of the composite material contained a higher
silicon content than the base alloy due to the free silicon
liberated by reaction of the oxide on the SiC particles,
although the base alloy was used as the matrix of the
composite material.

3. At the higher aging temperature of 523 K, the
type-B phase particles were precipitated at the maxi-
mum hardness point, while the type-C, which preferen-
tially precipitated on the dislocations, were only present
in a small amount. The effects of the dislocations on the
aging process are minimal because of the low density
of dislocations introduced by quenching after solution
treatment.
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