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The precipitation of three new types of metastable phases, i.e., TYPE-A, TYPE-B and
TYPE-C, with different crystal structures from the β ′ phase is proposed from our research
on the change in crystal structures and formation sequence of metastable phases during
the aging of the Al-1.0mass% Mg2Si-0.4mass% Si alloy by a combination of analytical high
resolution electron microscopy and energy dispersive X-ray spectroscopy. The sequence of
their formation is explained as follows. First, precipitation of the β ′ phase and TYPE-B
precipitate, then β ′ dissolution into the matrix and degradation of the TYPE-B precipitate.
Finally, predominant precipitation of the metastable TYPE-A precipitate. The TYPE-C
precipitate appeared heterogeneously in the over-aged condition. C© 2000 Kluwer
Academic Publishers

1. Introduction
The addition of Si in excess to the Al-Mg2Si alloys
is well recognized to cause refined precipitates [1]. It
has been suggested that the metastable phase of the al-
loys has the same crystal structure as theβ ′ metastable
phase. It is not well understood whether the addi-
tion of Si in excess also causes a change in the crys-
tal lattice system of the metastable phases. An previ-
ously reported the crystal structure of theβ ′ metastable
phase is hexagonal having the lattice parameters of
a= 0.407 nm andc= 0.405 nm in an Al-1.0mass%
Mg2Si alloy (the balanced alloy) based on the results
of high resolution transmission electron microscopy
(HRTEM), electron diffraction and energy dispersive
X-ray spectroscopy (EDS) analysis [2, 3]. In the Al-
1.0mass% Mg2Si-0.4mass% Si alloy (excess Si alloy),
it has been found that three new types of metastable
phases that have different HRTEM images character-
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istics their of theβ ′ phase in the balanced alloy. Also
the lattice parameters and crystallographic orientation
relationships between the two new types of metastable
phases have been reported [4, 5]. The morphological
changes and the amounts of those metastable phases
with aging have not yet been investigated.

In this work, we have analyzed the crystal structures
of the three new type of metastable phases in the ex-
cess Si alloy using HRTEM and EDS techniques and
clarified the precipitation sequences of the new types of
metastable phases for the first time in this type of alloy.

2. Experimental
An Al-1.0mass% Mg2Si-0.4mass% Si (the excess Si)
alloy was prepared using 99.99% pure aluminum,
99.9% pure magnesium and 99.9% pure silicon in-
gots. The ingots obtained were then hot- and cold-rolled
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into 0.2 mm thick sheets. These sheets were solution
treated at 848 K for 3.6 ks and quenched in chilled
water. The aging treatment was performed at 523 K
in a salt bath. The thin specimens for the HRTEM
observation were prepared by the electrolytic polish-
ing method and were observed using an EM-002B

Figure 1 Transmission electron micrograph of an Al-1.0mass% Mg2Si-
0.4mass% Si alloy aged at 523 K for 12 ks. An incident beam direction
is parallel to the [001]m matrix direction.

Figure 2 The bright field images of the cross-section of the precipitates in an Al-1.0mass% Mg2Si-0.4mass% Si alloy aged for 60 ks. These precipitates
indicate different micro-beam diffraction patterns from each other. Micro-beam diffraction patterns of (b), (c) and (d) correspond to the precipitates
indicated in➀, ➁ and➂ in (a), respectively.

(TOPCON Co., Ltd.) transmission electron microscope
operated at 200 kV. EDS analysis was performed using
a TEM-ECON (EDAX Inc.) equipped with the EM-
002B.

3. Results
The bright field image of the excess Si alloy aged at
523 K for 12 ks is shown in Fig. 1. A number of rod-
shaped precipitates are observed to be aligned in the
〈100〉 directions of the matrix. The particle-like pre-
cipitates marked with the arrows are the rod-shaped
precipitates located parallel to the [001]m direction of
the matrix. We call them “edge-on” hereafter. Fig. 2
shows examples of the micro-beam diffraction (MBD)
patterns obtained from the edge-on of precipitates for
the specimen aged at 523 K for 60 ks. The MBD pat-
terns of Fig. 2b–d were taken from the edge-on marked
by ➀, ➁ and➂ in Fig. 2a, respectively. The MBD pat-
terns exhibit different arrangements of the diffraction
spots. These MBD patterns were previously reported
by Matsudaet al. [4, 5] . The metastable phases corre-
sponding to the MBD patterns are designated as TYPE-
A (Fig. 2d), TYPE-B (Fig. 2b) and TYPE-C (Fig. 2c)
precipitates.
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Figure 3 (a) A typical high resolution image of the TYPE-A precipitate in an Al-1.0mass% Mg2Si-0.4mass% Si alloy aged at 523 K for 12 ks; (b)
MBD pattern of (a) and (c) EDS profile of (a).

3.1. The TYPE-A precipitates
A typical high resolution image of the edge-on of the
TYPE-A precipitate is shown in Fig. 3 together with
the MBD pattern and EDS profile. The MBD pattern
of Fig. 3b is similar to the one shown in Fig. 2d. The
TYPE-A precipitate has a hexagonal lattice with the
lattice parameters ofa= 0.405 nm andc= 0.67 nm
[4]. The four features which characterize this type of

Figure 4 EDS analysis results for the TYPE-A precipitates extracted
from the matrix by the thermal phenol method.

Figure 5 (a) Crystal structure of the TYPE-A precipitate and (b) to (d)
calculated electron diffraction patterns for three directions of (a). (b),
(c) and (d) correspond to the [0001]A, [1̄21̄0]A and [10̄10]A directions,
respectively.
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precipitate are as follows: (1) the shape is octago-
nal and has the largest diameter and length of all the
metastable phases, (2) the bright dots in the edge-on
of the HRTEM image indicate a rectangular arrange-
ment with the length of the two sides being 0.35 and
0.67 nm, (3) the (̄121̄0) lattice plane of the TYPE-A
precipitate is parallel to the (001)m matrix direction
with an angle of 20◦ between the [0001]A and [100]m
directions as shown in Fig. 3a, and (4) the peaks of Si
and Al in the EDS spectra are higher than the Mg peak.
In the case of Fig. 3c, the atomic ratio of Si/Mg= 3.71
is obtained. The TYPE-A precipitates were extracted
from the matrix using the thermal phenol method to
determine the accurate chemical composition of the
TYPE-A precipitate in the present work. Fig. 4 shows
the chemical compositions of Si, Al and Mg for vari-
ous extracted precipitates. In Fig. 4, it is noted that the
TYPE-A precipitate consists of 50 at % Si, 40 at % Al
and 10 at % Mg. In our recent report, the EDS anal-
ysis was performed by the same method for an equi-
librium Si precipitate for an over-aged condition in the
excess Si alloy [6]. The result shows that no Al was
detected in the Si precipitate extracted from the ma-
trix, demonstrating the accuracy of the analysis on the

Figure 6 (a) A typical HRTEM image of theβ ′ phase in an Al-1.0mass% Mg2Si alloy aged at 523 K for 12 ks; (b) Changes in HR images with the
amount of defocus (1 f ). First and third columns show simulated HR images. Second and forth columns show obtained HR images. The thickness
of the specimen used for simulation is 60.75 nm; (c) crystal structure of theβ ′ phase [3]; (d) the projected potential for the unit cell of theβ ′ phase
parallel to the [0001] direction.

extracted precipitates. Therefore, it is concluded that
the TYPE-A precipitate consists of Si, Al and Mg.
The averaged chemical composition was determined
to be Si : Al : Mg= 5 : 4 : 1.From these investigations,
the crystal structure of the TYPE-A precipitate is pro-
posed as shown in Fig. 5a. Its fundamental lattice is
hexagonal with the lattice parameters ofa= 0.405 nm
andc= 0.67 nm. The space group is̄P62m. Two atoms
of Si are located on its basal plane and three atoms of
Al and Mg with a ratio of Al : Mg= 4 : 1 are located
on its half plane. Fig. 5b shows the calculated electron
diffraction patterns of the unit cell in Fig. 5a. These
calculated diffraction patterns are in good agreement
with the experimental diffraction patterns reported in
our recent paper [4].

Fig. 6a shows an HRTEM image of theβ ′ phase in
the balanced alloy aged at 523 K for 12 ks. In this aging
condition theβ ′ phase was predominant in the balanced
alloy [2], while a small number of precipitates of the
β ′ phase were observed in the excess Si alloys. The
characteristic features of the HRTEM image of theβ ′
phase is as follows [3]: (1) bright dots in the edge-
on exhibit a hexagonal network with the spacing of
0.71 nm, (2) the hexagonal networks rotate around the
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Figure 7 (a) A typical HRTEM image of the TYPE-B precipitate in an Al-1.0mass% Mg2Si-0.4mass% Si alloy aged at 523 K for 12 ks; (b) MBD
pattern of (a); (c) EDS profile of (a); and (d) crystal structure of the TYPE-B precipitate.

Figure 8 HRTEM images of the TYPE-B precipitates taken from the directions normal to their longitudinal directions. Incident beam directions are
parallel to the [̄130]m (a); and [310]m (b).
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[0001]β ′ axis at various angles with the matrix. Fig. 6b
shows the simulated HRTEM images for the atom ar-
rangement with the crystal structure shown in Fig. 6c.
As compared with the observed HRTEM image show-
ing a surrounding square in Fig. 6a and the simulated
image (1 f =−20 nm), both images are in good agree-
ment with each other. Comparing the simulated images
of Fig. 6b with the projected potential parallel to the
[0001] direction for the unit cell of theβ ′ phase shown
in Fig. 6d, the columns of Mg atoms on the basal plane
are brighter or darker than the columns of the other
atoms for all defocus conditions. This is probably the
reason why a hexagonal network of 0.705 nm is often
observed in the HRTEM images of the edge-on of the
β ′ phase [2, 3].

3.2. The TYPE-B precipitates
A typical HRTEM image of the TYPE-B precipitate,
its MBD pattern and EDS profile are shown in Fig. 7.

Figure 9 (a) A typical HRTEM image of the TYPE-C precipitate in an Al-1.0mass% Mg2Si-0.4mass% Si alloy aged at 523 K for 12 ks; (b) EDS
profile of (a).

The rectangular arrangement of MBD disks in Fig. 7b
is similar to that in Fig. 2b. The characteristic features
of the TYPE-B precipitate observed in the HRTEM im-
age is as follows [5]: (1) the shape is ellipsoid and a pair
of its sides are parallel to each other, (2) the bright dots
of the HRTEM images of its edge-on indicate a rect-
angular arrangement and the lengths of the two sides
of this rectangle are 0.68 and 0.79 nm, (3) the (001)
lattice plane of the TYPE-B precipitate is parallel to
the (001)m direction and the angle between the [010]B
and [010]m directions is 20◦ as shown in Fig. 7a, (4) the
peaks of Si and Al in the EDS spectra are higher than the
one of Mg. The EDS result of Fig. 7c gives the ratio of
Si/Mg equal to 2.5. Fig. 8 shows the HRTEM images
of the longitudinal direction of the TYPE-B precipi-
tate. The incident beam directions are [1̄30]m // [010]B
(Fig. 8a) and [310]m // [100]B (Fig. 8b). Spacings of
0.405, 0.68 and 0.34 nm are observed in Fig. 8a and a
bright dot is also observed in the center of the rectan-
gle having two sides of 0.79 and 0.405 nm spacings in
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Figure 10 Electron diffraction patterns taken from three directions of the TYPE-C precipitate. (a) MBD pattern taken from the edge-on; (b) and (c)
selected area diffraction patterns taken from the directions normal to the longitudinal directions of the TYPE-C precipitates.

Fig. 8b. The ratio of the chemical composition of the
TYPE-B precipitate analyzed by the same thermal phe-
nol method as shown in Fig. 4 is Si : Al : Mg= 5 : 4 : 2.
The assumed atom positions in a unit cell of the TYPE-
B precipitate is as follows: In Fig. 7d, the symbols● and◦ represent the positions of Si (or 82% Si+ 18% Al)
and 64% Al+ 36% Mg, respectively. Simulated elec-
tron diffraction patterns for several directions of the
TYPE-B precipitate with the above unit cell are in good
agreement with the observed ones reported in our recent
paper [5].

3.3. The TYPE-C precipitates
A typical HRTEM image of the TYPE-C precipitate
and its EDS profile are shown in Fig. 9. Small hexag-
onal networks of bright dots are observed inside the
large hexagonal networks having a spacing of about
1.04 nm as shown in Fig. 9a. Both the Si and Mg peaks
in the EDS spectrum are observed in this precipitate
as shown in Fig. 9b and the estimated peak height ra-
tio of Si/Mg is 1.22. In order to identify the crystal
lattice of the TYPE-C precipitate, the electron diffrac-

tion patterns were obtained from the direction normal
to the longitudinal direction using the same method as
for the TYPE-A and TYPE-B precipitates. The angle
between theK direction ([2̄11̄0]c) of the TYPE-C pre-
cipitate and the [100]m direction is about 10◦. On the
other hand, the angle between theL direction ([1̄210]c)
of the TYPE-C precipitate and the [01̄0]m direction is
about 20◦, and is nearly equal to the angle of 18.4◦
between [0̄10]m and [1̄30]m. Fig. 10 shows the se-
lected area diffraction patterns taken of the TYPE-C
precipitate. Fig. 10a represents the MBD pattern taken
from the edge-on of the TYPE-C precipitate. Fig. 10b
and c are selected area diffraction patterns taken of the
directions normal to the longitudinal direction of the
TYPE-C precipitate. The lattice plane spacings esti-
mated from the spacings M and N in Fig. 10b are about
0.52 nm (about half the value of 1.04 nm obtained in
Fig. 9a) and 0.405 nm (equal to the lattice constant
of the Al matrix). The lattice plane spacings estimated
from the spacings U and V in Fig. 10c are about 0.901
and 0.405 nm. If the crystal lattice of this precipitate
is assumed to be hexagonal, havinga= 1.04 nm, then
the value of 0.52 nm must be equal to the spacing of
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the {12̄10}C lattice plane and 0.901 nm is equal to the
spacing of the{11̄00}C lattice plane. Based on these
results, the crystal lattice of the TYPE-C precipitate is
estimated as follows (see Fig. 11a): (1) it will be hexago-
nal having the lattice parameters ofa= 1.04± 0.02 nm
andc= 0.405 nm. (2) The (0001)C lattice plane of the
TYPE-C precipitate is parallel to (001)m and the angle
between [2110]C and [100]m is 10◦. Fig. 11b–d show
simulated electron diffraction patterns for the crystal
lattice of Fig. 11a. The arrangement of the diffraction
spots and their spacings in Fig. 11b–d are in good agree-
ment with those of Fig. 10a–c, respectively. Because of
the limited number of extracted TYPE-C precipitates
from the matrix using the thermal phenol method, the
accurate chemical composition of the TYPE-C precip-
itate remains unknown. Therefore, the crystal structure
of the TYPE-C precipitate is not yet fully determined
in this study. A precipitate having the same lattice pa-
rameters as the TYPE-C precipitate was reported by
Dumolt et al. [7] in the 6061 aluminum alloy. They
called this precipitate the B′ phase, and speculated that
the B′ phase is probably formed because of copper ex-
isting in the 6061 alloy. In the present work, it is clar-
ified that the TYPE-C precipitate is one of the typical

Figure 11 (a) A crystal lattice of the TYPE-C precipitate and (b) to (d)
calculated electron diffraction patterns based on (a).

Figure 12 Changes in the relative frequencies of four types of metastable
phases in an Al-1.0mass% Mg2Si-0.4mass% Si alloy with aging time.

metastable phases in the excess Si alloy. Thus, the for-
mation of the B′ phase in the 6061 alloy is caused by
the excess Si of the 6061 alloy.

3.4. Effect of aging time
Fig. 12 shows the relative frequency of the amounts of
four types of metastable precipitates. Theβ ′ phase is
detected at the aging time of about 1.2 ks and its fre-
quency increases rapidly to reach a maximum value,
then rapidly decreases with prolonged aging. Theβ ′
phase disappeared after about 60 ks aging. The TYPE-B
precipitates also appear after an aging time of 1.2 ks
and then gradually increase with aging. During the
early stage of aging, shorter than 3.6 ks, the total fre-
quency of theβ ′ phase and TYPE-B precipitates is
lower than 100% because of the coexisting prelimi-
nary precipitates. Details of the preliminary precipi-
tates which formed earlier will be reported elsewhere.
The frequency of the TYPE-B precipitates increases up
to 50% of all precipitates at 12 ks aging, then remains
almost constant until 60 ks. After this, the frequency de-
creases and after 600 ks they disappear. The TYPE-A
precipitates begin to appear when the frequency of the
TYPE-B precipitates reaches its maximum value. A
drastic increase in the frequency of the TYPE-A pre-
cipitate occurs correspondingly to the aging time when
the frequency of the TYPE-B precipitate decreases. Fi-
nally, the TYPE-C precipitates appear at the aging time
of 600 ks, although the frequency of the precipitates
is the lowest among the four types of precipitates. The
existence of this precipitation sequence has not been
reported and has been clarified for the first time in the
excess Si alloy by the present study.

4. Discussion
In the excess Si alloy, four types of metastable phases
are progressively formed and compete against each
other. Some of the phases are replaced by others. The
disappearance of theβ ′ phase in the excess Si alloy at
a relatively early stage of aging seems to be unusual
because theβ ′ phase is predominantly formed in the

186



balanced alloy. In the balanced alloy, theβ ′ phase has
a sufficient stability even at the over-aging stage and
coexists with the equilibriumβ phase. The sequence of
metastable phases based on our present results can be
phenomenologically speculated as described next sec-
tion. In the present work, the formation mechanism of
the four types of the metastable phases are discussed.

4.1. β ′ phase, TYPE-B precipitate and
TYPE-A precipitate

Theβ ′ phase is a predominant metastable phase in the
balanced alloy. It is, therefore, assumed that theβ ′ phase
is more easily precipitated than any other metastable
phase in this alloy system. Therefore, in the excess Si
alloy, theβ ′ phase will also be formed prior to any other
metastable phase. It is well known that the equilibrium
Mg2Si and Si phases coexist in the region of excess Si
on the Al-Mg-Si ternary equilibrium diagram. If theβ ′-
phase is formed as a metastable phase having a chemical
composition close to the equilibrium Mg2Si, it can be
expected that the Si-rich metastable phases of TYPE-A

Figure 13 Relationships between the TYPE-A precipitate and the TYPE-B precipitate. (a) An HRTEM image of the rod-section of the TYPE-B
precipitate; and (b) schematic illustration of the correspondence between the TYPE-A precipitate and the TYPE-B precipitate.

Figure 14 Heterogeneous nucleation of the TYPE-C precipitate in the specimen aged at 473 K for 120 ks after 10% deformation. (a) Bright field
image; and (b) enlarged photograph of the rod-section marked by the arrow in (a).

and TYPE-B precipitates are formed as a competing
phase at the same time. In our recent report, the atomic
ratio of Mg and Si in theβ ′ phase is about Mg/Si= 1.68
[3], nearly equal to the equilibrium phase Mg2Si, while

Figure 15 A crystallographic orientation relationship between theβ ′
phase and the TYPE-C precipitate.
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the TYPE-B consists of ternary elements, i.e., Al, Mg
and Si and its ratio is about Al : Mg : Si= 4 : 2 : 5. It is
clear that the TYPE-B precipitate is a Si-rich precipitate
and is considered as the competing precipitate for the
β ′ phase. Actually both theβ ′ phase and the TYPE-B
precipitate appeared at the same time during aging, and
the number and mean size of both phases increase with
increased aging. As aging progresses, the amount of
theβ ′ phase increases to a maximum value then drasti-
cally decreases. The amount of the TYPE-B precipitate
reaches almost a constant value at the beginning of its
decrease in theβ ′ phase. Moreover, TYPE-A precipi-
tates begin to appear at a similar time. The formation
of the TYPE-A precipitate is dependent on both of the
decrease in theβ ′ phase and saturation of the amount
of the TYPE-B precipitate. The reason of theβ ′ phase
disappearance can be explained. In our previous study,
it was speculated that theβ ’ phase of the balanced
alloy is not directly transformed into the equilibrium
β-Mg2Si. The equilibriumβ-Mg2Si phase is nucleated

Figure 16 (a) An HRTEM image of the complicated rod-section. The region B is the TYPE-B precipitate and the region C is the TYPE-C precipitate;
(b) a schematic illustration of the correspondence between the TYPE-B precipitate and the TYPE-C precipitate.

at other sites, independent of theβ ′ phase. When the
β phase nucleates and begins to grow, theβ ′ phase de-
composes and dissolves into the matrix. In the case of
the excess Si alloy, if theβ ′-phase also decomposes in
the same way as the balanced alloy, it is considered that
the TYPE-A precipitate may be formed by absorption
of the Si and Mg elements released from the decom-
posedβ ′ phases. The TYPE-A precipitate also contains
Al, Si and Mg and the atomic ratio of theses precipitates
is about Al : Mg : Si= 4 : 1 : 5.Therefore, the deficient
Si needed for the formation of the TYPE-A precipitate
will be supplied from the matrix.

As shown in a previous report, the electrical resis-
tivities of the excess Si alloys continuously decreased
even during over-aging period. It was found in this in-
vestigation that the electrical resistivity decreased until
reaching 100% of the TYPE-A precipitate. Based on
this result, Si supplied from the matrix to the TYPE-A
precipitates will continue until the end of formation
of the TYPE-A precipitates. With further aging, the
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TYPE-A precipitate increases drastically instead of the
disappearance of theβ ′-phase and the decrease of the
TYPE-B precipitate. The transformation of the TYPE-
B precipitate to the TYPE-A precipitate can then be un-
derstood. Fig. 13a is an HRTEM image of the edge-on
of the TYPE-B precipitate. The arrangement of bright
dots indicates a rectangular network with spacings of
0.68 and 0.79 nm. Otherwise, the spacing of 0.39 nm,
which is nearly equal to one-half of 0.79 nm, is also ob-
served. This spacing is close to 0.35 nm for the TYPE-
A precipitate. As shown in the Fig. 13b, the size of
the crystal lattice of the TYPE-A precipitate is similar
to that of the TYPE-B precipitate. It is then predicted
from a crystallographic analysis that the transformation
of the crystal structure from the TYPE-B precipitate to
the TYPE-A precipitate can easily occur. In this case,
comparing the chemical composition of the TYPE-A
precipitate and the TYPE-B precipitate, the Si content
of the TYPE-A precipitate is more enriched than that
of the TYPE-B precipitate. The Si supplied from the
matrix is then needed for continuous formation of the
TYPE-A precipitates. In this alloy system, a tendency
can be seen that the phase consists of higher Si con-
tents (or lower Mg contents) than the equilibriumβ-
Mg2Si, and it appears at a later aging stage and is more
stable.

4.2. The TYPE-C precipitate
The small amount of the TYPE-C precipitate appears
at a relatively later aging stage. The precipitate has
a tendency to heterogeneously nucleate as shown in
Fig. 14. In these figures, the TEM image is of a spec-
imen aged at 473 K, which corresponds to the max-
imum hardness just after 10% pre-deformation. Some
coarse rod-shaped precipitates and dark string-like con-
trasts, which were introduced by predeformation, were
observed in Fig. 14a. Fig. 14b shows an enlarged pho-
tograph of the rod-section indicated by the arrow in
Fig. 14a. This edge-on of the precipitate indicates the
same arrangement and the same spacing of the bright
dots as that of the TYPE-C precipitate. The size of the
a-axis of the TYPE-C precipitate is equal to 2.5 times
that of theβ ′ phase, as shown in Fig. 15. The chem-
ical composition of the TYPE-C precipitate includes
a greater Mg content than those of the TYPE-A and
TYPE-B precipitates and is close to that of theβ ′ phase.
If the β ′ phase transforms to the TYPE-C precipitate,
theβ ′ phase must also absorb Si atoms from the ma-
trix. There is the possibility of transformation from a
TYPE-B precipitate to a TYPE-C precipitate, because
the Si concentration of the TYPE-C precipitate is higher
than that of theβ ′-phase and TYPE- C precipitates at-
tached to the interface between the TYPE-B precipi-
tate and the matrix were often observed as shown in
Fig. 16a. In Fig. 16b, it is clearly shown that the length
of the diagonal in the rectangle of the TYPE-B pre-
cipitate having two sides of 0.68 and 0.79 nm is about
1.04 nm, which is equal to the size of thea-axis of the
TYPE-C precipitate. It is considered that the TYPE-
C precipitate nucleates independently on the TYPE-A
precipitate, because the crystal lattice and the ratio of

Si/Mg in the TYPE-A precipitate is quite different from
that of the TYPE-C precipitate.

5. Conclusions
The crystal structures of the three new types
of metastable phases in an Al-1.0mass% Mg2Si-
0.4mass% Si alloy which are different from theβ ′ phase
in an Al-1.0mass% Mg2Si alloy have been proposed
based on the HRTEM observations and EDS analy-
sis. The precipitation sequences of the four kinds of
metastable phases were discovered in this alloy for the
first time.

There are new types of metastable phases (TYPE-A,
TYPE-B and TYPE-C) in an Al-1.0mass% Mg2Si-
0.4mass% Si alloy and they have different crystal struc-
tures from that of theβ ′ phase. The atomic ratio of Mg
and Si in theβ ′ phase is about Mg/Si= 1.68, while
the TYPE-A and the TYPE-B consist of the ternary
elements Al, Mg and Si and their ratios are about
Al : Mg : Si= 4 : 1 : 5 and 4 : 2 : 5.

Both theβ ′ phase and the TYPE-B precipitate ap-
pear at the same time during aging, then the amount
and mean size of both phases increase with increased
aging. As aging progresses, the amount of theβ ′ phase
increases to a maximum value then rapidly decreases,
and the amount of the TYPE-B precipitate is almost a
constant value.

With further aging, the increase in the TYPE-A pre-
cipitates rapidly occurs accompanied by a decrease
in the TYPE-B precipitates after the disappearance of
the β ′ phases and the termination of the new forma-
tion of the TYPE-B precipitate. A small account of
the TYPE-C precipitates also heterogeneously appear
in the matrix. The TYPE-A precipitate may disappear
during the over-aged condition where the equilibrium
β-Mg2Si and Si phases are predominant.
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