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a b s t r a c t

The metastable-phase precipitates which appear at the peak condition of hardness in an
Al–0.83 at%Mg–0.4 at%Si alloy were investigated, using a combination of Vickers microhardness tests,
DSC calorimetry, and field-emission STEM observations with EDX analyses. EDX and elemental mapping
revealed that both Si-rich and Mg–Si precipitates with needle-shapes were present. EDX analysis showed
vailable online 9 September 2010
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that needle-shaped �′′precipitates protruding from the specimen foils were composed mainly of Si. The
present results on structures, compositions and thermal stabilities of the precipitates suggest that Si-rich
precipitates co-exist with complex Mg–Si precipitates also of needle-shape.

© 2010 Elsevier B.V. All rights reserved.
tomic composition
EM-EDX

. Introduction

Al–Mg–Si ternary alloys are perhaps the most important
recipitation-hardening Al-base alloys. This class of alloys is pro-
uced in the largest quantity among Al-base alloys, and currently

s used widely in construction and transportation applications,
ecause of their superb strength and high-corrosion resistance
ttained with a combination of conventional components: Al, Mg
nd Si. In such alloys, the composition and processing conditions
o achieve the best properties should be properly chosen, since
oth the composition and the stage of precipitation influence sig-
ificantly the properties of the alloys. Hence, numerous studies
ave been devoted to elucidate the aging sequence and metastable
hases which are supposed to be responsible for controlling the
echanical properties.
Most early studies of Al–Mg–Si ternary alloys were based on

n assumption that the phase decomposition of supersaturated
lloys occurs in the pseudo-binary Al–Mg2Si alloy system, and
ccordingly it was believed that metastable precipitates com-

rise Mg and Si atoms in a ratio of Mg:Si = 2:1. It was reported
hat the precipitation sequence is solute clusters → metastable
′′ precipitates → metastable �′ precipitates → stable �precipitates

1–3]. Most successive studies followed this interpretation until
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the 1980s and even later. However, several investigators in the
1980–1990s presented different results and interpretations [4–10].
Lynch et al. were the first to apply field-emission transmission
electron microscopy (FE-TEM) to investigate the precipitation pro-
cesses occurring in an Al–1.16Mg2Si alloy [4]. They found that the
composition of the �′′phase was Mg0.44Si. In a similar study by
FE-TEM and EDX, Edwards et al. [5] reported that needle-shaped
�′′phase precipitates appearing at the peak hardness condition in
an alloy with excess Si content had a Mg:Si ratio nearly equal to
1:1. Three-dimensional atom probe (3DAP) analyses performed
by Murayama and Hono [6] also suggested that the atomic ratio
of Mg:Si in �′′precipitates was close to 1:1. Takeda at al. exam-
ined precipitation sequences in Al–Mg–Si alloy specimens with
various compositions, using DSC measurements, Vickers micro-
hardness tests and TEM, and concluded that the �′′precipitates
which formed during isothermal aging at 433–513 K were Si-rich
[7,8]. Zandbergen and coworkers claimed that the composition of
the �′′precipitates is Mg5Si6 and the precipitates are fine needles.
These authors used HRTEM including the newest image recon-
struction technique as well as theoretical simulations based on
density functional theory and concluded that the crystal structure
was based on a C-centered monoclinic lattice [9,10]. Ramachan-
dran et al. also obtained a similar result using HRTEM and electron

diffraction [11]. On the other hand, Matsuda et al. [12] proposed a
structure model with a monoclinic lattice and a chemical compo-
sition of Si:Al:Mg = 6:3:1 for the needle-shaped �′′precipitates in a
0.4 at% excess Si Al–Mg–Si alloy. Fukui et al. made systematic DSC
measurements to examine the evolution of metastable phase par-
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beam was set parallel to the [0 0 1] direction of the Al matrix. This
image shows that typical needle-shaped precipitates with lengths
of 30–100 nm are formed, and lie along the [1 0 0] and [0 1 0] direc-
tions of the matrix. Granular particles 4–10 nm in diameter also
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icles and suggested that three metastable reactions occur during
he formation of �′′precipitates [13–15]. Thus, despite a fairly large
umber of investigations in the last two decades, an understanding
f the microstructure and composition of metastable precipitates
ppearing at the peak condition of hardness has not completely
een established and is still argued.

Concerning the shapes of �′′precipitates, electron tomography
s a very powerful means of providing three-dimensional (3-D)
nformation on the precipitate morphology [16,17]. We have partly
eported an investigation on the 3-D morphology of the precipi-
ates previously [18]. The main results obtained in our study may
e summarized thus: only needle-shaped precipitates lying in the
rystallographic 〈1 0 0〉 directions of the Al matrix were observed at
he peak-aging condition, and some of these needle-shaped precip-
tates were perpendicular to the specimen surfaces. Although the
ormer result is consistent with previous studies, it does not com-
letely exclude the possibility that precipitates with similar shapes
ave different natures.

The present study aims at elucidating the shapes and compo-
itions of the precipitates in an Al–0.83%Mg–0.4Si (at%) alloy with
n approximate balanced composition (Mg:Si= 2:1). We have used
combination of FE-TEM, STEM, energy-dispersive X-ray spec-

roscopy (EDX) and elemental-mapping techniques which attain
high efficiency and precision in local element-analysis. We have

omplemented these techniques with Vickers hardness tests and
SC measurements. Since the metastable precipitates which are

ormed at the peak condition of hardness are the targets of the
resent study, the TEM work was concentrated on the precipitates
hich appeared at the peak condition.

. Experimental

An Al–0.83Mg–0.4Si (at%) alloy ingot with a balanced composition (Mg:Si= ∼2:1,
n atomic ratio) was used in this study. All specimens for the present experiments

ere solution-treated at 828 K for 3.6 ks, followed by quenching in ice water. Arti-
cial aging was carried out successively at 483 K in an oil-bath, for various periods
p to 60 ks. The Vickers microhardness tests were conducted using a Shimadzu
MV-2000 tester with a 0.98N load. Differential scanning calorimetric (DSC) mea-

urements were carried out with the specimens aged at 483 K for 0–1.2 × 105 s, using
RIGAKU TAS300-8230D apparatus. Thin-foil specimens for TEM observations were
repared by electro-polishing in a solution comprising methanol and 25 vol.% nitric
cid, using a Struers TENUPOL-5 jet polisher. The STEM-EDX experiments were per-
ormed with a nano-probe electron beam approximately 1 nm in diameter, using an
EI Tecnai 20 STEM operated at 200 kV.

. Results and discussion

.1. Vickers microhardness and DSC measurements

The Vickers microhardness (HV) tests and DSC measurements
ere carried out prior to the TEM experiments, to confirm the

ffect of heat treatments on the Vickers microhardness (HV) and the
hase decomposition of the alloy specimen used in this study. Fig. 1
hows the HV curve of the Al–0.83Mg–0.4Si alloy aged at 483 K for
ging times up to 60 ks. The HV hardness initially increased slowly
ith the aging time up to 1 ks, then increased more quickly. The
ardness attained a peak value after 12 ks, then decreased due to
veraging. These hardness tests therefore show that the Al–Mg–Si
pecimens reach the peak condition of hardness after annealing at
83 K for 12 ks, and specimens aged at this condition are suitable
or TEM observation of metastable precipitates.

Fig. 2 shows DSC curves obtained for specimens aged isother-
ally at 483 K for various times up to 12 ks. The horizontal and
ertical axes correspond to temperature and heat respectively. An
xothermic peak, which is found above the base line, indicates the
ormation of second-phase precipitates or clusters. An endother-

ic peak, which corresponds to the dissolution of a phase, appears
elow the base line at a temperature range higher than the cor-
Aging time (ks)

Fig. 1. Vickers microhardness curves of the Al–0.83Mg–0.4Si alloy aged at 483 K.

responding exothermic peak. The DSC curves in Fig. 2 show four
exothermic peaks, K, P, Q and S, which are assigned to the formation
of solute clusters, �′′, �′ and �precipitates respectively, based on
previous studies [19]. The exothermic peak P, corresponding to the
formation of �′′precipitates, clearly decreases with prior aging time.
This decrease corresponds to precipitation which occurred during
the aging prior to these DSC measurements [14]. It can be noted that
the exothermic peak P due to precipitation of �′′shows an explicit
decrease on isothermal annealing, which is different from those for
other exothermic peaks. The series of DSC measurements suggests
that two meta-stable phases �′′ and �′, corresponding to peaks
P and Q, respectively, have different thermal stabilities at 483 K,
although the exothermic peaks of the phases appear closely in the
DSC curves.

3.2. TEM observations and EDX analyses

Fig. 3 shows a bright-field TEM image of an Al–0.83Mg–0.4Si
specimen aged at 483 K for 12 ks (at peak hardness). The incident
-2
300 400 500 600 700 800

Temprerature (K)

Fig. 2. DSC curves obtained for Al–0.83Mg–0.4Si specimens aged at 483 K.
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ig. 3. A bright-field TEM image of an Al–0.83Mg–0.4Si specimen aged at 483 K for
2 ks (peak condition of HV hardness).

ppear, but our tomography study confirmed that most of these
ere cross-sectional images of needle-shaped precipitates lying

long [0 0 1], as previously mentioned.
Although EDX spectroscopy is recognized as an effective tech-

ique for determining the atomic composition of the precipitates
ormed in Al–Mg–Si alloys, the results reported in the literature
ave not fully been consistent. Some previous papers have claimed
he presence of an Al peak in the energy spectrum, but others
ave insisted that no Al was contained in the precipitates. Analyti-
al TEM-EDX examinations often face several significant problems;
inimal limit of the electron probe size, low efficiencies for collect-

ng X-ray signals of light elements, spectrum overlap effects, beam-
nduced contamination, and so forth. Smearing of the spectrum
ata can be also introduced by specimen drift during data acquisi-
ion, especially in the case that a small precipitate in the Al matrix is
eing analyzed. Furthermore, when the electron beam is incident

n a needle-like precipitate lying parallel to the foil surface, the
eam travels in the Al matrix surrounding the precipitate, result-

ng in a nominal increase of Al concentration. Thus in many cases,
DX point-analysis experiments could not rule out that Al peaks in
he X-ray spectrum were largely or entirely due to the Al matrix.

ig. 5. (a) A STEM DF image and (b) element maps obtained with characteristic X-rays of
he EDX spectrum at the position A.
Fig. 4. A TEM image of a needle-shaped precipitate protruding from the edge of the
hole in an electro-polished Al–Mg–Si specimen.

Such difficulties remain even in recent EDX experiments. How-
ever, EDX mapping analysis with a modern FE-STEM instrument
effectively shortens the acquisition time and to a large extent
reduces the ambiguity of the EDX results. In addition to the use of
FE-STEM and EDX, we have also examined in this work precipitates
which protrude from the specimen edges. Examination of such pre-
cipitates allows us more confidently to eliminate the influence of
the Al matrix. The number of precipitates protruding out at the edge
of electro-polished specimens was small, but some were found.

Fig. 4 shows a TEM image of a needle-shaped precipitate pro-
truding from the edge of the hole in an electro-polished specimen.
The size of the precipitate is similar to those found inside the Al
matrix. The TEM image also confirms that the direction of the rod

coincides with a 〈1 0 0〉 direction of the matrix. It seems therefore
that such precipitates are typical of those found within the spec-
imen. Fig. 5 shows a STEM DF image of another needle-shaped
precipitate projecting from the edge, together with the EDX spec-
trum of this precipitate and elemental maps obtained with the

Al, Mg and Si, of a precipitate protruding from the specimen edge, together with (c)
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ig. 6. (a) A dark-field STEM image of a small precipitate protruding from the edge
mages.

haracteristic X-rays of Al, Mg and Si. The EDX spectrum shown in

ig. 5 (c) is almost free from the influence of the matrix and is dom-
nated by the characteristic X-ray signal of SiK� with only a small
ontribution from AlK�. This clearly shows that the precipitates
onsist mainly of Si and that any Al or Mg is present only in very
mall amounts. The elemental maps shown in Fig. 5 (b) reinforce

Fig. 7. (a) A dark-field STEM image of the examined area and (b–d) the corre
lectro-polished specimen and (b–d) corresponding STEM-EDX elemental-mapping

this conclusion. Sometimes we found protruding precipitates to be

bent. The deformation of precipitates is probably caused by the flow
of the electrolyte solution in jet-thinning. Such a bent precipitate
is shown in Fig. 6, together with the EDX elemental maps. Again,
the EDX elemental maps indicate that the precipitate comprises
mostly Si with trivial amounts of other elements. These findings

sponding STEM-EDX elemental-maps of precipitates within the bulk.
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vidently show the necessity to scrutinize whether only one type
f precipitate is formed, or if other types of precipitate coexist in
his alloy.

To investigate this point, we applied STEM-EDX elemental-
apping to precipitates formed within the specimen. Fig. 7(a)

hows a dark-field STEM image of the area examined and
ig. 7(b)–(d) shows corresponding STEM-EDX elemental-maps.
omparing the Mg and Si maps shown in Fig. 7 (b)–(d), respectively,
e notice a striking feature: two types of needle-shaped precipi-

ates with different compositions are formed simultaneously at the
eak condition of hardness. Some appear to contain only Si (arrow
) while others of similar appearance contain both Mg and Si (arrow
). Thus, the present EDX experiment have revealed the following
ignificant features of the precipitates at the peak aging condition:
1) needle-shaped Si-rich precipitates are formed, containing trivial
mounts of Mg; (2) Mg–Si complex precipitates of similar appear-
nce but perhaps of somewhat smaller size are also present; and
3) both types of precipitates contain relatively low quantities of Al.

To make a quantitative estimation of the composition of the pre-
ipitates, EDX point analysis was again carried out. The averaged
alue of the Mg:Si ratio in precipitates containing Mg was 0.87.
lthough this value is comparable to those previously reported

5,6], it should be noted that individual values of the Mg:Si ratio
ere distributed in a range 0.027–2.33. The Mg element map shown

n Fig. 7 seems to reflect this, with some precipitates appearing
ore strongly than others.
Taking into account the Gibbs phase rule in thermodynamics,

he supersaturated phase in an Al–Mg–Si ternary alloy may be
ecomposed into three phases. A quasi-equilibrium balance among
hese three phases possibly occurs below the eutectic tempera-
ure in the Al–0.83Mg–0.4Si (at%) alloy, if the three-phase region
f Al + Si + Mg2Si slightly shifts from that formed at the eutectic
emperature and extends to higher Mg content region at lower tem-
eratures. In this case, metastable/stable Si-rich and Mg–Si phases
an appear simultaneously in the alloy.

The present study has revealed that both Si-rich and Mg–Si
recipitates form at the peak condition of hardness. This result is
onsistent with the DSC examinations [7,8,13–15]. As pointed out
bove, the experimental data on the composition of �′′precipitates
ere scattered. The dispersion of data reflects real differences in the

omposition of individual precipitates, and this feature seems to be
part of the reason that different estimations have been reported on
he composition of the precipitates in previous works. The precip-
tation sequence of solute clusters and metastable precipitates has
ot yet been completely elucidated. Precipitation is a phenomenon
ased on a diffusion process, and to understand the process con-
ideration is also needed from this point of view. Further study to

[
[
[

[
[
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clarify and understand precipitation processes in Al–Mg–Si alloys
is intended by the present authors.

4. Conclusions

The present work has investigated metastable precipitates
formed at the peak-hardness condition in an Al–0.83Mg–0.4Si alloy
(at%) aged isothermally at 483 K by means of Vickers microhardness
tests, DSC measurements, FE-STEM and EDX elemental-mapping.
The point-analysis and elemental maps obtained from EDX spec-
troscopy revealed that two types of precipitates consisting of Si and
Mg–Si precipitates simultaneously. The average composition of the
Mg–Si precipitates was Mg:Si = 0.87, although the estimated values
of the ratio were distributed in the range 0.027 to 2.33. A combina-
tion of DSC measurements and TEM and EDX examinations suggest
that needle-shaped Si-rich �′′ precipitates were formed after clus-
tering occurring around at 313–370 K, but prior to needle-shaped
�′ precipitates.
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