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High-resolution elemental maps for three
directions of Mg,Si phase in Al-Mg-Si alloy
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Elemental maps of the Mg and Si sub-lattices of the Mg,Si phase in an Al-1.0mass% Mg,Si
alloy were produced using an energy-filtering transmission electron microscope (EFTEM).
Low magnification elemental maps were obtained using both low and high energy loss
edges, and the intensities of the high energy loss edges were sufficiently high to allow the
Mg,Si phase to be observed at high magnification. High-resolution core-loss images of Mg
and Si-K edges were taken parallel to [001], [111] and [110] of the Mg,Si phase. In the [110]
direction, Mg and Si atoms were successfully identified as sub-lattices. The Mg atoms
formed a 0.39 nm diamond network, whereas the Si atoms formed a 0.32 nm by 0.22 nm
rectangular network. This result is in good agreement with the projected potential of the
Mg,Si phase in the [110] direction. This is the first report of magnesium and silicon atoms

in the Mg,Si phase being successfully identified at the atomic level by EFTEM. © 2002

Kluwer Academic Publishers

1. Introduction

The development of high-resolution transmission elec-
tron microscope (HRTEM), which allows the lattice
fringes of various materials to be observed directly, is
recognized as a major advance in the research of phase
decomposition and phase transformation in aluminum
base alloys [1-3]. As HRTEM provides real space
information for nano-scale regions in materials di-
rectly, rather than inverse space information as given by
X-ray diffraction and electron diffraction techniques,
the phenomena of phase decomposition and phase
transformation at the atomic level has become eas-
ier for researcher to visualize. These developments in
analytical transmission electron microscopy, however,
have been somewhat overshadowed by the recent dra-
matic improvements in computer performance, quanti-
tative software and the sensitivity of energy-dispersive
X-ray spectroscopy (EDS). However, the specific struc-
tural and elemental arrangement of individual atoms
cannot be observed by any of these methods, although
nano-scale chemical compositions can be determined
by EDS. EFTEM combines electron energy loss spec-
troscopy (EELS) with TEM, and is an excellent means
of observing the precise chemical composition of mate-
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rials [4]. A number of recent reports concerning the use
of EFTEM to examine the chemical composition near
the interfaces of semiconductor materials have been
presented. Eibl [5], and Chang et al. [6] reported on
the distribution of oxygen, silicon, nitrogen, titanium
and aluminum in a 30 nm area using the jump-ratio
(two-windows) method for very large scale integration
(VLSI) material. Elemental maps are easier to produce
by the jump-ratio method than by the three-windows
method because image noise is low (high S/N ratio),
and image acquisition is relatively quick [7, 8]. Hofer
et al. [9] compared elemental maps produced by the
jump-ratio method with those by the three-windows
method for ODS-niobium. The three-windows method
produces better elemental maps, however, the effect of
diffraction contrasts cannot be removed from the final
images perfectly. The jump-ratio method is convenient
for use with samples of variable thickness or if bending
may occur. The jump-ratio method, however, simply
involves dividing a post-edge image by a pre-edge im-
age. It has also been suggested that elemental maps pro-
duced by the three-windows method should be related
to EDS and EELS data in order to explain obtained im-
ages. However, these previous studies were concerned
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with 30 nm areas, and did not involve high magnifica-
tion. Hence, it is unclear whether EFETM is useful for
high resolution imaging, as is required for observing
crystal lattices. An application EFTEM at high resolu-
tion for Si particles has been reported by Hashimoto
et al. [10], however the technique has not yet to be
applied to a binary system.

We have applied EFTEM analysis to commercial alu-
minum alloys, producing high-resolution core-loss im-
ages of magnesium and silicon atoms taken in the [001]
direction of Mg, Si [11]. However at that time, there was
a problem in that both magnesium and silicon atoms
formed square networks of the same size. This made it
difficult to determine whether a position in a unit cell
was occupied by a magnesium atom or a silicon atom
when the TEM specimen drifted during the recording
of pre-edge 1, pre-edge 2, and post-edge images.

In this work, lattice fringes of the §-Mg;Si phase
in an Al-Mg-Si alloy were observed by EFTEM and
we have successfully obtained high-resolution maps for
three crystal directions; [001], [111] and [110], of the
equilibrium Mg, Si phase in Al-Mg-Si alloys. This in-
termetallic compound is conducive to EFTEM at high
resolution, because the Mg or Si atoms form columns
of a single element, which can be observed if the ap-
propriate directions of the Mg,Si-phase is chosen. It
has also been confirmed that EFTEM is a useful way
to distinguish between two elements in intermetallic
compounds via lattice images.

2. Experimental procedure

The Al-1mass%Mg;Si alloy was made from ingots of
aluminum (99.99%), magnesium (99.9%) and silicon
(99.9%). An ingot obtained was hot- and cold-rolled
to two kinds of sheets of 0.2 and 1.0 mm in thickness.
These sheets were solution heated at 848 K for 3.6 ks
and quenched in chilled water. The sheets were aged
at 673 K for 3.6 ks. Samples of the Mg;,Si phase for
TEM were made by extraction using the thermal phe-
nol method in the same way as detailed in our previous
report [11]. The extracted Mg, Si-phase was deposited
on the micro-grid, supported by a copper mesh. Thin
foils for TEM were also prepared by the electric pol-

ishing method. The EFTEM used was a JEOL 4010T
with an energy-filtering system (Gatan, GIF-200). The
accelerating voltage was 400 kV. This EFTEM was also
equipped with an EDS (Noran, Voyager-4). The con-
denser and objective aperture diameters employed were
both 70 pm, and the entrance aperture diameter of the
GIF-200 was 3 mm. A zero-loss image was taken with
an energy slit of 10 eV. Unfiltered high-resolution im-
ages were also taken and compared with the calculated
images using the multi-slice method. The core-loss im-
ages of each element were taken by the three-window
technique of the power-law model [7] using GIF soft-
ware (EL/P), with an energy slit width of 30 eV. The
following were chosen for the center of three windows
for the Mg-K edge (energy offset = 1305 eV): Pre-edge
1 (AE;)=1105 eV, pre-edge 2 (AE,)=1205 eV, and
post-edge (AE3)=1345 eV. For the Si-K edge (en-
ergy offset=1839 eV); AE; =1639 eV, AE, =1739
eV and AE; =1879 eV were used. The method used
for background fitting was the power-law model. Spec-
tra and images were recorded with a slow-scan CCD
camera (1024 x 1024 pixel array) integrated within
the GIF-200. High-resolution EFTEM images were
recorded using a binning of 2 x 2 (512 x 512 pixels)
and an exposure time of 30-60 s per window. The total
time required to record a high-resolution core-loss im-
age was therefore 90-180 s. The direct magnification
to observe high-resolution images was 100,000x and
the final magnification via GIF was 6,500,000 x. When
the intensities of the core-loss images were weak, they
were converted to power spectrum patterns using Dig-
ital Micrograph software. The periodicity correspond-
ing to the crystal structure of Mg,Si in these power
spectrum (PS) patterns was selected by masking and
the weak core-loss images were reconstructed using an
inverse fast Fourier transform (IFFT) routine.

3. Results and discussion

A typical bright field image of the Mg;Si-phase in an
Al-1.0mass% Mg;Si alloy aged at 673 K for 3.6 ks
is shown in Fig. 1a. The selected area diffraction pat-
tern (SADP) shown in Fig. 1b, describes the [001] di-
rection of the Mg,Si, and has a lattice parameter of

Intensity (a.u)

Figure 1 (a) Typical bright field image of Mg, Si-phase in Al-1.0mass% Mg Si alloy aged at 673 K for 3.6 ks, and its (b) SADP and (c) EDS profiles.
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Figure 2 EFTEM images of extracted Mg, Si-phase, (a) zero-loss image and (b)—(e) core-loss images. (b) and (c) Core-loss images from high-loss

edges of Mg and Si, and (d) and (e) from low-loss edges of Mg and Si.

a=0.635 nm. The EDS profile exibits Mg, Al and Si
peaks. As a high Al peak represents the matrix, the ratio
of Mg to Si calculated from peaks of Mg and Si is about
2. The Mg, Si-phase is plate-shaped, and its habit plane
is known to be [001]m//[001]8 and [100]m//[110]8.
The zero-loss image of the extracted Mg,Si-phase is
shown in Fig. 2a, and the corresponding EDS and EELS
profiles are shown in Fig. 3. The EDS profile exhibits
clear peaks due to Mg-Ka and Si-Ka, and the Mg/Si ra-
tio is calculated to be about 2, which is consistent with
previous reports [12].

The EELS profile has a sharp at both 1305 eV and
1839 eV, related to Mg-K and Si-K edges. The Mg/Si
ratio calculated from these edges is about 2, which is in
agreement with the EDS results. Core-loss images of
the extracted Mg, Si-phase shown in Fig. 2a were pro-
duced, as shown in Fig. 2b—e. Images produced from
the high energy loss Mg-K and Si-K edges in Fig. 3b
are shown in Fig. 2b and c. The intensities of these core-
loss images by high loss edges are sufficiently high to
allow the Mg, Si-phase to be observed at high resolu-
tion, although the core-loss images produced from the
low loss edges as shown in Fig. 2d and e are brighter
than Fig. 2b and c. A high-resolution (HR) zero-loss
image of the Mg, Si-phase taken in the [001] direction
is shown in Fig. 4a. Bright and dark dots arrange in a
square network with a spacing of 0.32 nm. Fig. 4b is a
schematic illustration of the projected potential of the
Mg, Si-phase in the [001] direction. Mg and Si atoms
form columns consisting entirely of one or the other
element in the [001] direction. The square networks
of Mg and Si atoms with a spacing of 0.318 nm are
shown in Fig. 4b. Our interest is which dots (bright or
dark) in Fig. 4a correspond to Mg, and which to Si. To
confirm this question, HR core-loss images were taken
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Figure 3 Results of chemical analysis of Mg;Si phase. (a) EDS and
(b) EELS profiles.

from the Mg,Si phase. Original HR core-loss images
of Mg and Si are shown in Fig. 5a and b, respectively, in
which square networks with a spacing of 0.32 nm can
be seen. PS patterns were obtained from these core-
loss images by the fast Fourier transforms (FFT). The
images exhibit clear periodicities of the Mg,Si phase.
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Figure 4 (a) HR zero-loss image of Mg, Si-phase in [001] direction. (b) schematic illustration of projected potential of Mg, Si-phase in [001] direction.
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Figure 5 (a) and (b) Original HR core-loss images of Mg and Si. (c) and (d) PS patterns from FFT of (a) and (b), respectively.

IFFT-HR core-loss images filtered with these FFT im-
ages are shown in Fig. 6a and b. The 0.32 nm square
networks are clearer than Fig. 5¢ and d, and the atomic
arrangements of Mg and Si sub-lattices in the Mg;Si
phase can be distinguished. There is a possibility that
the specimen may drift during analysis because it takes
at least 3 minutes to make an elemental map for each
element, and the specimen holder drifting during pre-
edge 1, pre-edge 2 and post edge imaging, as well as
during calculation.

HR core-loss images of the Mg;Si phase taken in the
[111] direction reveal a typical superposition of atoms;
Mg and Si atoms are superimposed in the [111] direc-
tion mutually and perfectly as shown in Fig 7b. The
chemical composition of the atomic columns is 50%
Mg. HR zero-loss image in Fig. 7a is in good agreement
with a schematic illustration of the projected potential
of the Mg, Si-phase in the [111] direction in Fig. 7b, and
shows triangular network having a spacing of 0.45 nm.
The Mg and Si atoms in such triangular networks are
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not expected to be distinguishable in IFFT-HR core-loss
images. IFFT-HR core-loss images for the two elements
are are shown in Fig. 7c and d. As the two images show
the same triangular arrangement of bright dots spaced
at about 0.45 nm, the Mg and Si atoms can not be dis-
criminated in the [111] direction.

The result of observation in the [110] direction is
shown in Fig. 8. A diamond-shaped network of bright
dots with a weak contrast between bright dots is seen
in the HR zero-loss image in Fig. 8a. Two kinds of net-
works are present in the Mg;Si-phase in the [110] di-
rection as shown in Fig. 8b, namely a diamond-shaped
network and a rectangular network. The former cor-
responds to Si atoms and latter one to Mg atoms and
the two elements exist into these two columns similar to
the [001] direction in Fig. 4b. The diamond-shaped net-
work has a side length of 0.389 nm, and the rectangular
network is 0.318 nm by 0.225 nm. A diamond-shaped
network of bright dots can be seen clearly in Fig. 8a,
and the weak contrasts corresponding to the rectangular
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Figure 7 (a) HR zero-loss image of Mg, Si-phase in [111] direction. (b) schematic illustration of projected potential of Mg, Si-phase in [111] direction.

(c) and (d) IFFT-HR core-loss images of Mg and Si.

network can also be distinguished. IFFT-HR core-loss
images of Mg and Si in the [110] direction are shown
in Fig. 8c and d, respectively. The two elements have
clearly different arrangements; Mg atoms form a rect-
angular network of dimensions 0.32 nm by 0.22 nm, and
the Si atoms form a diamond-shaped network of sides
0.39 nm. This is in good agreement with the schematic
illustration in Fig. 8b. This is the first report of Mg and
Si atoms in the Mg, Si phase being successfully identi-
fied at the atomic level by EFTEM.

The spatial resolution d by EFTEM is given by the
following equation [4],

d=Ccp-A/Eg ey

where C. is the coefficient of chromatic aberration of
the objective lens (1.4 mm), B is the full angle as de-
fined by the objective aperture (16 mrad), A is width
of the energy slit (30 eV), and Ej is the accelerating
voltage (400 kV). Therefore, in this case, d = 0.84 nm.
Kothleitner and Hofer [13] have used an equation of
Krivanek et al. [14]:

d* = {(2hv0y/dE) - [0 + Or2)
x In(1 + (602 /0p)] 2}
+(CAby/ Eo)* + (0.61/60) 2)

where £ is the Plank’s constant, v is the speed of the
electron, 6y is the maximum scattering angle admitted
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Figure 8 (a) HR zero-loss image of Mg, Si-phase in [110] direction. (b) schematic illustration of projected potential of Mg, Si-phase in [110] direction.

(c) and (d) IFFT-HR core-loss images of Mg and Si.

by the objective aperture, dE is the energy loss, O
is dE/Ey, and A is the wave length of the electron.
According to this equation, the spatial resolution of our
EFTEM is 1.66 nm for the Mg-K edge at 1305 eV, and
1.08 nm for the Si-K edge at 1839 eV. This suggests that
HR-EFTEM may be applicable to separating several
kinds of elements in intermetallic compounds. In the
present study we have realized higher resolution than
these calculated resolutions, the cause of which is a
subject of further investigation.

4. Concluding remarks

Mg and Si sub-lattices of the Mg;Si phase in an Al-1.0
mass% Mg,Si alloy were observed by EFTEM. The
results obtained are summarized as follows:

1. Elemental maps of Mg and Si in the Mg, Si phase
at lower magnification were obtained from both low-
loss and high-loss edges of EFTEM. The intensities of
elemental maps by high-loss energy edges were suffi-
ciently high to allow observation of the Mg, Si phase at
high magnification.

2. Chemical analysis of Mg,Si phase were pre-
formed by EDS and EELS at the same time, and both
results showed that the ratio of Mg to Si was about 2.0
as the same as previous reports.

3. HR core-loss images of Mg-K and Si-K edges
were taken parallel to [001], [111] and [110] of the
Mg, Si phase. In the [001] direction, both core-loss
images of Mg and Si displayed square networks of
0.32 nm. Triangular networks of 0.45 nm were observed
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in the [111] direction however, sub-lattices of Mg and
Si atoms could not be discriminated in this direction, as
was expected from the projected potential of Mg, Si par-
allel to [111] direction. In the [110] direction, Mg and
Si atoms were successfully identified in their respec-
tive sub-lattices. Mg atoms formed a diamond-shaped
network of 0.39 nm, and Si atoms formed a rectangular
network of 0.32 nm by 0.22 nm. This is in good agree-
ment with the projected potential of Mg;Si phase in the
[110] direction.
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