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We developed the EPMA mapping method of small α-AlFeSi(Al8.3Fe2Si) and
β-AlFeSi(Al8.9Fe2Si2) particles in the billets of Al-Mg-Si alloys such as AA6063 alloys. To
discriminate between α-AlFeSi and β-AlFeSi particles we used the relative X-ray intensities
of Fe/Si ratio, the IFe/ISi ratio, instead of the Fe/Si mass ratio. To obtain the IFe/ISi ratio, we
used a Monte Carlo method. In this study, using this method the mapping of α-AlFeSi and
β-AlFeSi particles in the surface layer of AA6063 billets after the heat treatment (for 2 h at
580◦C) was done. Namely, the distribution of α-AlFeSi and β-AlFeSi particles of zones from
the billet surface to a depth of 800 µm was measured. Results showed the zone from the
surface to a depth of 200 µm was occupied mainly by β-AlFeSi particles and the zone from
a depth of 200 µm toward the center was occupied mainly by α-AlFeSi particles. From these
results, it was found that if we remove zones from the surface to a depth of 200 µm, we can
remove the majority of the β-AlFeSi particles, and thus improve the quality of anodizing
performance of Al-Mg-Si alloys extrusions. C© 2004 Kluwer Academic Publishers

1. Introduction
It is well known that in Al-Mg-Si alloys the spatial
distribution and the spatial density of the particles of
α-AlFeSi(Al8.3Fe2Si) and β-AlFeSi(Al8.9Fe2Si2) par-
ticles [1], the size of which are larger than about 1 µm,
affect the quality of anodizing performance of the fi-
nal extrusions. For this reason, it is very important to
control the spatial distribution and the spatial density of
both types of AlFeSi particles at extrusion plants. Op-
tical microscopes have been widely used to observe the
distribution of those particles in AA6063 alloy billets,
however it is not an appropriate method for identify-
ing those particles. Also, the X-ray diffraction method
(XRD) has been used for the discrimination between
α-AlFeSi and β-AlFeSi particles. However, it is not
appropriate method for determining the spatial distribu-
tion of particles. Recently, the surface layer of AA6063
alloy billets was measured with XRD [2]. However, we
found that it is very difficult to make the specimen less
than 1 mm thickness and now we are desired to deter-
mine the distribution of those particles in the surface
layers. In this regard, the application of the electron
probe analysis (EPMA) to the mapping of those parti-
cles is one of the most effective approach. In EPMA,
we can do the quantitative analysis of α-AlFeSi and β-
AlFeSi particles, however the quantitative analysis of
the mapping is time consuming. It is not practically ap-
plicable to the mapping also if the particles are smaller
than a generated X-ray region, the ZAF method cannot
be used. From these viewpoints, the application of the
Monte Carlo (MC) simulation to the mapping is one of

the most effective approaches. The Monte Carlo method
for EPMA has been investigated for many years. Stud-
ies of the thickness determination of thin films [3, 4], the
coefficient of backscattered electrons [5, 6], the gener-
ation of secondary electrons [7–9], and the quantitative
analysis of small particles [10], have been reported.
However, the Monte Carlo methods have not been ap-
plied to the discrimination between particles composed
of the same element like α-AlFeSi and β-AlFeSi parti-
cles. Therefore, if we use the ratio of the characteristic
X-ray intensities from main elements composed of α-
AlFeSi and β-AlFeSi particles with MC simulation, we
can do the mapping of those particles with EPMA. The
aim of this study is to develop the mapping method of α-
AlFeSi and β-AlFeSi particles of AA6063 alloy billets
and using this mapping method we are to do the map-
ping of α-AlFeSi and β-AlFeSi particles in the surface
layers of AA6063 alloy billets after heat treatment

2. Monte Carlo simulation
To calculate the characteristic X-ray intensities of α-
AlFeSi and β-AlFeSi in the aluminum (matrix), we
use a Monte Carlo simulation model. The Monte Carlo
simulation model for electron scattering in a solid is
shown in Fig. 1. As seen in the figure, an incident elec-
tron collides with one of the elements constituting a
mixed target and is elastically scattered at an angle of
(ωn, φn). The intensity of generated X-rays from the
mixed target is calculated along the step length (λn). For
the intensity of the generated X-rays, a self-absorption
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Figure 1 Scattering model of an electron.

effect is included, and an electron energy loss through
one step is calculated. These calculations are carried
out for all steps of each electron and the amount of
the X-ray intensities is integrated. We use the screened
Rutherford-type expression for elastic scattering of an
incident electron. The scattering angle is determined us-
ing a uniform random number R as shown by Equation 1
[11]:

cos ω = 1 − 2βi R/(1 + βi − R), (1)

where ω is the scattering angle (radian) of the electron
and βi the screening parameter which is described in
the following section. A rotation angle φ is given by
using another uniform random number R:

φ = 2π R. (2)

The probability (Pi) of an electron being scattered by
i-th atom is given by Equation 3:

Pi = (σi · ECi/Ai)/�(σi · Ci/Ai). (3)

The total cross section (σ i
tot) of the atom is given by

Equation 4.

σ i
tot = ρNAπe4�[Ci/Ai · Z i(Z i + 1)]

/[βi(βi + 1)]/4E2, (4)

where Ai is the atomic weight, Z i the atomic number,
Ci the concentration in weight fraction, e the electron
charge (−4.8029 × 10−10 esu), E (keV) the electron
energy, NA the Avogadro’s number (6.02 × 1023) and
ρ(g/cm3) the mass density. Here βi = [5.44Z2/3

i /E ×
10−3] [12]. When an elastic collision occurs in a mixed
target, we must consider which atom scatters the in-
cident electron. The generated uniform random num-
ber R is shared as the proportional partition of the to-
tal cross section of each atom [11]. The expression
is as follows for three elements of A, B and C . If
R ≤ PA, then the electron collides with atom A. If
PA < R ≤ PA + PB, the electron collides with atom

B. And if PA + PB < R ≤ PA + PB + PC, the electron
collides with atom C .

The stopping power of an electron in a solid is given
by Equations 5 and 6 [13, 14]. For E > 6.338 � JiCi,


E/
S [keV/cm]

= 7.85 × 104ρ�[Z iCi/Ai · ln(1.166E/Ji)]/E . (5)

For E ≤ 6.338� JiCi,


E/
S [keV/cm]

= 7.85 × 104ρ�
(
Z iCi/Ai/J 1/2

i

)/
1.26E1/2, (6)

where 
E/
S was the stopping power of the electron
(
S represents a mean free path), and Ji the mean ion-
ization potential; Ji [keV] = 11.5 Z i × 10−3 [15].

The characteristic X-ray intensity (I ′
i ) generated at

the n-th step is given by Equation 7,

I ′
i = NAρQi(E)(WiCi/Ai)λn, (7)

Qi(E)E2
iK = 7.92 × 10−20 ln(Ui)/Ui,

Ui = E/EiK,

Wi = α4/(1 + α4),

α = −0.0217 + 0.032Z i − 1.14Z3
i × 10−5,

where Qi(E) [16] is the ionization cross section for
inner shell electrons, λn the mean free path, Eik (keV)
the excitation energy of the K shell electron of an i-th
atom, and Wi [17] the fluorescence yield. After this step,
absorption correction of the X-ray intensity generated
at the n-th step is carried out. Then, the relative X-ray
intensity (I ) are expressed as

I = I ′
An/I ′

Sn (8)

where I ′
An and I ′

Sn are the X-ray intensities from an el-
ement A in the target and from the pure element A.
The calculation of electron trajectories is stopped ei-
ther when the electron escapes from the targets into the
vacuum or when the electron energy falls to below the
critical excitation energy. The big feature of this MC
simulation is to be able to obtain results with enough
accuracy for a few minutes with a commercial type
personal computer. This MC code has been already de-
scribed in detail [18, 19]. Also, the elastic scattering
and the inelastic scattering regarding the samples such
as compounds, alloys, mixed targets and multiple layers
have been described in [11].

The targets used in this study are very small, for this
it is necessary to consider that we assume the shape
of targets used in the MC calculation. The geometri-
cal shapes of α-AlFeSi and β-AlFeSi are commonly
observed as a plate shape and a needle shape, respec-
tively. Therefore the shape of particles of α-AlFeSi and
β-AlFeSi in aluminum (matrix) was assumed to be a
rectangular parallel piped. The schematic of α-AlFeSi
and β-AlFeSi particles in the aluminum matrix em-
ployed in the present MC model is shown in Fig. 2.
Since the particles larger than 1 µm are important in

1228



T ABL E I Parameters used for Al, Fe and Si, Kα lines

Element Critical excitation Atomic Atomic Absorption
(Line) voltage (keV) number weight coefficient

Al (Kα) 1.559 13 26.98 Al → Al 407
Al → Fe 3420
Al → Si 552

Fe (Kα) 7.11 26 55.847 Fe → Fe 76
Fe → Al 99
Fe → Si 124

Si (Kα) 1.838 14 28.08 Si → Al 3440
Si → Fe 2490
Si → Si 360

T ABL E I I Parameters used for AlFeSi particles, Al, Fe, Si

Targets Atom Mass% Density (g/cm3)

α-AlFeSi Al 62.0 3.5
Fe 30.0
Si 8.0

β-AlFeSi Al 58.0 3.5
Fe 27.0
Si 15.0

Element Fe 100 7.86
Al 100 2.7
Si 100 2.34

Figure 2 Schematic of an AlFeSi particle in the aluminum matrix em-
ployed in MC calculation.

practice, the minimum of the particle size was assumed
to be x = y = z = 1 µm. The maximum size was
assumed to be x = y = z = 10 µm, which can be
regarded as bulk. The particles were assumed to locate
at the sample surface and incident electrons impinged
at the center of the particle surface. The take off angle
of X-ray is 52.5◦ from the sample surface.

3. Results and discussions
3.1. Relative X-ray intensity
By using MC code as mentioned Section 2, we calcu-
lated the characteristic X-ray (Kα) intensities of Al,

T ABL E I I I Calculated results of IAl, IFe and ISi from each AlFeSi particle

Size: x = y = z = 1 µm Size: x = y = z = 10 µm

Samples IAl IFe ISi IAl IFe ISi

α-AlFeSi 0.6863 ± 0.0172 0.2397 ± 0.0035 0.0378 ± 0.0035 0.5211 ± 0.0011 0.2771 ± 0.0049 0.0516 ± 0.0011
β-AlFeSi 0.6675 ± 0.0248 0.2183 ± 0.0060 0.0717 ± 0.0046 0.4839 ± 0.0111 0.2460 ± 0.0053 0.0973 ± 0.0032

Fe and Si generated from each pure element, and
from α-AlFeSi and β-AlFeSi particles which sizes are
x = y = z = 1 µm and x = y = z = 10 µm. The ini-
tial energy of the electron was 15 keV. The numbers of
incidence electron were 150. The incidence angle was
0◦ (normal incidence) and the take angle of X-ray was
52.5◦. Table I shows parameters for Al, Fe and Si used
in the MC calculation. Table II shows the mass% and
the density of those particles. The variation of MC cal-
culation was estimated by statistical errors of ten trials
obtained by changing the initial value for random num-
ber generation. The particles used in calculations were
α-AlFeSi (Al8.3Fe2Si) and β-AlFeSi(Al8.9Fe2Si2). The
X-ray intensities generated from particles were con-
verted into the relative X-ray intensities by Equation 8.
Table III shows the calculated results of the relative
X-ray intensities, IAl, IFe and ISi from each AlFeSi
particle.

3.2. Discrimination between α-AlFeSi
and β-AlFeSi Particles

Fig. 3a and b show the calculated results for IFe and
ISi of α-AlFeSi and β-AlFeSi targets in Table III. The
circle and diamond in figures show the results of sizes
of x = y = z = 1 µm and x = y = z = 10 µm,
respectively. As seen in Fig. 2, if the IFe and the ISi are
smaller than those of the size of x = y = z = 1 µm,
namely if the IFe and the Isi are smaller than 0.2123 and
0.0343, respectively, they are assumed to be matrix,
if more than those, they are assumed to be particles.
Fig. 4 shows the calculated results for IFe/ISi ratio of
α-AlFeSi and β-AlFeSi in Table III. The circle and
diamond in the figure show results for the sizes of x =
y = z = 1 µm and x = y = z = 10 µm, respectively.
From the Fig. 4, it was found that the IFe/ISi was 4 or
more for α-AlFeSi and less than 4 for β-AlFeSi [18].

3.3. Mapping method
Fig. 5 shows the flow sheet to discriminate between α-
AlFeSi and β-AlFeSi particles. Using this flow sheet,
we developed the mapping program of α-AlFeSi and
β-AlFeSi particles for EPMA 8705 sited at Shimadzu
Corporation. This mapping program, written in BASIC
language, can automatically measure the distribution of
α-AlFeSi and β-AlFeSi particles. First, we measured
the X-ray (Kα) intensities of Fe and Si from each pure
element, secondly we measured the X-ray (Kα) inten-
sities of Fe and Si from analytical points divided like
a mesh in the sample. After that, the X-ray intensities
obtained from each analytical point were converted into
the relative X-ray intensities automatically and each an-
alytical point was decided whether matrix or particles
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(a)

(b)

Figure 3 (a) Relative X-ray intensity (ISi) of Si from α-AlFeSi and β-
AlFeSi targets (•: the size of x = y = z = 1 µm, ◆: the size of
x = y = z = 10 µm) and (b) Relative X-ray intensity (ISi) of Si from
α-AlFeSi and β-AlFeSi targets (•: the size of x = y = z = 1 µm, ◆:
the size of x = y = z = 10 µm).

Figure 4 IFe/ISi of Fe from α-AlFeSi and β-AlFeSi targets (•: the size
of x = y = z = 1 µm, ◆: the size of x = y = z = 10 µm).

TABLE IV Chemical composition of AA6063 billet mass(%)

Fe Si Mg Cu Ti Mn Ni Zn Cr Al

0.18 0.40 0.50 0.010 0.010 0.006 0.004 0.006 0.003 Bal.

Figure 5 Flow sheet to discriminate between α-AlFeSi and β-AlFeSi
targets.

judging from the flow sheet. Finally the images of those
particles displayed in different colors on a CRT.

3.4. Results of mapping
We used a wavelength dispersive EPMA-8705 spec-
trometer (Shimadzu corporation, X-ray take off angle
of 52.5◦). The measurement was done with electron-
beam current 20 nA , at accelerating voltage of 15 kV
and at angle of incidence 0◦ (normal incidence). Sam-
ples (10 mm × 10 mm × 10 mm) was cut off from
the billet surface to inside were heat-treated for 2 h at
580◦C and then embed in resin and polished with dia-
mond paste. Additionally, we prepared Fe (4N) and Si
(4N). Also, the chemical composition of AA6063 al-
loy billets is shown in Table IV. Furthermore, in order
to carry out night-time determinations, a measurement
time of 0.5 s/pixel, the analysis area 400 × 400 µm2

and the pixel number 200×200 were set. The zone from
the surface to a depth of 400 µm and the zone from a
depth of 400 µm to a depth of 800 µm were mea-
sured. Fig. 6 shows the results of the mapping. In the
figure, the red contrast means α-AlFeSi particles and
the green contrast means β-AlFeSi particles. Fig. 6a
shows the result of the mapping of the zone from the
surface to a depth of 400 µm. Fig. 6b shows the result
of the mapping of the zone from a depth of 400 µm to a
depth of 800 µm. As a result, from the Fig. 6a, the zone
from the surface to 200 µm inside was occupied mainly
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Figure 6 Mapping of α-AlFeSi and β-AlFeSi particles from the surface layer to a depth of 800 µm.

by β-AlFeSi particles and β-AlFeSi particles gradually
decreased with an increase of α-AlFeSi particles in the
zone from a depth of 200 µm to a depth of 400 µm.
From the Fig. 6b, the zone from a depth of 400 µm to
a depth of 800 µm was occupied mainly by α-AlFeSi
particles.

4. Conclusion
In this paper, the EPMA mapping method applies to
the mapping of α-AlFeSi and β-AlFeSi particles in the
surface layer of AA6063 billets. As a result, in spite of
the practical operation heat treatment(for 2 h at 580◦C),
the segregation zone from the billet surface to a depth
of 200 µm is occupied mainly by β-AlFeSi particles.
The zone from a depth of 200 µm toward the center
is occupied mainly by α-AlFeSi particles. From this,
it was found that if we remove the surface layers to a
depth of 200 µm, we can remove the majority of the
β-AlFeSi particles, and thus improve the quality of the
anodizing performance after the billet is extruded.
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