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Electron Back Scattering Diffraction (EBSD) Analysis of Hypereutectic
Al-Si Alloys Modified by Sr and Sc
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In hypereutectic Al-Si alloys, Sr exists on the surfaces of primary Si phases as well as eutectic Si phases
and can change the growth mode of the primary Si from non-faceted to faceted as the amount of Sr increases
beyond 0.04 wt.%. However, Sc exists in the o-Al matrix instead of on the surface of the Si phases and
does not significantly affect the growth mode of the primary Si phases. EBSD analysis suggests that until
over-modification occurs a fraction of the twin boundary increases as the amounts of Sc and Sr increase.
The twin boundary is a high-angle special boundary that occurs at a 60 degree misorientation angle.
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1. INTRODUCTION

The Si phase in Al-Si alloys is a traditional nonmetallic
element that grows in a faceted way as a form of polygonal
primary Si or as an irregular plate form of eutectic Si. How-
ever, a small amount of impure atoms such as Na or Sr can
change the growth mode of the Si phase and modify the fac-
eted eutectic Si into non-faceted fine fibrous eutectic Si. This
phenomenon has been used to improve the cast and mechan-
ical properties of Al-Si alloys. A series of studies was carried
out to clarify the mechanism that enables a change in the
growth mode to affect the size and shape of eutectic Si [1,2].
However, this research was not successful until the early
1980s when transmission electron microscopy (TEM) was
used to examine the inner microstructure of eutectic Si. The
use of TEM has enabled researchers to study how Na and Sr
affect the growth mode of eutectic Si [3,4]. The results of
that research have established, firstly, that the growth of plate
eutectic Si is due to the twin plane re-entrant edge (TPRE)
mechanism, where the Si phase grows parallel to the existing
Si twin plane; and, secondly, that the growth of the fibrous
eutectic Si is due to the occurrence of abundant twinning
inside the eutectic Si [4]. This phenomenon occurs when a
modifier element such as Na or Sr is added.

Electron back scattering diffraction (EBSD) analysis is
another efficient way of analyzing the growth orientation of
crystals. EBSD patterns, which are obtained by the same
principle as Kikuchi patterns [5], enable the grain orienta-
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tions in polycrystals to be measured in terms of the misorien-
tation angles between the grains. Kikuchi patterns are
obtained when the incident electron beam to the specimen
loses a tiny amount of energy through inelastic collisions and
then reflects again.

Through the use of the EBSD technique, the grain bound-
ary characteristics and the growth mode of an alloy can be
analyzed [6-9].

EBSD analysis was adopted to study the modification
effects of adding Sr and Sc to hyper-eutectic Al-Si alloys. In
this approach, examinations are made of the grain boundary
characteristics of Si crystals where the growth mode changes
during modification.

2. EXPERIMENTAL METHOD

The first step was to prepare Al-20 wt.%Si-0.04(0.08, 01.6)
wt.%Sr and Al-20 wt.%Si-0.2(0.4, 0.8, 1.6) wt.%Sc alloy
melts in a high-frequency 50 KW induction furnace, by
using Al-20 wt.%Si, Al-2 wt.%Sc, and Al-1 wt.%Sr alloys
as mother alloys. The melts were degassed with high purity
Ar for 10 min through a graphite tube immersed in the melts.
Next, the melts were poured into a preheated cast iron mold
(100 mm x 50 mm % 50 mm) at 800 °C. The alloy samples
were collected from the center of the ingot and polished with
abrasive paper (CW220-4000) and a polishing cloth (0.05 um
alumina power); they were then etched with an etching agent
(2 ml HF and 100 ml water). The drying of the samples was
followed by ultrasonic cleaning in alcohol for 20 min.

Line scanning and mapping analysis were then conducted



104 Myunghan Kim

with an electron probe micro analyzer (EPMA, CAMECA-
SXR) to examine the distribution of Sr and Sc in the samples. In
addition, a field emission gun scanning electron microscope
(Hitachi, model S-4300SE) was used to obtain the EBSD
patterns of the samples, which, in turn, were used to examine
the grain boundary characteristics and the growth mode of
the prepared alloys. Finally, the grain orientations in the sam-
ples were analyzed with the aid of the EBSD patterns, and
the boundaries of the coincidence site lattice were identified by
measuring the misorientation angles between the grains [6-9].

3. RESULTS AND DISCUSSION

3.1. The microstructures of primary Si in Al-Si-Sr and
Al-Si-Sc alloys

Figure 1 shows how the microstructure of hypereutectic
Al-20 wt.%Si alloys change in relation to the amount of Sr
present. In the Sr-free microstructure of Fig. 1(a), the typi-
cally coarse faceted primary Si crystals can be observed.
However, when 0.04 wt.% of Sr is added to the alloy as in
Fig. 1(b), a portion of non-faceted skeletal primary Si, as
well as faceted primary Si, can be observed [10]. Finally, all
the primary Si changes to non-faceted crystals when the
amount of Sr is increased to 0.08 wt.%, as in Fig. 1(c), and
0.16 wt.%, as in Fig. 1(d). Figure 2 shows the results of the
EPMA analysis for when 0.08 wt.% Sr, as in Fig. 2(a), and
0.16 wt.%Sr, as in Fig. 2(b), was added to the Al-20 wt.%Si
alloy, respectively. The existence of Sr absorbed on the sur-
face of primary Si has been identified elsewhere [11]. The
small amount of Sr absorbed on primary Si can prevent the
TPRE growth mode and induce an impurity-induced twin-

Fig. 1. Primary Si morphologies in Al-20 wt.%Si alloys according to
the addition of Sr: (X50). (a) unmodified, (b) 0.04 wt.% Sr, (c)
0.08 wt.% Sr; and (d) 0.16 wt.% Sr.
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Fig. 2. EPMA analysis of the primary Si phase in Al-20 wt.%Si alloy
modified by (a) 0.08 wt.%Sr and (b) 0.16 wt.%Sr.

Fig. 3. Primary Si morphologies in Al-20 wt.%Si alloys according to
the addition of Sc: (X50). (a) unmodified, (b) 0.2 wt.%Sc, (c) 0.4 wt.%Sc,
(d) 0.8 wt.%Sc, and (e) 1.6 wt.%Sc.

ning (IIT) growth mode [4]. The microstructural change of
the primary Si in Fig. 1 results from the change in this growth
mechanism of the primary Si, which is caused by the addi-
tion of a small amount of Sr to the Al-20 wt.%Si alloys.
Figure 3 shows the microstructural change of the primary
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Si in relation to the addition of Sc to the Al-20 wt.% alloys.
Here, very coarse faceted Si crystals can be observed in an
unmodified state, as shown in Fig. 3(a), and at 0.2 wt.%Sc,
as shown in Fig. 3(b). The shape and size of the primary Si at
0.2 wt.%Sc does not change at all. However, when 0.4 wt.%Sc,
as shown in Fig. 3(c), and 0.8 wt.%Sc, as shown in Fig. 3(d),
are added to the alloys, smaller polygonal shapes of the pri-
mary Si are observed. When 1.6 wt.%Sc is added to the
alloys, the average size of the polygonal primary Si increases
slightly and does not decrease. This phenomenon shows the
over-modification phenomenon that results from the exces-
sive addition of modifiers [ 12]. Moreover, the results of Figs. 3(a)
to (e) show that the addition of Sc to the Al-20 wt.%Si alloys
does not significantly affect the modification of the primary
Si, as can be seen in the Sr-added Al-20 wt.%Si alloys.

Figure 4 shows the EPMA analysis used to locate the dis-
tribution of Sc in Al-20 wt.%Si-0.2 wt.%Sc and Al-20 wt.%Si-
0.4 wt.%Sc alloys, respectively. Here, Sc is not shown on the
primary Si or on the eutectic Si; rather, it is found only in the
o-Al matrix.

Figure 5 shows a magnified microstructure of the alloy in
Fig. 3 to which 1.6 wt.%Sc was added. Rectangular precipi-
tates can be observed in the primary Si as well as in the a-Al
matrix. Furthermore, the EPMA analysis in Fig. 6 shows that
these precipitates are metallic Sc phases, which grow inde-
pendently from the primary Si phases. This type of metallic
Sc, which generally occurs upon the cooling down of Al-Si
alloy melts with oversaturated Sc, causes a drastic decrease
of the Sc solubility in the o-Al matrix [13]. In addition, metal-
lic Sc precipitates also begin to occur in the 0.8 wt.%Sc-
added alloy, though they are too fine to be observed; and the
very coarse metallic Sc can occur only in 1.6 wt.%Sc-added
alloy. The upper right section of Fig. 6 shows the EBSD map
for the metallic Sc. Although the map shows that the metallic
Sc looks like a faceted crystal, in fact it is not really a faceted
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Fig. 4. EPMA analysis of the primary Si phase in Al-20 wt.%Si alloy
modified by (a) 0.2 wt.%Sc and (b) 0.4 wt.%Sc.

~ metallic Sc

primary Si

Fig. 5. The microstructure of Al-20 wt.%Si-1.6 wt.%Sc alloy, show-
ing the rectangular precipitates within the primary Si phases as well as
the a-Al matrix (X200).

Fig. 6. The EPMA and EBSD results for the metallic Sc precipitates
that appear in the A1-20 wt.%Si-1.6 wt.% Sc alloy.

crystal but a non-faceted crystal with an unstable S/L inter-
face. This fact was also verified by Hyde et al. [14].

3.2. EBSD analysis for Al-20 wt.%Si-Sr alloys

An EBSD analysis was performed for Al-20 wt.%Si-Sr
alloys with varying Sr compositions. The results are repre-
sented in Figs. 7(a) to (d). The orientation maps in these fig-
ures represent the crystallographic orientation of each grain
within the sample alloys as an inverse pole figure. The crys-
tallographic orientation of each grain, which is represented
by various colors, can be compared with the color key in
Fig. 7(e) and identified. As a result, all the grain orientations
within the sample alloys can be obtained and summarized.

For the EBSD analysis the step size was set to 1 um. Thus,
any eutectic Si particles smaller than 1 um were excluded in
the analysis, and only the eutectic Si particles that were
greater than 1 um were analyzed, even though the eutectic Si
particles were much larger than the primary Si particles
whose colors indicated that their orientations could not be
identified clearly as shown in Figs. 7(b) to (d). In these fig-
ures, the primary Si particles in each Al-20 wt.%Si-Sr alloy
appear to have diverse crystallographic orientations. More-
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Inverse Pole Figure Map

(d) (e)

Fig. 7. An inverse pole figure map of Al-20wt.%Si alloys according
to the amount of Sr, as obtained from EBSD analysis: (a) unmodified,
(b) 0.04 wt.% Sr, (c) 0.08 wt.% Sr, (d) 0.16 wt.%Sr, and (e) color key.

over, the occurrence of twinning parallel to the growth direc-
tion of the primary Si crystals increases even though the
polygonal primary Si shapes are nearly the same as those of
unmodified Al-20 wt.%Si alloy at 0.04 wt.%Sr. However, as
the amount of Sr in the alloy increases to 0.08 wt.%Sr and
0.16 wt.%Sr, the primary Si clearly changes shape from a
faceted to a non-faceted form. There is a minor decrease in
size, and profuse twinning occurs where many generated
twin planes become entangled.

In Fig. 8, the frequency of crystallographic orientations for
all the grains is represented as a histogram, which enables
the crystallographic orientation of the individual grains to be
analyzed and the misorientation angles between the grains to
be calculated. Furthermore, the existence of a special bound-
ary that has a specific misfit angle from a specific crystallo-
graphic axis can be identified in this histogram. The analysis
indicates that one of the special £3 boundaries in the primary
Si crystals is a twin boundary that exists at the 60 degree
misfit angle [6-9]. Furthermore, as the Sr is added, the fre-
quency of the twin boundary increases in the range of 0 to
0.08 wt.% but decreases slightly when the amount of Sr
reaches 0.16 wt.%. This decrease in the frequency of the twin
boundary, which results from an over-modification effect
caused by the addition of an excessive amount of Sr, pre-
vents the IIT mechanism from causing a growth of the Si
crystals. The results of the EBSD analysis also confirm the
results of other studies which show that Sr can change the
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Fig. 8. The number fraction of the misorientation angle for the Si
grains in the Al-20 wt.%S:i alloys according to the amount of Sr.

growth mode of primary crystal from the TPRE mechanism
to the IIT mechanism [3,4].

3.3. The EBSD analysis for Al-20 wt.%Si-Sc alloys
Figures 9(a) to (f) show the results of EBSD analysis for

the Al-20 wt.%Si-Sc alloys with varying amounts of Sc. The

results are presented as orientation maps that represent the

Inverse Pole Figure Map

Fig. 9. An inverse pole figure map of Al-20 wt.%Si alloys according
to the amount of Sc, as obtained from EBSD analysis: (a) unmodified,
(b) 0.2 wt.%Sc, (c) 0.4 wt.%Sc, (d) 0.8 wt.%Sc, (e) 1.6 wt.%Sc, and
(f) color key.
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Fig. 10. The number fraction of the misorientation angle for the Si
grains in the Al-20 wt.%Si alloys according to the amount of Sc.

crystallographic orientation of each grain in the sample
alloys as an inverse pole figure. The primary Si crystals con-
sist of many different crystallographic-oriented crystals, and
the polygonal shapes of the primary Si crystals did not
change at all as the amount of Sc increased. However, there
was an increase in twinning as well as a slight decrease in the
size of the primary Si.

Figure 10 shows a histogram that represents the frequency
of the crystallographic orientation of all the grains in the
Al-20 wt.%Si-Sc sample alloy. The histogram is based on
analysis of the crystallographic orientation of the individual
grains and a calculation of the misorientation angles between
the grains. A special boundary with a specific misfit angle
from a specific crystallographic axis can also be identified in
the histogram. Based on these results, one of the special X3
boundaries in the primary Si crystals appears to be a twin
boundary at the 60 degree misfit angle. The twin boundary
corresponds to that found in the EBSD analysis for the Al-20
wt.%Si-Sr alloys.

The frequency of the twin boundary increased with the
addition of Sc in the range of 0.2 to 0.4 wt.%. However,
when the amount of Sc reached 1.6 wt.%, the frequency
dropped drastically to less than half the value of the unmod-
ified Al-20 wt.%Si alloy. This drastic decrease in the fre-
quency of the twin boundary, as well as an increase in the
frequency of other grain boundaries, indicates the formation
of a new phase, which, as mentioned, is a metallic Sc precip-
itate. The results shown in the histogram indicate that there is
a relatively large frequency change in the twin boundary,
even though Sc does not affect the size and shape of the pri-
mary Si crystal. The relatively large frequency change in the
twin boundary is caused mainly by the modification of the
eutectic Si by Sc.

4. CONCLUSION

EBSD analysis, along with analysis of the crystallographic
orientation of Si crystals, was used to interpret the modifica-
tion effects of the addition of Sr and Sc in hypereutectic Al-
Si alloys. The results of the analysis have led to the follow-
ing conclusions:

1. In Al-20 wt.%Si alloys, Sc has no effect on the growth
mode of the primary Si, even though Sr changes the growth
mode of the primary Si from a faceted to a non-faceted mode
when the amount of Sr exceeds a certain level (0.08 wt.%).

2. In Al-20 wt.%Si alloys, Sr is absorbed uniformly on the
surfaces of primary Si and eutectic Si and can promote IIT
growth. As a result, the frequency of the twin boundary,
which is a special £3 boundary, increases until it reaches a
peak at 0.08 wt.%Sr; it then decreases above this level as a
result of the over-modification effect.

3. In Al-Si alloys, Sc is distributed only on the a-Al matrix
instead of on primary and eutectic Si. There is no effect on
the size and shape of the primary Si, even though there is
some effect on the modification of the eutectic Si. Thus, that
fact that the frequency of the twin boundary increases with
the addition of Sc is due to the twinning in the eutectic Si
instead of the primary Si. This increase reaches a peak value
at 0.4 wt.%Sc and then drastically decreases due to the over-
modification effect of the precipitating metallic Sc.
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