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Abstract

Microstructure of nodular primary silicon crystal in
hypereutectic Al-Si alloy has been metallo-graphically
studied. Etched growth traces were used to investigate the
growth mechanism of nodular silicon crystal. Silicon
nodule as an equiaxed polyhedron faced with different
high-index facets grew in concentric growth mode with
almost equal growth rate of growth facets. The unequal
growth rate between two neighboring facets caused the
new high-index facet to appear, making silicon crystal
more roundish. The reason for the formation of nodular
silicon crystal with multi-facets was discussed in terms of
the discrepancy of diffusion rate of silicon atoms in melt
and crystallization rate of silicon grain with changes in
temperature. In current study, the high cooling rate in
freezing of Al-14wt%Si alloy casting treated by the
designed modifier consisting of P, Ti, B, and mischmetal
(RE) near the chill mould promotes the occurrence of
silicon nodule.
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Introduction

In the solidification of a hypereutectic Al-Si alloy, the pri-
mary phase of faceted Si crystals growing from the melt is
known to exhibit a wide variety of morphologies, mostly
faced by {111} facets [1, 2]. Initially, five basic morpholo-
gies of primary silicon were defined, namely, octahedral,
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plate-like hexagonal, equiaxial, star-like, and spheroidal
morphologies. Over past decades, a lot of researches have
been carried out on the microstructure and growth mecha-
nism of the primary silicon phase in Al-Si alloys [3—14].
However, relatively little work has been focused on the
spherical silicon crystal, either its microstructure or growth
mechanism. In 1926, Gwyer and Philips have firstly
observed the small silicon nodules in Al-16.6wt%Si-0.5wt%
Fe alloy treated by Swt% NaOH [15]. One year later Gayler
reported that as silicon content increased to 17.52wt% Si in
hypereutectic alloy containing 0.02wt%Na, a few nodular
silicon crystals also could have been found [16]. High
undercooling achieved by chill casting [17, 18] or droplet
levitation [10, 11] is another powerful tool to spheroidize
silicon, either primary or eutectic in solidification of alloy. It
was found that as undercooling reached 73 °C or more
primary silicon transformed from faceted octahedral shape
into nonfaceted contour growing in a roundish form [8, 9]. In
1968, M. Day reported that the spherulites are characterized
by high twin density and radial twin markings [19]. If the
twin density is sufficiently high, the primary silicon can
grow in a spherulitic form. This so-called spherical primary
silicon is not perfectly spheroidal shape, and is simply a
multi- faceted form of the basic polyhedral shape [20]. But
the nucleus appears in a number of different form, such as
irregular crystal or octahedral AIP crystal in P-treated Al-Si
alloy [3, 21]. By now what growth mechanism to develop
the spherical silicon is mystery.

As is well known, the growth traces can serve as a
powerful tool to understand the varieties of growth mor-
phology of crystal during solidification or heating [22]. In
previous studies, authors revealed the growth striations of
primary silicon crystal in Al-Si alloys by appropriate etching
techniques [3, 21], studying the growth mechanism of
octahedral, spinel, star-like, and other irregular external
shape of primary silicon phase. The growth striations appear
in closed concentric lines from the nucleus to external sur-
face of crystal, marking the external shape of the crystal at
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successive stages in its growth from the melt. The spacing
between successive growth traces represents the distance of
growth in a certain time interval of growth and is propor-
tional to the velocity of growth. An important feature is that
the spacing varies with time for different facets, greatly
affecting the morphology at certain interval and finally
external contour of Si grain. It has been frequently found that
one of two neighbors’ low-index faces {111} grows faster
than another, consequently leading to the occurrence of other
high-index plane. Therefore, the profile of the crystal
approaches an equiaxed shape with different low- and
high-index growth facet planes parallel to external habit
facets, respectively. This phenomenon raises one question
whether the spheroid silicon is the equiaxed polyhedron and
how the silicon nodule grows up.
In the work, the aims focus on the following:

(1) The observation of variety of growth morphology of
nodular silicon crystal in hypereutectic Al-Si alloy via
growth rates.

(@)

The study of the growth mechanism of nodular silicon.

Experimental Procedure

Metallographic samples were taken from Al-14wt%Si alloy
listed in Table 1.

The alloy was melted in an 8-kg graphite crucible placed in
an electric resistance furnace. The melt was treated by the
designed modifier consisting of P, Ti, B, and mischmetal
(RE); degassed with N,; and then poured into metal mould to
form a casting 40 x 50 x 120 mm in size. Polished speci-
mens were attached by a hot aqueous solution of 20 wt%
NaOH at 80 °C, which dissolved the matrix to leave silicon
crystals standing in relief and also etched the growth traces in
silicon crystals [21]. Because of the high cooling rate at the
boundary of casting near the mould introducing a higher
undercooling in solidification [23, 24], a few of roundish
primary silicon crystals often appear in specimens [9, 10].
This provides the possibility to study the microstructural
characteristics and growth mechanism of nodular silicon
crystal in casting. The information about orientation of facets
is referred to our previous articles [3, 21].

Table 1 Analysis of Al-Si

Alloy Si
alloys tested wt%

Al-14wt%Si 14.0-14.6

R. Wang and W. Lu
Observation and Analysis

Two stages in growth process are demonstrated by
microstructural observation. Firstly, a stem crystal is devel-
oped from an octahedral silicon nucleus in initial stage of
growth. Then, the stem crystal grows in concentric layer
mode; the low-indexed facets gradually grow out, causing a
lot of new high-indexed facets to occur. Crystal growth in
this mode continues from the center of crystal to the external
periphery. A silicon nodule is gradually developed.

Initial Stage of Growth

Figures 1 and 2 show images and related crystallographic
analyses of semi-nodular and nodular silicon crystal respec-
tively, in which the growth traces revealed by hot etching are
clearly displayed. Most series of growth traces appear as
closed concentric lines with same growth space in certain
intervals similar to a distinct pattern of concentric tree rings.
The measurement of angles between growth traces in two
nodules yields an interesting event. In stage of growth four
growth traces can be found, as shown by dotted line in Figs. la
and 2a, imposing a flat shape with two pairs of opposite traces
parallel, and one pair of opposite angle of 70.5” and other of
109.5°, thus the four growth traces are (1 11), (11 1), (111) and
(111), respectively. The plane of the section obviously lies
parallel to {110} of an octahedron. The orientation of every
growth trace can be easily confirmed by angular measurement
between traces. Each straight section of growth trace runs
parallel to an external surface facet such as {111}, {100},
{112}, and others. In the center of the semi-nodular crystal, a
silicon particle exhibits unclear polygonal contour (Fig. 1a).It
is interesting that in the early stage of growth an irregular
octahedron with many facets, such as {111}, {001}, and {11
2}, apparently exists as shown in Fig. 1b, c. In our previous
study, it was found that the grown morphology of silicon
particle is greatly affected by the contour of silicon crystal
formed in initial stage [3, 21]. Since phosphorus was used in
the designed modifier, it is to be expected that the primary
silicon crystal would nucleate heterogeneously. The likely
nucleus would be AIP crystal, which has a structure and
crystal parameters close to those of silicon [25] Thus, in early
growth, a silicon crystal on AIP grows with eight {111} tri-
angles. During initial growth from the pyramid silicon crystal

Cu Mg
0.90-1.20 0.50-0.55

Mn Fe
0.26-0.32 0.35-0.48
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Fig. 1 a Cross section (110) through a semi-nodular silicon crystal
exhibiting a concentric layer growth traces. Polynary Al-Si alloy hot
etched. Optical. b Schematic representation of a. An included angle of
70.5° is formed by two intersected lines (111) and (11 1).The numbers
refer to measurements in Table 2. ¢ Schematic representation of stem

all crystallographic facets are exposed to the melt; 6 vertices
and 11 edges are truncated; and 1 edge, at which (111) and
(117) planes intersect, remains unchanged, leading to forma-
tion of 3 octagons, 2 heptagons, and 11 tetragons, respectively
(Fig. 1d). Moreover, a new facet (112) appears and intersects
with (001) and (011) (Fig. 1c), leaving 2 hexagons. Thus, 8
initial {111} triangles are blunted to form 8 hexagons

silicon crystalline displaying a truncated octahedron, which evolves
from a silicon octahedron nucleus, in initial stage of growth. d 3-D
schematic representation of seed crystalline. The section of stem
crystalline ¢ on (110) plane is shown by the thick lines

(Fig. 1d) As a result, the grown irregular polyhedron in the
first early stage is an equiaxed crystal in great degree with 48
vertices, 72 edges, and 26 facets being composed of 11 tet-
ragons, 10 hexagons, 2 heptagons, and 3 octagons (Fig. 1b,
d). The crystallographic characteristics of the deformed
octahedron seem, in great degree, to be the crystal structure of
potassium alum [26].
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Fig. 2 a Microstructure of nodular silicon crystal exhibiting roundish
outlines in the plan Section (110), with concentric layer growth traces
parallel to external surface. Optical. b Schematic representation of
a. Four dash lines intersected each other reveal an octahedral primary
silicon crystal, from which roundish silicon developed. ¢ Schematic

The microstructural characteristics of nodular silicon are
similar to semi-nodular silicon although no growth trace is
etched out in the central region. However outside this area the
growth striations or layers clearly exhibit a series of the closed
concentric traces parallel to the external periphery (Fig. 2a,
b). Itis very interesting that the growth layers are composed of

representation of stem crystal displaying a distorted octahedron in first
early stage of silicon growth. d Stereo schematic representation of stem
crystal showing a truncated octahedron. On (110) plane the thick lines
represent the section of stem crystal (c¢)

lots of high-indexed facets such as (221), (331), (11
8), (1110), (1112), (11 14), etc. making the silicon grain more
roundish relative to semi-nodular silicon. Combining the
experimental results in the semi-nodular silicon mentioned
above, it would be expected that the silicon nodule will
develop from a distorted octahedron in first early stage of
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growth as shown by the dotted equiaxed configuration in
Fig. 2b, c, and the nucleus would be an octahedron as shown
in Fig. 2c. During initial growth of the octahedral nucleus, its
6 vertices and 11 ridges grow out, leaving 46 vertices, 69
ridges, and 25 facets being composed of 2 heptagons, 11
tetragons, and 12 octahedrons (Fig. 2d). The configuration
can be recognized as an equiaxial blunted octahedron.

Concentric Layer Growth Stage

As growth proceeds, a silicon grain faced by different facets
grows in such a concentric mode that the growth rate is
almost identical in all orientations. Meanwhile, the growth
morphology remains unchanged. However, some growth
rates normal to two neighboring facets are not identical and a
lot of edge angles of growth silicon particle are continuously
truncated, forming new high-indexed facets. The new edge
angle is much larger than the truncated angle, making the
equiaxed crystal more roundish (Table 2). This growth
characteristic different from the growth mode of octahedron
[3] plays a determined role to develop the nodular silicon. It
should be noted that whether the edge or corner grows
downwards imposing the new facet is attributed to the dif-
ference of growth rate between two neighboring growth
facets [3]. In our previous study [27], author developed an
expression to predict the condition of stabilized faceted
growth, as follows:

Vig = (V[um-]’ / sin a) {1 + Z(V[Q,,(]/ V[abc]') cosa + <V[a”4/ V[ubf]’>2}l/2
(1)

where o is the angle (or ridge) between two neighboring
growth traces, V [ is growth rate of ridge or corner o, and V
[abej 18 growth rate normal to neighboring facet (abc) and
(abc) , respectively.

The general expression can be used to anticipate the limit of
stable growth of crystal which is cut at random angles in
microsection. If the expression (1) is satisfied for the growth
rate of the ridge and two neighboring growth facets, the
crystal will grow in stable mode, the crystal shape remaining
intact. If V(g is greater than the right-hand side (RHS), this
represents accelerated corner growth and the corner grows
outward. On the other hand, if V(g < RHS, corner growth is
decelerated, and conditions favor the truncation of the corner
or ridge to create a new facet.

Table 2 lists the variety of silicon morphology with the
growth spaces measured on micro-sections accompanied with
the corner (or ridge) o between 64.5 and 160.9° shown in
Figs. 1 and 2. Figure 3 schematically demonstrates the rela-
tionship between grown morphology of silicon crystal and the
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ratio of growth rate normal to two neighboring facets men-
tioned in Table 2. There are three growth modes describing the
relationship. Firstly, growth spaces are of equal size, implying
the same growth rate normal to different facets, either high or
low index in certain interval during freezing. Equation (1) is
satisfied as demonstrated by measurement numbers 1, 5, 8, 13,
and 15 in Table 2 and Fig. 3. Silicon crystal grows homoge-
neously and this pattern is accurately reproduced with each
successive growth trace. The growth mode can be referred to
as “stable mode”. Observations demonstrate that most of the
facets in nodular silicon grow in this mode. Secondly, a lot of
growth rates normal to two neighboring facets are not of equal

size with the ratio of growth velocity in range of 0.7(x1/v/2)—

1.4 (%\/E) such as numbers 2, 6, 7, 9-12, and 17 in Table 2
and Fig. 3. In this case, the stable faceted growth tends to
break down. However, these tendencies are usually quickly
corrected, so that the faceted shape is recovered, and the
expression is satisfied too. As a result, the growth profile is
maintained unchanged; while the orientation and magnitude
of the growth ridge change in a small degree (Figs. 1b and 2b).
This mode of growth can be referred to as “sub-stable”.
Thirdly, as Viape/Viabey < 0.7(=1/7/2) ot Vigpe/Viapey > 1.4
(=V2), Vg is smaller than the right-hand side (RHS), thus the
growth condition doesn’t approach the requirement of Eq. (1).
In this case, the growth of the ridge or corner decelerated,
representing truncation of the ridge or corner with appearance
of new higher indexed facets as shown by numbers 3, 4, 14,
and 16 accompanied by the new edge angle larger than the
truncated ridge angle (Table 2 and Fig. 3). This mode of
growth would be referred to as “unstable mode”. It is apparent
that truncation of the ridge or corner is an important step for
the appearance of roundish silicon crystal.

The stability of growth morphology of nodular silicon
crystal is attributed to the ratio of the growth rates normal to
two neighboring facets. The greater the difference of growth
rates normal to two neighboring facets, the worse the sta-
bility of growth morphology of silicon crystal. During the
growth process the high-indexed facets continuously appear
and the amount of facets on the external surface is increas-
ing. However, the amount of facets on the external surface in
semi-nodule (Table 3) is much less than in silicon nodule
(Table 4), and therefore the silicon nodule (Fig. 2a) looks
like a sphere in great degree compared with semi-nodule
(Fig. 1a). Undoubtedly the silicon spherulite is a form
developed from the stage of pyramid instability, exhibiting a
multi-faceted crystal. In other words, nodular silicon is an
equiaxed polyhedron bounded by fine facets with different
index other than low-index one. This assumption is verified
by the SEM observation on the silicon nodule, showing the
hexagon and other polyhedrons on external surface (Fig. 4)
(Tables 3 and 4).
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Table 2 Average growth trace spacing measured in nodular silicon and the relationship with growth morphologic variety of silicon crystal

No. | Two Measuring Average growth Growth  Included | Limit of Vg/ Morphologic variety Figure
neighboring | number A/ space (mm x 107%) space angle stable growth, | RHS
th M i ti bet RHSb
(fgrow easuring Ve Viee | Vi ratio etween 73
acets number B (Viabe! | Viabe; and | (mm x 1077)
(Vabeps (in Figs. 1b, Viabel)  Viaber
Vaber) 2b) (degree)
1 V[“—], Vi | (©)/(4) 45 38 4.0 ~1.0 109.5 4.6 -1 Stable growth Figure 1b
2 NI(3) 25 22 1.8 1.3 109.5 2.5 1.0 Sub-stable growth
3 8)(2) 1.2 0.8 2.0 04 109.5 2.0 0.6 New (010) appears.
(111) shrinks. New
144.8 deg. ridge between
(111) and (010) appears
4 Voo Vi | (20)/(4) 45" 172 3.8 1.9 125.2 7.1 0.63 | New (113) appears. New
ridge between (113) and
(111) is 150.7 deg
5 Vi Vi | 22)/(3) 26 20 2.0 1.0 150.7 2.5 1.0 Stable growth
6 Vioo1}» le] (20)/(17) 7.0 7.2 5.0 1.4 125.2 7.2 -1 Sub-stable growth
7 21)/(18) 25 |25 2.0 1.4 125.2 2.6 -1 Sub-stable growth
8 Viotop Vi) (16)/(13) 1.8 1.1 1.0 1.10 64.5 1.8 1.0 Stable growth
9 (15)/(14) 20 1.0 1.5 0.7 64.5 2.2 0.9 Sub-stable growth
10 V[ui]v V[m] (10)/(6) 40 35 3.0 1.2 160.9 39 -1 Sub-stable growth
11 (1)) 1.8 20 1.5 1.3 160.9 1.5 1.2 Sub-stable growth
12 V[ﬁ3], le] (DH/I(2) 2.7 132 2.3 1.4 150.7 2.6 -1 Sub-stable growth Figure 2b
13 Ve Vi 3)(4) 1.5 1.1 1.2 0.9 151.6 1.4 1.1 Sub-stable growth
14 V[m], V[ﬁﬂ ST 2.5 3.0 2.0 1.5 150.7 33 0.76  New (ﬁgpears. R-idge
between (111) and (225)
is155 deg
15 V[ﬁ3], Vi (6)/(8) 12 038 0.8 1.0 129.6 1.0 1.2 Stable growth
16 V[m] V“ﬁ] (1) 1.1* 2.0 2.8 0.7 129.6 32 0.34  New (1112) and (11 10)
appear. New 162 deg. ridge
between (113) and (1112)
occurs. Ridge between (113)
and (11 10) is 163 deg
17 Vi Vi (9)/(10) 22 28 24 1.2 150.7 2.4 0.9 Sub-stable growth

Growth space of new facet is identified with the distance from ridge between two neighboring traces to the new facet

OV faber/SIN0) {1+ 20V fabet/ Viabe )08 + (V fapet/V paver)’}

Discussion

When primary silicon crystal precipitates from melt the
morphology of growing crystal is determined by the growth
rate of interface of crystal in melt. As is well known the
growth rate is dependent on the mechanism which controls

the rate of silicon atom attachment to the interface of silicon
crystal. The controlling mechanism can be diffusion, at
which the flux of atoms controls the growth rate, all atoms
reaching the surface of silicon crystal being incorporated. In
this case, the growth rates for all the facets would be the
same as the diffusion rate of silicon atom in melt. Alterna-
tively, the controlling mechanism can be crystallographic
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Fig. 3 The relationship between stability of growth of nodular silicon
crystal and the ratio of the growth rates normal to two neighbouring
facets. The measuring numbers refer to spacing measurements in
Table 2

Ana4

Fig. 4 SEM micrograph of silicon nodule, showing the hexagon and
other polyhedrons on external surface

kinetics, in which the interface structure of silicon particle
determines the rate in which atoms are accepted from the
diffusion flux. Therefore, the kinetics growth rate is greatly
affected by the roughness of the interfacial structure of
crystal that depends on the structure of the crystal interface
and the entropy of melting (8,/Tg), where d; is latent heat of
melting and Tg is melting point. Jackson found that faceted
growth is favored as a quantity o = (34/Tg)(Ng/Ny) exceeds

2 cal/°C, Ng and Ny are the number of close neighbors on
the surface and within the body of a crystal, separately [28].
If quantity o is less than 2, a rough plane will grow up. The
growth velocity on a facet plane seems to be much smaller
than the rough plane [28]. In addition, the kinetics growth
rate of higher index face is larger than low-index facets.
Silicon is a boundary faceted crystal; its Ng and Ny vary
with different planes, as shown in Table 5 and the growth
rates normal to different facets are different. The value of
2.67 for silicon predicts that silicon should grow in faceted
form with {111} favoured as the facet plane, however {110}
and {100} with quantity o of less than 2 grow in nonfaceted
mode. The growth velocity of the nonfaceted planes
(100) and (110) is much greater than that of faceted
(111) facet [28].

Temperature and solute field are two important factors
influencing solute diffusion process and crystallization
kinetics. According to the study of Jackson, the growth of
primary silicon crystal in Al-Si alloy melt proceeds by a
mechanism of dislocation spiral in the direction normal to a
facet [21, 28]. The growth rate varies linearly or exponen-
tially with the undercooling [28-30]. In contrast, the scale of
the diffusion coefficient of aluminum and silicon in Al-Si
alloy exponentially decreases when temperature drops down
in melt, leading both diffusion rates to decrease [31-33].

At melting temperature, the kinetics growth rate is
assumed to be zero. As freezing proceeds, the temperature of
the melt continuously decreases to make the melt in under-
cooled state. As a result, both rates vary in opposite direc-
tions, accelerating the crystallization rate of silicon crystal
and slowing down the diffusion rate of silicon in melt. Under
small undercooling, for example, in the body of casting, the
diffusion rate of silicon in melt might be greater than the
kinetics growth rate of the lower index planes, for example,
{111}, {110}, and {100}, but less than the kinetics growth
rate of higher indexed facets, such as {113}, {331}, or
{1114}, thus the growth rate of low-indexed facets {111},
{110}, and {100} is determined by their own Kkinetics
growth rate. Moreover, the growth rate of facets (100) and
(110) is larger than the growth rate of the plane (111) [28]
and according to long held crystallographic rule [34] the
higher growing planes grow out, leaving the slow-growing
planes to form facets, finally causing the formation of almost
perfect octahedral silicon bounded by eight {111} facets
with strongly faceting. On or near the mould wall, the
cooling rate of melt is much higher than in the body of
casting, producing a larger undercooling [23], greatly
enhancing these two tendencies mentioned above. As the
silicon diffusion rate is much less than the kinetics growth
rate of all planes, either higher index or lower, the growth
velocities normal to all faces slow down and the growth rates
of all facets are determined by the diffusion rate of silicon in
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Table 3 Scheme of occurrence of new facet from nucleus to external surface in semi-nodular silicon crystal (Fig. 1b)

Initial stage Stage of occurrence of new facet
i i i} v External
surface
(001) ———»(001) —1—%001) ——001)——x116)
(111) /:(113) — 113y ——x113) ——¥112)
)= — (1) — 1) — 11
>‘(o10)——.(o10)
) —L [ g 11Ty [ 11T
(117) (112) ——»(112) ——112) ——-(115)—;5223)
(00T)———»(00T) ——»00T) ——»00T) ———»00T)
(I17) AT HA13) | JA13)__ | 113}y | KI13)
)m)
(0T0) — 1 40T0)— 5(0T0) | y0T0)—| 0T10)
(111 (113) __(.TTs)__.(TB):::(TTS)_jTB)
(001) |, (001) (0ol 00— __«116)
Amount of 8 9 9 10 11
facets

melt. In this case, the formation of all facets is favored,
providing the possibility of the formation of spherical sili-
con. The assumption has been demonstrated in our study.
A few of small primary silicon nodules appeared near the
boundary of chill casting. It is worth noting that if temper-
ature and solute field surrounding the growing crystal is
homogeneous, the contour of the crystal remains unchanged
due to the same growth rate of all the facets. It is of
importance that temperature and silicon gradients sur-
rounding a growing crystal will rarely be spherically sym-
metrical due to the variety of silicon distribution and the
latent heat evolved from silicon crystal during solidification.
A local difference either in temperature or in the supersat-
uration of the melt can cause the differences of growth rate
between adjacent facets, opening up possibility for occur-
rence of high-indexed facets as shown in Fig. 3. Considering
the occurrence of nodular silicon with undercooling in melt
[9-12], it would be safe to assume that the temperature field
in current study is the most important factor affecting the
crystal shape. During the development of fast-growing facet
the larger amount of latent heat evolved from silicon per unit
time significantly raises the temperature at the crystal-melt
interface, accelerating the growth rate being compared with
the adjacent slow-growing facet. In this case, a higher

growth velocity of edge or corner is required to satisfy the
expression of Eq. (1) for the stable growth. However, the
latent heat evolved from silicon is transferred into a larger
volume of melt adjacent to a corner by comparison with the
facet plane itself. Therefore, temperature rises by a smaller
value in melt neighbouring a corner, resulting in lower
growth velocity, ultimately favouring the truncation of the
corner. At this stage, the atom arrangement will initially be
distorted, and further atom additions to the blunted corner
will tend to form other higher indexed crystallographic plane
as shown in Table 2. The identity of the facet so formed
would not be a chance event, when formed at an early stage
of growth, such a lower indexed facet tends to be stable, as
in the case of (010) and (113) in Fig. 2b and Table 3. On the
other hand, at a late stage of growth, such higher indexed
planes (223), (1110), and (1114) shown in Fig. 3b and
Table 4 easily develop. It is obvious that the nodular silicon
development can only be achieved by the lower silicon
diffusion rate in high undercooled melt. This phenomenon is
found in other references [9, 10] reporting that the mor-
phology of silicon crystal in Al-Si alloys is function of
undercooling in freezing. With rapid cooling the roundish
crystal is easily formed from melt [35]. The spheroid silicon
is an example of unstable growth in faceted systems.
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Table 4 Scheme of occurrence of new facet from nucleus to external surface in nodular silicon crystal (Fig. 2b)

(Fig.2b)

Nucleus Stage of occurrence of new facet

Initial stage I

11 External surface

(113) X113) »112)
(001) (118) *118) #1114)
(111) (114) | x114) <—£112)
~(223)
(111) (111) 1)) $l11)
(010) (221) y221) »(221)
(117) (331) $331) %331)
(117) (1T — [ 1) ——(11T)

(113) ——$l13) | (113)

(00T)

Qﬁm)

/:1112)

015 413

)

A11) ——111) ——x111)

(661) — 1 ¢661) — 1 ¥661)

(11 I1n a1y —— ¢T11) —1 (IT11)

(13) ——§T13) — [ 4112)

Amount of facets 7 12 12 16
Table 5 Jackson number o for Plane Ng/Ny Quantity o cal/°C Growth mode
silicon® [27]
{111} 3/4 2.67 Faceted growth
{100} 2/4 1.76 Nonfaceted growth
{110} 0.89 0.89 Nonfaceted growth

“The entropy of fusion is equal to 3.56 cal/°C

Conclusions
3
(1) High cooling rate near the mould wall is the primary
reason for causing the appearance of nodular silicon @
grain in the Al-14wt%Si alloy treated by the designed
modifier consisting of P, Ti, B, and mischmetal (RE).
(2) Nodular primary crystal silicon in hypereutectic Al-Si
alloy is an unstable phase, with an equiaxed and finely

multi-faceted polyhedron bounded by different index
facets.

Concentric layer growth is the growth mechanism of
nodular silicon crystal.

The controlling mechanism for the development of
silicon nodule crystal is Si diffusion in melt. Most of
growth rates of different index facets are equal due to
the equal diffusion rate of silicon atoms in melt sur-
rounding crystal.
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The growth rate difference in the range of Vpe/Vaper
< 0.7 (=1/V2)or Vapo/ Vaper > 1.4(~V/2) between two
adjacent facets, (abc) and (abc’), opening up the possi-
bility for occurrence of high-indexed facets is the deter-
mining factor in developing a nodular silicon crystal
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