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This review covers research aimed at finding the optimum composition and growth rate to obtain a highly
modified Al-Si alloy using directional solidification. Investigations of microstructure and mechanical
properties as a function of Si content and growth rate are analyzed. These works show that the composition
yieldin‘g a eutectic microstructure changes considerably with increasing solidification rate in the range of
1010 pm/s. The increase in ultimate tensile strength with increasing Si content up to that giving a
completely eutectic microstructure is explained by a redistribution of volume content of a-Al and eutectic.
The increase in tensile strength with increasing rate is explained by a decrease in microstructural scale
accompanying the transformation of flake-to-fiber eutectic microstructure. The optimal fine fiber structure
without any primary crystals of Al-Si alloy at a given Si content is obtained at the solidification rate giving a
completely eutectic microstructure at that composition. Hypereutectic alloys can be fully modified using
rapid cooling at such solidification rate that causes coupled growth of the eutectic for given composition of
the alloy. Additional Sr modification results in a super-modified structure, high tensile strength and record

high elongation.

Keywords Al-Si alloy, directional solidification, elongation, eu-
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1. Introduction

The binary Al-Si system is the basis of aluminum-silicon
casting alloys in which silicon is the major alloying element.
These alloys are called ““silumins.” The manufacture of these
alloys constitutes over 90% of all aluminum-based castings. Al-
Si alloys are used as construction materials for different
purposes, as well as solder for aluminum like Al-Ge. Heat-
resistant aluminum alloys are used for car engine parts such as
connecting rods, rocker arms, cylinders, pistons and valve
retainers (Ref 1, 2). Construction alloys usually have a
hypoeutectic content of silicon. Alloys for other applications
are eutectic or hypereutectic in Si. This is connected primarily
to ductility decreasing with increasing Si content. Other
elements are added to these alloys to increase the strength
and improve some other properties. The search continues for
optimal additions and optimal Si content for different applica-
tions of cast alloys based on the Al-Si system. This search will
be aided by analysis of published information on the depen-
dence of structural and mechanical properties on Si content,
solidification rate and modification of Al-Si alloy.

The effects of Si content in hypoeutectic alloys and low
rates of solidification have been well studied. There are also
many results for very high rates of solidification, 10°-10° um/s.
Presented here are the results of such investigations obtained
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predominantly during the last decade for alloys of near eutectic
and hypereutectic compositions at rates up to 10* um/s. Such
rates are the most interesting for applications. The regions of Si
content under consideration are determined by conventional
casting processes: For slow cooling rate processes (sand,
plaster, investment), the range is 5-7 wt.%, for permanent
molds 7-9 wt.%, and for die castings 8-12 wt.% Si. Hypereu-
tectic Al-Si alloys of 13 wt.% and higher Si content are
obtained by die casting and thixo-forging technologies. That is
why in this review investigation of 7-15 wt.%, Si alloys are
mainly described. Conclusions on improving technology based
on the results of these investigations focus on hypereutectic
alloys.

Here, results of directional solidification of alloys are
analyzed because in this case there is opportunity to control
the thermodynamic parameters of solidification.

2. Structure of Binary Alloys

2.1 Component Concentration Effect

Physical and mechanical properties of alloys are determined
by microstructure, which depends on composition and condi-
tions of solidification and cooling such as rate, temperature
gradient and convection. According to the equilibrium phase
diagrams, at low freezing rates coupled solidification of Al-Si
and Al-Ge components takes place at eutectic compositions
equal to 12.6 wt.% Si (Ref 3) and 52 wt.% Ge (Ref 4). This
coupled solidification results in a fine microstructure consisting
of the two phases, sometimes as alternating lamellae and
sometimes as fibers of one phase in the other. At fast
solidification rates, coupled solidification moves toward
increasing Si or Ge content. Earlier, this displaced point had
been called the quasi-eutectic point because the microstructure
is like that which is formed at low freezing rates from the
eutectic composition. Following current practice, here we call
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this the eutectic microstructure, even though it may not have
formed at the equilibrium eutectic composition.

The most informative data on the dependence of the
microstructure of Al-Si alloys on Si content and the rate of
solidification were presented in Ref 5. In Ref 6, the range of
investigated Si concentrations was expanded. Figure 1 shows a
diagram of microstructure of Al-Si alloys versus composition
and solidification rate as determined experimentally in Ref 5,
with some changes and additions based on other works. In Ref
5, the microstructure is divided into modified (fiber) and
unmodified (flake), apparently due to the morphology of the
primary silicon phase. Dotted line 3 divides hypo- and
hypereutectic alloys with flake eutectic plus primary o-Al
crystals of dendritic structure and flake eutectic plus Si primary
crystals structure. This line is attached to the 12.6 wt.% Si
eutectic point. The upper border between flake Si and fiber
regions was extended up to 35 wt.% Si in Ref 6.

The points along line 4 of the diagram show the Si
concentration of samples in Ref 6. These samples were
prepared by casting molten Al-Si alloy in a levitated state into
a massive Cu mold under a He atmosphere. According to a
rough estimate, the solidification rate J was about 5 x 10° um/
s. The Al-11.5 wt.% Si alloy consisted of eutectic and dendrites
of primary o-Al crystals. A fine eutectic structure with star-like
crystals of silicon was observed in alloys with 25 wt.% Si. The
concentration and size of Si crystals increased with increasing
Si content. Star-like primary Si crystals corresponded to
30 wt.% and massive crystals to 35 wt.% Si. The authors
(Ref 6) considered that the Al-20 wt.% Si alloy has a nearly
eutectic structure at about 5 x 10° um/s solidification rate.

The points along line 5 in Fig. 1 show the composition of
alloys investigated in Ref 7. The alloys were obtained by
directional solidification using Stepanov’s method (Ref 8).

Rods were pulled up from the melt through a special air-cooling
shaper at a rate of 10° um/s. According to Ref 8, the
temperature gradient in the cooling zone while pulling rods
from a melt in Ref 7 was about 10 K/mm.

Metallographic sections of the samples are shown in Fig. 2.
In samples with 8, 10, 11.7 and 13 wt.%, Si a-Al dendrites and
eutectic matrix were observed. The volume fraction of the a-Al
dendrite phase decreased with increasing Si content. The
dendrites of primary a-Al crystals were mainly oriented in the
direction of pulling the sample from the melt. The eutectic
matrix is the phase consisting of o-Al and silicon fibers, which
are commonly referred to as eutectic silicon. The eutectic fibers
in Al-8 wt.% Si alloy were about 1-1.5 um in length and
0.3 um in thickness. The Al-15 wt.% Si alloy had a eutectic
structure. Primary o-Al dendrite crystals were absent. The
vermiform silicon crystals of the eutectic had a mean length of
about 1-1.5 um. The alloys with 20 and 25 wt.% Si consisted
of the eutectic matrix and primary silicon crystals of dendrite
and star-like structure. At a solidification rate of 10? um/s, a
eutectic structure without a-Al dendrites was observed for a Si
content of about 11.7 wt.%. In general, the results in Ref 6, 7
for the dependence of microstructure on the silicon content
correspond to the diagram in Ref 5. There was a small
difference in the structure of eutectic silicon at a solidification
rate of about 10* um/s for alloys with Si content from 8 to
11.7 wt.% (line 5). According to Ref 7, samples with a Si
content up to 11.7 wt.% had a eutectic flake structure and
dendritic primary o-Al crystals. However, in Ref 5, a fibrous
eutectic structure with o-Al dendrites was observed in that
range of Si content. They preferred to speak about a “mod-
ified” rather than a fiber structure and noted that the velocity for
transition of the structure on line 1 of the diagram is accurate to
only + 50%.
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Fig. 1 Diagram of Al-Si alloys microstructure. Lines 1 are the boundaries between the regions of different microstructure according to Ref 5.
In particular, the higher line 1 divides the region of flake eutectic plus o-Al dendrite structure, D, from that for fiber eutectic plus D. Dashed line
3 divides the regions of flake eutectic plus o-Al dendrite structure, D, from that for flake eutectic plus primary Si crystals structure for
solidification rates lower than 480 um/s. Dashed line 6 extrapolates the upper border of the fiber region to a solidification rate of about 10* um/
s. The lines 4, 5, 7 and 8 correspond to Si content and the solidification rate of alloys investigated in Ref 6, 7, 86, 47, respectively. The dotted
lines 9 are borders of the zone of coupled solidification of eutectic (Ref 9). Stroke-dotted line 2 connects points corresponding to conditions of
obtaining fine fibrous microstructure without primary crystals (Ref 7) or with rare separate Si crystals (Ref 6)
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Fig. 2 Microstructure of Al-Si alloys containing Si: 8 (a, f); 11.7 (b, g); 13 (¢, h); 15 (d, 1); 20 (e), and 25 (j) wt.% Si; (a-e) and j is a
longitudinal section; (f-i) are cross sections (Ref 7)
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Experimental data in Ref 6, 7 give the possibility to select
line 2, which corresponds to the conditions for formation of the
fiber eutectic structure without primary a-Al or Si crystals, or
with their solitary dendrites. The dependence of the microstruc-
ture of Al-Si alloys with 12-17 wt.% Si on solidification rate
was studied from 10 to 10* um/s in Ref 9. A narrow zone of
coupled growth of eutectic without primary crystals of either Al
or Si was found in that work. Line 2 is close to the upper bound
of a zone of coupled growth (Ref 9). It is necessary to note that
no zone of coupled growth was observed at a growth rate lower
than 480 um/s in the work (Ref 5) as opposed to Ref 9. We
think that this difference can be connected with superheating
the melt before casting in Ref 9.

In Ref 10, the morphology of the silicon phase in Al-Si
alloys was presented on a diagram of Si content versus
solidification rate. Borders between different structures in Ref
10 are slightly different from those in Ref 5. Particularly, at low
rates of solidification, the existence of angular, rod and complex
regular structures of primary Si was found, in addition to the
flake (unmodified) silicon structure. This difference may be due
to different methods of measuring the rate of solidification. It is
important that the line for the flake—fiber transition in Ref 10
corresponds to line 2 of Fig. 1 as revealed in Ref 7.

Here, it is worth noting that, recently, similar intensive
research was performed on the effect of thermal gradient,
solidification rate and alloying with refractory and rare earth
metals on structure and strength properties of eutectic alloys
based on Ni-Al (Ref 11, 12).

2.2 Solidification Rate Effect

2.2.1 Macrostructure. It is well known that the mechan-
ical properties of alloys depend on both macrostructure (shape,
size and distribution of grains) and microstructure (structure
within grains). Columnar grains in a conventional casting
nucleate and grow from the mold surface. There is a higher
temperature gradient near the wall of the mold than in the
volume. Solidification of the melt in the form of a columnar
structure is in the opposite direction from the heat flow. Closer
to the center of the ingot, the temperature gradient decreases
and the growth of equiaxed grains occurs. The growth of
equiaxed grains leads to increasing isotropy of the ingot’s
structure and its mechanical properties. The type of grain
structure is important for applications of the material.

With controlled directional solidification, the macrostructure
is homogeneous and does not change with position. Such a
situation takes place with solidification by the Bridgman
method and by Stepanov’s technique. The structure can be
changed by an alteration of the thermal conditions and the
freezing rate, thereby modifying the mechanical properties.
Therefore, macrostructural investigations are considered here
briefly.

Investigations of the columnar-to-equiaxed transition in
hypoeutectic Al-Si alloys were performed by upward unidirec-
tional solidification experiments under unsteady-state condi-
tions (Ref 13, 14). Such conditions enabled simulation of
solidification at typical industrial foundry processes. The
experimental setup consisted of a water-cooled mold with heat
extracted from the bottom, promoting vertical upward direc-
tional solidification. Radial heat losses were minimized by
special thermal insulation. The bottom part of the mold was
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closed with a thin carbon steel sheet, which physically
separated the metal from the cooling fluid. The thermal
behavior during solidification was monitored via fine thermo-
couples positioned along the length of the mold. Experiments
were carried out under conditions designed to avoid natural
convection due to density variations either from temperature
differences (cooling from the bottom) or from the solute-
enriched liquid, which is denser than the melt itself. Details
were given in Ref 15-17. It was found (Ref 14) that the
columnar-equiaxed transition in Al-Si alloys of 3, 5, 7 and
9 wt.% Si was sharp. The character of the transition did not
depend on Si content. No influence of the solute content on the
macrostructure transition in Al-Si alloys was also observed in
Ref 18. The cooling rate at the transition was close to the
critical value of about 0.17 K/s at a growth rate of 0.44 mm/s
and a temperature gradient of 0.34 K/mm. That critical cooling
rate was quite close to the 0.2 K/s found earlier for Al-Cu
alloys (Ref 15). The columnar-equiaxed transition in Sn-Pb
alloys (Ref 19) was observed at cooling rates higher than this
critical value.

The morphology transition of Al-3 wt.% Si was observed
using unsteady-state horizontal directional solidification (Ref
20). The transition was sharp and occurred along a plane
parallel to the chill wall because of the high density of rapidly
growing equiaxed grains. It was observed for a tip growth rate
of about 0.26 mm/s, a temperature gradient in the melt of about
0.44 K/mm, and a tip cooling rate of 1.68 K/mm.

The effect of Si content on the columnar-to-equiaxed
transition was studied in Ref 13 using upward unsteady-state
unidirectional solidification of aluminum-based alloys with 5.5,
7.5 and 9 wt.% Si and 3 wt.% Cu. The positions of the
transitions in the mold depended on Si concentration, unlike in
the observations of (Ref 14). The transition occurred for tip
growth rates from 0.25 to 0.63 mm/s and a temperature
gradient in the melt ahead of the liquidus isotherm ranging from
1.95 to 4.24 K/mm. Therefore, the criterion of the transition
cannot be determined by only one particular thermal parameter.
It has to encompass the tip growth rate V, the temperature
gradient G and the cooling rate T = V' x G (Ref 21). The
critical value of the transformation depended on the alloy
system and was about 1.17 K/s for the alloys studied (Ref 13).

2.2.2 Hypoeutectic Alloys. Hypoeutectic Al-Si alloys
usually have a dendritic morphology (Ref 5, 22). A dendritic
microstructure is characterized by the primary dendrite arm
spacing A;, secondary dendrite arm spacing A,, dendrite tip
radius R and, in several papers, the mushy zone depth d. These
parameters are functions of the temperature gradient G ahead of
the microscopic solidification front and the growth rate V' (Ref
23-32). Several theoretical models of the formation of a
dendritic microstructure were developed at the end of the last
century (Ref 33-41). Experimental investigations of the Vand G
dependence of microstructure parameters had been performed
for directional solidification of alloys at both steady-state and
unsteady-state conditions. In Ref 42, Al-3 wt.% Si alloys were
grown by the Bridgman method under steady-state conditions
either with a constant growth rate of 8.20 um/s and a
temperature gradient ranging from 1.97 to 6.84 K/mm, or with
a constant temperature gradient of 6.84 K/mm and growth rates
from 8.20 to 492.76 um/s. The following microstructure
parameter dependences on Vand G were (41, 42, R, d) = kG
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at constant Vand (4, 12, R, d) = kV"" at constant G. Here, k; is
the proportionality constant for the ith parameter, while a; and
b; are the corresponding exponents for temperature gradient and
growth rate, respectively.

The average values of 1, 4,, R and d for an alloy of constant
Si content for different G and constant V" were — 0.47, — 0.58,
— 0.59 and — 0.89. The average values for the same param-
eters in the case of different J and constant G were — 0.28,
— 047, — 0.45, — 0.38. The experimental values of A;, 45, R
and d decreased as V increased at constant G and they
decreased as G increased at constant V. The dependence of
these parameters on G was stronger than on V.

For the most part, (Ref 42) reported good agreement of the
exponent values for 41, 45, R and d for Al-3 wt.% Si alloys with
the values of previous works for different alloy systems. There
were references to 27 papers. Here, we describe only the results
for references from this century (Ref 14, 21, 43, 44). These
studies were performed with unsteady-state directional solidi-
fication as opposed to steady state as in Ref 42.

In Ref 42, the experimental dependence of 4, 4, R and d on
growth parameters V" and G was compared with theoretically
predicted behavior. Trivedi Ref 37 obtained the following
equation:

2 = 2.83{m(k—1)DI'L}** 3By 05G=03, (Eq 1)
where m is the liquidus slope, & the partition coefficient, D the
diffusion coefficient, I" the Gibbs—Thomson coefficient, C, the
solute content and L is a constant that depends on a harmonic
perturbation. An identical dependence of A; on solidification
parameters was obtained by Hunt Ref 35, Kurz and Fisher Ref
36, the difference between them being only the value of the
constant. Experimental Z; values agreed very well with those
calculated using Eq 1. The A, values calculated using the
Trivedi-Somboonsuk model Ref 39 were in very good
agreement with experimental values. There was also good
agreement of the Trivedi model (Ref 37) with experiment
values for R. Other models (Ref 33-36, 38) described behavior
adequately only for individual microstructural parameters or in
separate ranges of V and G.

Microstructural investigations for Al alloys containing 3, 5,
7 and 9 wt.% Si were performed with samples obtained by
directional solidification under upward unsteady-state condi-
tions (Ref 14). A combined theoretical and experimental
approach was developed to quantitatively determine tip growth
rate, temperature gradient, tip cooling rate and other parame-
ters. The rate dependence of 4; and 4, is shown in Fig. 3 (Ref
14, 42) and 4 (Ref 14), respectively. The primary dendrite arm
spacing is described as a — 0.55-power dependence on tip
cooling rate Tx. The silicon concentration C, in the range
studied did not influence 4;. The secondary spacing A1,
decreased as the solute content increased according to a — 2/
3 power law. The spacing 4, decreased as Cj increased. Such a
dependence of 1; on Tk had been observed for Sn-Pb and Al-
Cu alloys (Ref 45). Results for the effect of Cy on A; showed
contradictions. A small effect of Cy on 4; was observed for Al-
Cu alloys both for steady-state (Ref 32) and for unsteady-state
directional solidification (Ref 45). For Sn-Pb alloys direction-
ally solidified under unsteady-state heat flow conditions, 4;
decreased when Cj increased (Ref 45). Most of the results from
the literature for 4, also show a decrease in secondary spacing
with increasing Cy. In Ref 14, it was observed that among the
published theoretical models only those proposed by Hunt and
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Lu (Ref 33) for primary spacing and Bouchard-Kirkaldy 38 for
primary and secondary spacings account for unsteady-state heat
flow conditions during solidification. The scatter of experi-
mental values of dendritic primary spacing A, as a function of
cooling parameter G~ ">V °2% (Ref 14) is included inside the
range of minimum and maximum values predicted by the Hunt-
Lu model. Predictions made using the Bouchard—Kirkaldy
model are generally slightly above the experimental points.

The microstructure of aluminum alloys obtained by hori-
zontal directional solidification with unsteady-state heat flow
conditions was investigated for Al-3 wt.% Si (Ref 20) and Al-
7 wt.% Si (Ref 46). In both works, the primary dendrite arm
spacing increased when either the growth rate or the cooling
rate was decreased. The primary dendritic arm spacing
depended on the tip growth rate according to the power law
J1 = constant "' The dependence of arm spacing on cooling
rate was given by 4; = constant (7, )~ %3 This is in agreement
with Ref 14, 44 for Al-Si and with Ref 45 for Sn-Pb and Al-Cu.
Good agreement with theory Ref 33, 38 was observed in Ref 46
for Al-7wt. % Si, but the authors (Ref 20) noted some
differences for Al-3 wt.% Si.

2.2.3 Near-Eutectic Alloys. The influence of solidifica-
tion rate on the microstructure of near-eutectic Al-Si alloys was
studied for rates from 1.7 x 10° to 8.3 x 10° um/s (Ref 47).
Al-11.3 wt.% Si alloy was cast into rods using a horizontal
continuous casting process with a heated mold (Ref 48, 49).
The microstructure, referred to as feathery grains or twinned
crystals, has often been observed in aluminum and aluminum
alloys prepared by continuous casting. Factors favoring the
formation of these feathery grains have been noted (Ref 47) as a
high G (temperature gradient in the mushy zone) and high
solidification rate. The directionality of the microstructure
increased as the solidification rate increased. The area fraction
of dendrites in the longitudinal section increased with an
increase in the solidification rate. This effect was attributed in
Ref 47 to a shift in the composition for eutectic solidification
(coupled growth) to higher Si levels and a lower temperature.
This can be seen in Fig. 1, where the points on line 7 show the
compositions and the solidification rates of the alloys studied in
this work. Note that increasing the solidification rate to
8.3 x 10° um/s caused the Si content to become much less,
11.3 wt.%, than that required for coupled growth represented
by line 2 in Fig. 1.

The dependence of the microstructure for alloys of constant
composition on the solidification rate was determined in several
works. For example, such studies were performed from 20 to
400 um/s (Ref 50), 0.1 to 500 (Ref 51), 28 to 875 (Ref 52), 300
to 790 (Ref 53), 10 to 1218 (Ref 10) and 10 to 2000 um/s (Ref
54). A complete list of papers on this subject was given in Ref
54. As a rule, the character of the eutectic microstructure was
described by the average spacing between flake and fiber of Si
phase:

2= (1/M)(4/N)'"?, (Eq 2)

where N is the number of silicon of particles in a known area 4
of a section at magnification M. The mean spacing between
approximately parallel flakes | and the random line spacing A,
was calculated. The value of A; was determined using the
intersections of lines oriented randomly with flakes. In the
above-mentioned papers, both spacings followed the relation-
ship:
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" average particle aspect ratio has three regions of different c¢/a
A=AV", (Eq 3) behavior. This spacing metric seems to show a morphological
transition. Really from 10 to about 135 um/s, flakes in the
eutectic were dominant. The morphological transition took
place from 135 to 880 um/s. Qualitative analysis of the
morphology was performed using scanning electron micro-
scopy. This showed that the plate morphology decreased
significantly at a solidification rate from 100 to 250 um/s. The
growth of rod-like structures within the plane of the plates was

where m varied from — 0.3 to — 0.6. Figure 5 shows the
dependence of average spacing parameters on freezing rate for
all of the papers cited above. In the majority of works, m = —
0.5. Different values of m can be attributed to different cooling
rates. The average particle aspect ratio, c/a, was also used as an
additional spacing metric in Ref 54, as shown in Fig. 5. Here ¢
is the longest distance across a particle in cross section and a is
the distance between parallel tangents. Note that only the
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noted. At 500 um/s, rods began to grow out of flat plate faces.
At 950 pm/s, fibrous rod growth was dominant (Ref 54).

2.2.4 Hypereutectic Alloys. The mechanical properties
of hypereutectic alloys depend on the microstructure of both the
eutectic matrix and the primary silicon crystals. The morphol-
ogy of these structures depends on many factors: the superheat
of the bulk melt, the undercooling of the melt ahead of the
solid-liquid interface, the growth rate and the alloy composi-
tion, including the type and amount of any modifier, alloying
additions and impurities. The different characters of silicon
microstructure of hypereutectic Al-Si alloys obtained by
vertical Bridgman directional solidification are shown in
Fig. 6 (Ref 10).

The effect of undercooling on the morphology of primary
and eutectic silicon of hypereutectic Al-Si alloys with various
Si content was studied in Ref 55. To obtain large undercooling,
they produced droplets of the alloy in a molten salt by the
droplet emulsion technique. The microstructure of alloys with
18, 20 and 25 wt.% Si solidified at various undercoolings was
studied by scanning electron microscopy. Based on these
results, microstructure selection maps of primary and eutectic
Si were built (Fig. 7). It is seen that the critical level of
undercooling for the morphological transition from star-like to
massive Si increases with the increasing silicon content.

Review (Ref 56) described six basic shapes of primary
silicon and attempts to find mechanisms for their growth. Here,
we describe only the conditions for their nucleation.

Star-like primary silicon crystals were observed at low
growth velocities (Ref 10). Often the star-like silicon crystals in
hypereutectic Al-Si alloys have a unique fivefold symmetry of
quasicrystals, as shown in Fig. 6 from (Ref 10). The nucleation
and growth of star-like silicon depend on the undercooling and
solidification rate (Ref 57). These processes occur within the
undercooled melt ahead of the solidification interface (Ref 58,
59). The combination of undercooling and composition yield-
ing this morphology was revealed in Ref 55 as shown in Fig. 7.

The feathery silicon morphology shown in Fig. 6(c) is from
(Ref 10). According to Ref 55, superheating the melt above

850 °C leads to cluster formation and the complex structure of
the alloy. This morphology is sometimes called fishbone.

Polyhedral primary silicon crystals are mainly found in
hypereutectic Al-Si alloys inoculated with phosphorous (Ref
56). The morphology of primary silicon crystals of Al-18% Si
depends on the growth rate, temperature gradient and cooling
rate (Ref 60). At a cooling rate of 2.0 K/s, the primary silicon is
polyhedral. The nucleation of such morphology depends on the
contact angle between liquid and solid phases, which is a
function of the cooling rate. It was found that the effective
angle for heterogeneous nucleation of polyhedral primary
particles is 30° & 4°, which occurs in the presence of
phosphorus at slow solidification rates. It appears that AIP
decreases the nucleation energy of polyhedral particles. Rapid
cooling (Ref 61, 62) and superheating (Ref 63) have been
considered as methods to change the size of the primary silicon.
The effect of the liquid structure before solidification on the
microstructure of silicon in Al-Si hypereutectic alloy and the
effect of cooling rate and superheating treatment on the size
(Ref 61, 64) and morphology (Ref 65) of primary silicon were
studied. It was found that with an increase in the superheating
of the melt, the size of primary silicon decreased and the shape
of the primary silicon crystals changed from star-like and other
irregular shapes to octahedral. This can be explained by the
formation of nuclei of star-like and other irregular primary
silicon from Si-Si clusters of larger size, and formation of
nuclei of octahedral silicon from Si-Si clusters of smaller sizes.
The effect of melt superheating on the size and morphology of
primary silicon is shown in Fig. 8. It is worth noting that
sections of octahedral primary silicon in SEM micrographs
have different polygonal outlines; triangular, square, trape-
zoidal, hexagonal (Ref 66). According to Ref 65, the size of
primary silicon particles decreases, but the shape of the crystals
does not change with increasing cooling rate, provided that the
cooling rate is lower than a critical rate. The cooling rate affects
the morphology of primary silicon crystals if it is higher than
37.5 °C/s. However, the exact value of the critical rate was not
determined.
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Fig. 5 General schematic diagram of average spacing and the average particle aspect ratio versus solidification rate according to Ref 50-54.
The aspect ratio in Ref 54 displays distinct transition points near 135 and 880 um/s, which are near the visually observed onset and conclusion

of the flake-to-fiber transition
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Fig. 6 Dependence of microstructure in a transverse section on the solidification rate. (a) Angular silicon crystals developed from silicon rods,
Al-15 wt.% Si alloy, growth velocity of 1.5 um/s. (b) Complex regular lamellac on angular silicon side plates in an Al-15 wt.% Si alloy, growth
rate of 1.8 um/s. (c) Flake eutectic, complex regular and star-like silicon of Al-15.75 wt.% Si alloy, growth rate of 10 um/s. (d) Flake eutectic of
Al-15 wt.% Si alloy, growth rate of 100 umys. (e) Angular silicon and fibrous eutectic of Al-17 wt.% Si-0.048 wt.% Sr alloy, growth rate of

100 um/s (Ref 10)

Dendritic primary silicon crystals are formed in hypereu-
tectic Al-Si alloys due to Sr additives or small undercooling of
the melt (Ref 56). In Ref 67, the effect of Sr in the
concentration range 0-0.1 wt.% on the structure of Al-Si alloys
containing 11-20 wt.% Si and solidified from 1 to 1500 um/s
with a temperature gradient of 12.5 °C/mm was studied. Small
Sr additions seemed to poison sites for layer growth, causing
holes, branching and formation of dendritic primary Si crystals.
Larger amounts of Sr increased the dispersed equiaxed
structure. Sr broadened the coupled zone of solidification and
changed the anomalous Si flake eutectic to a fibrous structure.

Journal of Materials Engineering and Performance

The effect of undercooling from 10 to 320 K on the
morphology of Al-50 at.% Si alloy was investigated in Ref 68.
Levitated droplets were frozen with a helium gas flow. At small
undercooling, the primary silicon had faceted dendrites with
second-, third-, and higher-order branches (Fig. 9 and 10).
When the undercooling was increased to 70 K, the network of
plate-like crystals had more diverse branching. At a large
undercooling of 320 K granular primary crystals of 10 to
20 um in diameter were observed.

The spheroidal structure of primary silicon was long known
to arise with sodium additions. In an Al-20 wt.% Si alloy of
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Fig. 7 Microstructure selection maps of hypereutectic Al-Si alloys
(SEM image): (a) primary Si, (b) eutectic Si (Ref 55)

high purity containing sodium, idiomorphic faceted crystals of
primary silicon with a few twins were found (Ref 69). A
modification of the eutectic phase occurred with small sodium
additions (150 ppm). Larger additions (230-1000 ppm) caused
a modification of primary crystals to a round shape with a high
twin density. With 0.5 wt.% Na added, the primary silicon
crystals had a spherical shape and consisted of a few
interpenetrating twins. The twin density increased with addition
of more Na. An explanation (Ref 70) of the mechanism of
formation of a spheroidal structure with variations in compo-
sition and temperature was made possible by investigating the
structure of both equiaxed faceted crystals (Ref 71) and the
most familiar plate-like silicon crystals (Ref 72). When
hypereutectic Al-Si alloy was over-modified by Na, roughly
spherical primary silicon crystals formed (Ref 71, 73).
Spheroidal silicon crystals consisted of several pyramidal
silicon grains with their apices at the center of the sphere.
The surfaces of these spheroids were faceted (Ref 71), mostly
with {111} planes. Some facets were also parallel to the less
densely packed {100} and {211} planes. Sodium was concen-
trated at the grain boundaries. A limited number of these grains
were twin-related. It was proposed (Ref 70, 74) that the nucleus
for the growth of spherical silicon crystal is a decahedron
formed by five silicon tetrahedra pre-existing in the melt. An
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equiaxed crystallite grows because its surface is mostly {111}
planes with lower surface energy than the faces of an
idiomorphic single crystal. With the growth of a spherical
crystallite, the ratio of surface-to-volume decreases. This leads
to a decrease in the energy advantage, resulting in an increase
in the instability of the growth. With anisotropy in the growth
rate, there is also the possibility of formation of planes less
close packed than {111}. Also, if some twining takes place then
the twin plane reentrant edge (TPRE) mechanism can operate
and change the growth mode (Ref 5). The latter does not
happen because the process is inhibited by sodium. So, the
spherical crystallite is forced into isotropic growth, but the
minimum energy of the liquid—solid interface is maintained
when the surface consists mostly of {111} planes (Ref 70).

Flat plate primary silicon crystals nucleate as aggregates of
silicon tetrahedra pre-existing in the melt (Ref 70). The shape
of a subsequent crystal depends on the number of aggregated
tetrahedra, Fig. 11. For example, a combination of two
tetrahedra (Fig. 11a) can lead to the growth of a flat plate.
The growth of this combination to form the nearly spherical
form in Fig. 11(b) is energetically more favorable than that of
Fig. 11(a). During the growth of the nucleus to a critical size,
the combination of two or more {111} plates can form a twin
plane reentrant edge. In that case, growth in the <211>
direction is much faster than in the <111> direction. The
crystal then grows into a flat plane with {111} faces.

3. Mechanical Properties

The mechanical properties of Al-Si alloys obtained by
conventional casting have been investigated rather widely.
There has been less study of directionally solidified alloys. The
background for the results of directional solidification inves-
tigations is given in this chapter. There are references to
reviews on the structure and mechanical properties of the
alloys: (in 3.2.2:—Hegde and Prabhu 2008; in 3.2.3:—
Sigworth 2008) and earlier in Ref 56.

3.1 Elasticity and Hardness

Studies of the effect of silicon content on Young’s modulus
of Al-Si alloys were performed over a wide range of Si
concentrations on samples obtained by two methods. Casting of
a levitated melt with an estimated solidification rate of about
5 x 10* um/s was used in Ref 6. Levitation of Al-Si melts was
achieved by an alternating inhomogeneous magnetic field. A
generator of 300-600 kHz and 10 kW power was used to create
the field. The liquid metal was cast into a massive Cu mold by
decreasing the inductor voltage. The melting and the casting
were carried out in a helium atmosphere of 10° Pa pressure. In
Ref 7, 75, samples were prepared by directional solidification
using Stepanov’s method (Ref 8) at rates up to 10° um/s. An
increase in the Si content in Al-Si alloys resulted in a nearly
linear decreasing density p (Fig. 12) and an increasing Young’s
modulus £ (Fig. 3 in Ref 6).

The temperature dependence of Young’s modulus of alloys
with various Si contents was studied in Ref 6. It was revealed
that the Si content had a significant effect on the decrease rate
of Young’s modulus with increasing temperature to 500 °C
(Fig. 4 in Ref 6). The Si concentration dependence of the
average temperature coefficient of Young’s modulus, AE/

Journal of Materials Engineering and Performance



Fig. 8 SEM micrographs of Al-20 wt.% Si alloy: (a) with a pouring temperature of 850 °C, (b) with a pouring temperature of 1050 °C and (c)

magnified picture of the indicated region in (b) (Ref 65)

Fig. 9 Scanning electron micrograph of the surface morphology of
a 10-mm Al-50 at.% Si droplet solidified at an onset undercooling of
10 K (Ref 68)

(E»0AT), while cooling from 500 to 20 °C had maximum at
20 wt.% Si. Here AE is the change of Young’s modulus in
temperature range A7, E,yis E at 20 °C. The hysteresis in
Young’s modulus at 20 °C, E,¢/AE;q from measurements of the
temperature dependence of £ had been shown in Ref 6.

The extremums at about 20 wt.% Si can be explained by the
coupled growth of the eutectic microstructure at a solidification
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Fig. 10 Scanning electron micrograph of a polished and deeply
etched section of droplet solidified at an onset undercooling of 10 K.
The etching had removed the aluminum, leaving the morphology of
the silicon clearly visible (Ref 68)

rate of about 5 x 10° um/s. The yield point of these alloys was
measured by three-point bending of samples 20 mm in length
and 1.6 x 2.5 mm?” in cross section at a constant bending rate
of about 0.5 um/s. As shown in Fig. 13, the load P corre-
sponding to the yield point also exhibited a maximum at about
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20 wt.% Si, corresponding to a eutectic microstructure without
any primary crystals.

The microhardness of the a-Al solid solution was analyzed
in detail for the first time in Ref 76. It was shown that the
microhardness of the o-Al solid solution in homogeneous
alloys became constant when the silicon content reached
saturation. However, in some works, a Si content dependence
of microhardness was observed. This was attributed to
inhomogeneity of the solid solution connected with features
of the method of crystallization (Ref 6).

The microhardness of Al-Si alloys obtained by solidification
using Stepanov’s technique (Ref 8) at a constant rate of 10° pm/
s was studied in Ref 7. It was shown (Fig. 14) that at an
indentation load of 10 g, the Vickers microhardness of the
coupled a-Al + Si microstructure did not depend on the silicon
content in the investigated range of 8 to 25 wt.% Si. This result
confirmed that the eutectic structure of the alloy obtained at a
constant solidification rate is independent of the silicon
concentration.

The Vickers microhardness of Al-Ge alloys of various Ge
content was measured to make sure that the above result is valid
for all eutectic-forming aluminum alloys with limited solid
solubility of the components (Ref 75). Samples were obtained
by solidification using Stepanov’s technique at a solidification
rate 10° um/s. The Ge content was 35, 43, 53, 57 and 64 wt.%

(b)

Fig. 11 (a) Silicon tetrahedra with {111} mirror plane (shaded); (b)
Truncated tetrahedra at later stage growth (Ref 70)
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Fig. 12 Density of Al-Si alloys as a function of Si content (Ref 6)
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Ge. The equilibrium eutectic point of Al-Ge is about 52 wt.%
Ge (Ref 4). Again, the Vickers microhardness did not depend
on Ge content at constant solidification rate (Fig. 14).

At the end of the last century, several authors studied the
possibility of using hardness measurements to estimate the
yield strength or tensile strength of eutectic Al-Si alloys. In Ref
77-79, the mechanical properties of 12.6 wt.% Si alloys were
considered in terms of the behavior of composite materials. The
yield strength varied according to:

(Eq 4)

where o, and K, are the friction stress and a constant,
respectively; the lamellar spacing 4 appears similar to the grain
size d in a Petch—Hall relationship for polycrystalline materials.
If /. o< V"2 (Ref see expression (3) of section 2.2.2)) then it
follows that:

0y = 09 +Ky)vil/2,

0y X 408 (Eq 5)

In Al-Si alloys, the hardness H and freezing rate V are
related for a fixed temperature gradient by the Eq 4:

H = Hy+K,V*° (Eq 6)

According to Ref 78, the exponent a is equal to 0.09 and
0.11 for longitudinal and transverse sections, respectively. The
dependence of hardness H on interflake spacing A is

H=Hy+ki" (Eq 7)

(b)
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Fig. 13 (a) The yield point P as a function of Si content; (b) The
aluminum-silicon phase diagram (Si content in wt.%) (Ref 6)
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Fig. 14 Dependence of the Vickers microhardness at a load of 10 g for: (1) the eutectic microstructure vs. Si content (Ref 7); (2) the eutectic
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The value of » at a temperature gradient of 7.8 K/mm is
0.16 and 0.18 for longitudinal and transverse sections, respec-
tively (Ref 78). The last value is in good agreement with 0.22
found in Ref 79 and somewhat higher than 0.08 given in Ref
10. The good agreement of the dependence of Hv on V from
different works (Ref 7, 10, 77, 79-82) is shown in Fig. 15. Data
of work (Ref 83) are also included in Fig. 15. The Vickers
hardness as a function of growth rate 7 (Ref 83) does not obey
Eq 6. This may be connected with the use of an indenter load of
2.5 kg rather than the 10-25 g usually used. The resulting
indentation might include not only a eutectic microstructure but
also primary o-Al crystals. The lower hardness and sharper
increase of hardness observed in Ref 83 at a solidification rate
of about 500 um/s can be explained in the same way.

In Ref 10, the effect of eutectic silicon microstructures on
the exponents in H expressions (6) and (7) was emphasized.
The exponent b in (7) was equal to 0.5 for the angular silicon
morphology, and equal to 0.08 for the flake, fibrous and
complex regular silicon morphologies. A similar dependence of
the yield strength g, on spacing 4 was found in Ref 77, 78 for
flake eutectic silicon. The Hall-Petch dependence of o, and H
on A with an exponent of 1/2 was found in Ref 81 for the flake
silicon, unlike in Ref 10 where » = 0.5 only for the angular
morphology. A more complex relationship between H and V'
was observed for hypereutectic compositions, 15-17 wt.% Si
(Ref 10). It is conceivable that an analysis of a relationship
between H and V for such alloys has to use the planar-volume
method in considering the structural transformation of eutectic
silicon developed in Ref 53.

It is also necessary to note the investigation of Vickers
hardness (Ref 83) as well as tensile and compressive properties of
Al-Si over a wide range of growth rates from 2.8 x 107" to
10* umy/s. It was found that there was no correlation between
hardness and strength over the entire range of growth rates.
Similar trends were seen between hardness and compressive
yield strength. Therefore, the question of the possibility of control
of the strength of Al-Si alloys based on hardness remains open.
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3.2 Plasticity and Strength

3.2.1 Silicon Concentration Effect. The strength of cast
binary Al-Si alloys has been studied only in recent decades,
especially for directional solidification over a wide range of
silicon content. According to Fig. 16 (Ref 84), based on the
data of Ref 85, for samples obtained by casting into sand or a
mold the ultimate tensile strength (UTS) g5 increased with Si
content in hypoeutectic alloys and decreased in hypereutectic
alloys. The value of g resulting from casting into the sand was
lower than for casting into a mold because the solidification rate
in the sand is lower than in a mold. In Ref 84, it was noted that
there was not a general model explaining the strength behavior
of Al-Si alloy. It is possible to suppose that an increase of g5
with Si content up to the composition for coupled growth of a
eutectic microstructure is determined mainly by the increase in
relative volume fraction of the stronger microstructure com-
pared to a-Al. The increase in strength caused by increasing the
solidification rate can be explained by the resulting increase in
dispersion of the eutectic microstructure and a decrease in
silicon particle spacing, hindering the movement of disloca-
tions. But it is unclear why the maximum of strength curves in
Fig. 16 for a mold corresponded to a lower Si content than for
sand. It was well known (Ref 5) that an increase in the
solidification rate as well as chemical modification leads to an
increase in undercooling of the melt near the liquid—solid
interface.

Investigations at solidification rates of about 107, 10* and
5 x 10 um/s showed that the UTS of Al-Si alloys corre-
sponded to the growth of a eutectic microstructure (Ref 6, 7).
As the freezing rate increased, the UTS increased toward higher
Si content along with the composition for eutectic growth.
Figure 17 shows the tensile stress—strain diagram of Al-Si for
various silicon concentrations directionally solidified at
10 um/s using Stepanov’s method. The ultimate tensile
strength increased with increasing silicon content up to about
15 wt.%, followed by a sharp decrease with additional Si. At
the same time, the fracture elongation decreased with increasing
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Fig. 16 Influence of Si content on the tensile strength and fracture
elongation of Al-Si alloy obtained by casting into a mold (a) and
into sand with sodium modification (b) and without modification (c)
(Ref 84)

Si content, particularly beyond the composition giving a
eutectic microstructure.

Figure 18 shows the silicon concentration dependence of the
UTS and the yield strength at 0.2% strain. The UTS at a
solidification rate of 10° um/s was observed at 15 wt.% Si,
where the microstructure of the alloy was eutectic without
primary crystals of either a-Al or Si (see Fig. 2). Thus, it is
possible to consider the composition giving a eutectic
microstructure as the point of the ductile-to-brittle transition.
The transition can be explained as a change in the fracture
mode at the change in microstructure. Hypoeutectic alloys with
Si content up to the limit of coupled eutectic growth without
any primary crystals can be considered as a composite: the a-Al
solid solution is plastic while the eutectic microstructure is
brittle.

The dependence of UTS (a3) on Si content can be described
by the mixture law:

op = 0, Vy + 6.V, (Eq 8)

where V,, is the volume fraction of the primary dendrite crystals
of a-Al and V,=1 — V, is the fraction with a eutectic
microstructure. At low freezing rates, the volume fractions
can be found from the phase diagram using the lever rule. The
value g, is equal to o3 of the dendritic crystals of the a-Al solid
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Fig. 17 Stress—strain tensile diagrams of Al-Si alloys containing (1)
-8, (2 —11.7, 3) — 13, (4) — 15, (5) — 20, and (6) — 25 wt.%
Si (Ref 7)
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Fig. 18 Dependences on Si content of the ultimate tensile strength
and the yield strength at a relative elongation of 0.2%. (1)—UTS,
the dashed line is an extrapolation from 8 to 1.6 wt.% Si; (2)—yield
strength

solution. It can be found by extrapolation of the experimental
dependence of oz on the Si concentration to the limiting
saturation concentration of o-Al solid solution. The value o, is
the UTS, o of the eutectic structure (for 15 wt.% Si). The
calculated dependence of oz on the Si content is shown in
Fig. 18 for o, = 110 MPa and o, = 230 MPa, and this agrees
well with the experiment.
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Fig. 19 Stress—strain tension diagrams of samples directionally solidified at the rate of 20 (1), 80 (2), 250 (3), 600 (4), and 1000 (5) um/s. The
morphology is predominantly flake (20 and 80 um/s), mixed flake/fiber (250 um/s), fibers (600 and 1000 um/s) (Ref 86)

Therefore, to obtain a hypereutectic alloy of specified
composition with a eutectic fiber microstructure, it is necessary
to freeze the melt at a rate that ensures the independent coupled
solidification of components to form a very fine microstructure
(e.g., line 2 in Fig. 1, section 2.1); an alloy of this composition
will have the maximum UTS at that freezing rate.

The fracture of hypereutectic alloys is determined by the
brittleness of primary silicon crystals. The strength of hyper-
eutectic alloys depends on the shape of primary silicon crystals
and the roughness of their surfaces; these determine the stress
concentration.

3.2.2 Solidification Rate Effect. In Ref 86, the effect of
the solidification rate on the strength of the Al-12 wt.% Si alloy
was investigated in the range from 20 to 1000 um/s. The
stress—strain tensile diagrams are shown in Fig. 19. A mono-
tonic increase of UTS up to 1000 um/s is seen. The fracture
elongation increased with an increasing solidification rate up to
600 um/s and then decreased at 1000 pum/s. Similar stress—
strain behavior and the same UTS and fracture elongation were
observed at 1000 um/s in a study of the effect of Si content
(Ref 7).

An analytical model of plastic deformation of Al-Si alloys
was developed in Ref 86, based on a mechanical model of
dispersion-reinforced metal-matrix composites (Ref 87).
According to this model (Ref 86), the stress—strain curves of
a composite can be calculated from the stress—strain behavior of
its matrix if the elastic modulus and volume fractions of the
components are known. It was necessary to take into account
the effect of four additional factors on the increase in the
effective yield strength of the matrix. One factor is the stress
required for dislocations to overcome the barrier of reinforcing
particles. The second factor is the effect of the isotropic strain
gradient that arises from geometrically necessary dislocations
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needed to accommodate the particles. The third factor accounts
for the kinematic effects of the strain gradient, taking into
account the thermal expansion mismatch between the phases.
The effective yield stress and hardening coefficient of the
matrix material were taken from experimental tensile behavior
for Al-1 wt.% Si (Ref 88); the hardening coefficient was
changed slightly to fit the experimental data. The dependence
of inter-particle size on the solidification rate of the V"~ type
had been found in Ref 54. Calculated true stress—true strain
curves for different solidification rates were in a good
agreement with experimental curves. Figure 20 shows the
experimental and calculated UTS at strain ¢ = 0.1 for an Al-
12 wt.% Si alloy as a function of the average spacing of
eutectic microstructures (Ref 86). Both experimental and
predicted UTS increased with decreasing spacing, i.e., with
increasing solidification rate. The theory had taken into account
the only A and had not considered any morphological
transformation. This leads to the conclusion that the increasing
UTS is determined mainly by the refinement of the microstruc-
ture. The authors (Ref 86) wrote that a good agreement between
theoretical and experimental results confirms this conclusion.
However, they had assumed that the flake-to-fiber transforma-
tion of the eutectic microstructure with increasing ¥ was
responsible for the decrease in fracture elongation and some
small degree for the increase in flow stress, as observed in Ref
54. The effect of microstructure refinement and the transfor-
mation of flake-to-fiber structure were summarized.

Increasing the solidification rate to 600 um/s caused the
UTS and elongation to increase. At this rate, the transformation
of the flake-to-fiber microstructure had finished. Increasing the
solidification rate to 1000 pm/s caused the UTS to continue to
increase but the fracture elongation to decrease. The effect of
refinement on an increase in the strength was explained by the
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generation and increase in density of dislocations in the o-Al
matrix during cooling due to the mismatch of thermal
expansion between eutectic silicon and the o-Al matrix. The
increase in elongation of the eutectic alloy during the flake-to-
fiber transition was attributed to the transformation of the
irregular brittle flake structure to more ductile fiber morphol-
ogy. Revealing the role of the flake-to-fiber transformation in
mechanical properties (Ref 86) provides the opportunity to
consciously control the production of an alloy with optimum
properties.

The magnitude of the effect of solidification rate on the
strength of directionally solidified Al-Si alloys in the range of
10 to 10° um/s can be estimated approximately using the data
of Ref 83, 86, 89. By our estimates, the average coefficient of
the UTS, Agy/{oyo x AV}, is 0.05 £ 0.015 min/mm. Here,
Aoy is the difference in UTS of samples obtained at higher ¢
and lower o, solidification rates, oy is the UTS at lower
solidification rate, and AV is the difference between these
solidification rates. However, the values of UTS reported in Ref
83 were much lower than that in Ref 86, 89. The solidification
rate effect on mechanical properties of directionally solidified
Al-11.3 wt.% Si samples at a solidification rate higher than
1000 um/s was studied in Ref 47. The solidification rate
dependence of the tensile strength and the elongation in the
range from 1.7 x 10 to 8.3 x 10° um/s are shown in Fig. 21.
In this range of solidification rate, as well as at 103 um/s, the
UTS continued to increase, although the effect of the rate on the
strength was weaker. The average rate coefficient of UTS Aagy/
{oyo x AV} = 0.014 min/mm was three tenths of that over the
range from 10 to 10° um/s. This can be understood if we take
into account that the solidification of the alloy with 11.3 wt.%
Si was at a higher rate than the 10° um/s yielding a eutectic
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microstructure (see Fig. 1). The decrease in the influence of
solidification rate on the strength is connected to the shift of the
composition required to form a eutectic microstructure. An
increase in the volume fraction of primary o-Al dendrites and
the refinement of the eutectic microstructure with increasing
solidification rate had been observed in Ref 47.

3.2.3 Modification of the Alloys. Modification of Al-Si
alloys using chemical, thermal and deformation methods were
described in a few reviews (Ref 56, 90-92). Modification of
eutectic silicon by different chemical elements was considered
in Ref 90. More effective transformation of irregular flake, plate
silicon structure to a fine, fibrous and uniform structure takes
place when Na or Sr is used. The ratio of their atomic radiuses
to that of silicon is about 1.64, which is thought to be the
optimal value. There are a several theories of chemical
modification. Generally, they are based either on a restriction
of nucleation of eutectic silicon or on restriction of the growth
rate of silicon by a modifier (Ref 93). A more widespread
theory connects the modification of a flake-like to a fibrous
structure with a change in the intensity of twinning of silicon
caused by adsorption of Na (or Sr) on the twin reentrant groove
or on growing surfaces of eutectic silicon flake. Na restricts the
development of Si flake embryos. This results in a growth of Si
fibers.

In review (Ref 91), the primary focus was on modification
employing strontium, which is used very widely at present in
applications. In that author’s opinion the most likely explana-
tion of the chemical modification is removing or neutralizing
AIP, which is an effective nucleator for silicon. This results in a
fine fibrous eutectic and improves the ductility of the hypoeu-
tectic alloy. Using Sr allows a twofold reduction in the solution
heat treatment time, resulting in a cost saving of more than ten
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Fig. 21 Influence of casting rate on the strength and elongation of Al-11.3 Si wt.% (Ref 47)

times the cost of the strontium. The author of this very useful
review analyzed the effect of modifiers and other chemical
elements on the porosity, quality index and American Foundry
Society microstructure rating of Al-Si castings. Practical
recommendations were given for foundryman on how to obtain
a highly modified microstructure. The author noted the
necessity to find ways of controlling and limiting the loss of
elongation and tensile strength associated with higher iron
content, and ways of obtaining super-modified structures with
high strength and decreased porosity of castings. There were
references to investigations on obtaining super-modified
microstructures by stirring during solidification of semi-solid
metal (Ref 94) and applying ultrasound to the melt (Ref 95).
The author suggests that directional solidification experiments
could yield better information on the effect of modifier/
refinements and impurities, particularly iron, on the structure
and mechanical properties. Discussion on the mechanism of
modification of the silicon structure, mainly on the role of oxide
biofilms, covering two sides of a silicon wafer, is in Ref 93. The
effect of biofilms on Sr modification, porosity and mechanical
properties of Al-Si alloys were also considered in review (Ref
96).

The influence of modification on wear resistance and
stiffness of hypereutectic alloys was considered in the review
(Ref 56). High wear resistance and stiffness, as well as high
strength and low temperature expansion, are very important for
alloys based on Al-Si in connection with high temperature
applications in the automobile industry. Small and well-
dispersed silicon particles improve the wear resistance. The
eutectic microstructure of unrefined alloy contains needle-like
silicon, which creates stress concentrators and initiates an
increase and a wide distribution of cracks in the matrix.
Moreover, in comparison with refined alloys, unrefined alloys
have a larger average penetration of abrasive particles into the
surface because of the longer free distance between primary
silicon particles of larger size. In a refined alloy, the depth of
penetration is less due to the smaller size of primary silicon
particles and the shorter average distance between them. The
influence of Sr addition on wear volume of Al-20 wt.% Si alloy
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was investigated in Ref 97. The wear volume decreases with an
increase of Sr to 0.04 wt.% and begins to increase above
0.06 wt.%. The increase in wear resistance can be explained by
the refinement of primary silicon that suppresses the creation
and propagation of cracks.

The influence of Mg content on the wear resistance of
hypereutectic 390 alloys was investigated in Ref 98. It was
revealed that the wear resistance increases with an increase in
Mg content. Such behavior of the alloy was explained by the
formation of Mg,Si compound that is bonded with the matrix
stronger than the coarse primary silicon.

The authors of Ref 56 claim, that hypereutectic alloys are now
generally treated with phosphorus to refine the primary silicon.
The phosphorus treatment shows no effect on the silicon in the
eutectic. Some refining elements have been proposed as an
alternative to phosphorus. However, these are only the first
attempts to achieve a completely modified structure.

We believe that the investigation (Ref 99) is a new attempt
to obtain hypereutectic Al-Si alloy with a super-modified
structure. An Al-15 wt.% Si alloy in the shape of a ribbon of
1 m length and 15 x 3 mm? cross section was pulled from the
melt by Stepanov’s technique. The growth rate was 1 mm/s; the
temperature gradient in the cooling zone was about 12 K/mm.
Earlier (Ref 7) it had been shown that these conditions
correspond to the displacement of the composition yielding a
eutectic microstructure. This alloy had a completely fine fiber
structure without any primary crystals, corresponding to an
AFS rating of five (Ref 100). Modifying this alloy by Sr
resulted in the formation of a super-modified eutectic structure
with AFS rating 6. Both structures are shown in Fig. 22.

The high plasticity of super-refined alloy results in a high
value of the quality index Q (Ref 101) taking into account its
ultimate tensile strength o3 and fracture elongation e&:

O = o+ k- loge. (Eq9)

For Al-Si alloys, k is equal to 150 (Ref 102). Figure 23
shows the strontium-content dependence of the quality index of
Al-15 wt.% Si with eutectic structure (Ref 99) and of A356-T6
alloys (Ref 103). This method of obtaining Al-Si based alloys
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Fig. 22 Microstructure of transverse sections of (a, c)—initial (unmodified) Al-15 Si wt.% alloy and (b, d)—the same alloy modified with
0.01 wt.% Sr. Samples were obtained at solidification rates of (a, by—10° um/s and (c, dy—107 um/s
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Fig. 23 Quality index as a function of Sr content for: (1) Al-15
Si wt.% alloys, samples with a quasi-eutectic structure (Ref 99), (2)
A356-T6 alloy castings with near-eutectic structure (Ref 103)

of hypereutectic composition with a super-modified eutectic
structure without any primary crystal seems to have interest for
application. However, it is necessary to study the porosity, wear
resistance and thermal stability of binary alloys and industrial
alloys with different alloying elements obtained by solidifica-
tion of a melt of hypereutectic composition at a rate that ensures
the formation of a fine fiber eutectic structure. It is possible that
an alloy of hypereutectic composition with a small 0.01 wt.%
Sr having a super-modified eutectic structure would have a
small porosity and high wear hardness.

The ultimate tensile strength of this hypereutectic alloy with
eutectic structure was 172 MPa. After 0.01wt. % Sr modifica-
tion was 277 MPa (Ref 99). By comparison, a modified Al-
50 wt.% Si-0.5 wt.% P alloy cast in a permanent mold after
heat treatment of T6 had UTS of 160 MPa (Ref 104). A
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modified Al-11.3 wt.% Si-0.02 wt.% Sr alloy produced by
directional solidification at a speed 1.7 mm/s (about a twofold
rate in comparison with Ref 99 had UTS equal to 260 MPa and
fracture elongation of 5.5% (Ref 47).

‘We would like to emphasize also that the observed increased
tensile strength and the high elongation for the chosen
hypereutectic composition (15 wt.% Si) are obtained at a rate
(10° um/s) that yields coupled growth of fine fiber eutectic
microstructure without any primary crystals. This is maximum
value of UTS and was not increased by further increase Si
content at a given rate.

In conclusion, we have compared the mechanical properties
of alloys obtained by conventional casting and by directional
solidification with a controlled rate (Ref 7, 47, 86, 99, 105-
108), Table 1. It is seen that maximum UTS and ¢ were
obtained in Ref 7) and Ref 99, when solidification occurred at
the rate giving coupled growth and resulting in eutectic
microstructure for the Si content in the alloy.

The maximum UTS and fracture elongation of Al-Si in
Table 1 are close to their minimum values in solidification rate
dependences for Ni-Al-based alloys investigated in Ref 11, 12,
109, 110.

4. Nanostructure and Precipitation

Microstructure and its effect on the strength properties of
Al-Si alloys obtained by directional solidification were
described higher. The microstructure of Al-Si alloys was also
investigated at nanoscales. Subgrains of a-Al and precipitates
of Si atoms in o-Al have a nanostructure.
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Table 1 Mechanical properties of Al-Si alloys obtained by casting in form and directional solidification with controlled

rate
Material, UTS, Elongation at Chemical References,
N wt.% MPa fracture, % modification Casting method, Solidification rate date
1 Al-13%Si 124 2 Sand cast Ref 105,
193 13 Na modified 1950
Al-13%Si 193 3.6 Permanent mold Ref 105
221 8 Na modified
2 A413 198 6,0 Permanent mold Ref 106,
191 12.0 Sr modified 1977
3 Al-10%Si 141.7 12.2 Metal mold Ref 107,
Al-19%Si 154.7 10.3 1999
4 Al-11.3%Si 215 5.5 Directional solidification by Ohno Ref 47,
250 5.7 0.02%Sr method, 1700 um/s 2000
5 Al-11.6%Si 215 13.5 0.037%Sr Gray iron mold Ref 108,
2001
6 Al-12%Si 222 12.5 Bridgman gradient zone directional Ref 86,
solidified, 1000 um/s 2010
7 Al-15%Si 225 13 Directional solidification by Stepanov’s Ref 7,
method, 1000 um/s 2013
8 Al-15%Si 277 36 0.015%Sr Directional solidification by Stepanov’s Ref 99,
method, 1000 um/s 2016

Table 2  Size of coherent dispersion regions of components of Al-Si alloys

Reference

Alloy composition Component L, nm

Al-15 wt.%Si- 0.01 wt.%Sr a-Al solid solution 93 £ 20

Al-15 wt.%Si a-Al solid solution 80 + 10
Eutectic Si 65 +£7

112
V.V. Kaminskii, N.V. Sharenkova, loffe Institute, unpublished (2019)

4.1 Microstructural Plasticity and Participation in Binary
Al-Si Alloys

Dissipation of energy of mechanical vibrations at small
mechanical stresses due to vibration dislocation motion,
dislocation internal friction, and a change of Young’s modulus
due to dislocation displacement at mechanical vibrations,
dislocation defect of Young’s modulus, in Al-Si alloys were
investigated in Ref 7. Al-Si alloys with Si content from 8 to 25
wt.%, solidified at the rate 10°um/s were investigated by
resonance method at the oscillation frequency about 100 kHz
and amplitude ranging from 5 x 10~7 to 3000 x 10~ ". These
measurements allowed us to determine the dependence of
microplastic flow stress a,, on Si content of Al-Si alloys for an
inelastic strain ¢ of 5 x 10~%. We found that o, (¢) was a
minimum at Al-15 wt.% Si. On the other hand, the yield point
was a maximum for Al-15 wt.% Si, which has a eutectic
structure (see Fig. 18). This difference seems to be due to the
participation of Si atoms in the o-Al solid solution and
formation of Guinier—Preston (GP) zones with natural aging at
room temperature for alloys obtained at a solidification rate of
about 10° pm/s.

Kinetics of silicon precipitation in directionally crystallized
binary Al-Si alloys was investigated in Ref 111 by DSC
method. The dependencies of the enthalpy of formation of
silicon precipitates on temperature and heating rate for samples
of different Si content were studied. The effective activation
energy of the process was estimated to be75 £ 5 kJ/mol. The
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enthalpy of precipitation of silicon atoms leading to the
formation of the Guiner-Preston zones decreases when the
silicon content increases from 8 to 15 wt.%.

Oscillation microplastic deformation of dislocations takes
place mainly in nanograines in the a-Al solid solution. X ray
diffraction analysis of the Al-15% wt. Si alloy (Ref 112)
showed that its eutectic structure consisted of regions of
coherent dispersion with low-angle boundaries, which are
considered to be subgrain boundaries. Table 2 shows the size of
the region of coherent dispersion L of a-Al solid solution and
additional data kindly provided by the authors of this paper. A
dislocation displacement on an order of 10™" um in subgrains
of sizes of that order can be retarded by Guinier—Preston zones.
With increasing silicon content to 15% wt., the contribution of
precipitates to a retardation of dislocation oscillation motion
decreases as had shown with the help of DSC investigation. In
the case of macroplastic tensile deformation, the flow stress will
increase with increasing Si content due to increasing volume
fraction of the stiffer eutectic structure.

Up to now, there have been no other investigations of
participation in binary Al-Si alloys obtained by direction
solidification at rate about 10°um/s. Nevertheless, the results
could be compared with the data of the DSC studies of binary
Al-Si alloys (Ref 113) obtained by the rotating melt method at
high cooling rates to 10° K/s. Transmission electron micro-
graph of Al-11.4 at.% Si alloy ribbon quenched after annealing
shown Si particles of irregular spherical shape with 40 nm
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average radius. In quenching from liquid state, precipitates had
the shape of ribbon of about 40 nm thickness.

In spite of high vacancy density and porosity those alloys, in
both cases exotherms of the same alloys measured at the same
heating rates are in the near temperature ranges. However, the
exothermic peak extreme in Ref 113 was at lower temperature
than in Ref 111. The difference about 100 K is due to
significantly higher supersaturation and increased instability of
o-Al solid solution during solidification at a higher rate. The
activation energy of precipitation for alloys obtained by very
fast cooling or quenching was ~ 89 kJ/mol in the supersatu-
rated solid solution. This value is higher than the activation
energy for the alloy obtained by directional solidification. The
high activation energy is explained by the high mount of excess
vacancies (Ref 113).

4.2 Precipitation in GCommercial Al-Si Alloys

The present review is limited to consideration of direction-
ally solidified binary alloys. But participation plays the most
important role for commercial alloys, which usually undergo
heat treatment. Here, we consider precipitation during aging
and its effect on the mechanical properties of an aged cast Al-
Mg-Si alloy to be an exception.

Alloys of this type are widely used in aerospace and civil
industries. An Al-0.89 Mg-0.75Si alloy with trace Fe and Zn
elements during aging was investigated by transmission
electron microscope (TEM), high resolution transmission
electron microscope (HRTEM) and hardness measurements
(Ref 114). The as-cast ingot was solution heat-treated at 550 °C
for 5h and quenched in ice water. DSC revealed two
exothermic peaks at about 250 and 470 °C which are related
to the precipitation of metastable ” and 3" phases. TEM and
HRTEM revealed the following sequence of precipitations due
to the segregation of the solute Mg and Si atoms in Al: Al
supersaturated solid solution — GP zone — f§” precipitates
— [ precipitates — f§ precipitates + Si. GP zones were revealed
after aging for 5 min at 180 °C. The GP zones had a spherical
shape of 5 nm diameter and coherent with Al matrix. "
precipitates were observed after aging for 1 h at 180 °C. They
had a needle shape of about 50 nm length and 4 nm thick.
These participates with high concentration were semi-coherent
with the matrix and inhibited dislocation motion. When the
aging time was increased to 5 h and then 10 h, the needle
length increased to 150 nm. A small number of large rod-
shaped participates arose. They were also semi-coherent with
the matrix. At the same time, HRTEM reveals f* precipitates of
30-100 nm length and 10-20 nm thickness. After aging at
180 °C for 30 h, metastable 5 precipitates of Mg and Si atoms
destroyed the coherent relationship with the matrix and
transformed into the stable § phase with rectangular plate-
shaped morphology. According to EDS analysis, the equilib-
rium Si phase also arose. Investigations showed strong
influence precipitation on the hardness of the alloy. The main
strengthening phase is . Maximum hardness after aging was
six times the original hardness.

The precipitation sequence observed in Ref 115-118 for Al-
Mg-Si alloys was similar to those in Ref 114. In those works,
together with 8° some other precipitates were observed. Their
presence can be explained by different Si and Mg contents as
well as different temperatures and times of annealing. In all
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observations, peak hardness was reached at high concentration
of the metastable, needle-shape f” phase. This phase is
coherent with the Al matrix in the needle direction. But in
the plane orthogonal to the needle direction, elastic strains were
observed due to lattice mismatch of the needle and a-Al. These
stress fields hindered dislocation motion and hardened the alloy.
HRTEM and quantitative electron diffraction enabled definition
of the monoclinic crystal structure of f” phase and the
orientation relationships to the fcc-matrix of Al (Ref 119):

[100] ¢ 11230] ,,,[010] 5/ 11[001] ,[001] 1 11[310]

with a monoclinic angle of 105.3°.

The experimental determination of the chemical composi-
tion of 8 phase was difficult. A study of " precipitates by use
of high-angle annular dark-field scanning transmission electron
microscopy showed MgyAl;Siy to be the most likely compo-
sition (unpublished research, see [10] in Ref 119. Therefore,
calculations based on density functional theory using an
atomistic model were performed for f” phase in Ref 119.
The enthalpies of formation of several chemical compositions
were calculated. The most stable composition was found to be
Mg5Al,Siy. However, the calculation did not take into account
kinetic effects during participate growth.

5. Summary

Aluminum alloys with Al-Si eutectic microstructure are
used widely in different fields of modern industry due to their
high strength-to-weight ratio, high castability and machinabil-
ity. There is an increasing demand for improved microstructure
and mechanical properties of these alloys.

Controlled fundamental research of the formation of
microstructure and the resulting properties of these alloys are
being realized with directional solidification experiments. The
character of the transformation of flake-to-fine fiber eutectic
microstructure with solidification rate has been investigated at a
microscopic level. The effects of the solidification rate and
cooling rate on the parameters of dendrite structure of the a-Al
phase and the average inter-particle space in eutectic
microstructures have been studied experimentally and theoret-
ically. The dependence of tensile strength and yield stress on
solidification rate and, therefore, on structural parameters has
also been revealed. Intensive research has been conducted on
the influence of chemical modifiers and thermal modification
on the microstructure of Al-Si castings. These works helped to
improve technology. However, up to now ways of improvement
of conventional technology are explored to obtain commercial
Al-Si alloys with a super-modified microstructure without
porosity, especially hypereutectic alloys.

We believe that the best cheap solution of this task is
solidification of the alloy selected composition at certain
cooling rate corresponding to the shifted eutectic point. In that
conditions coupled growth of fiber eutectic microstructure
takes place. It enables to produce hypereutectic alloys with
super-modified structure and much higher ultimate tensile
strengths and elongations than conventional casting without
controlling cooling. This approach should be taken into
account with traditional casting methods at select of the rate
of solidification.
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