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Effects of Rapid Heating on Solutionizing Characteristics
of Al-Si-Mg Alloys Using a Fluidized Bed

S.K. CHAUDHURY and D. APELIAN

Effects of rapid heat transfer using a fluidized bed on the heat-treating response of Al-Si-Mg alloys
(both unmodified and Sr modified) were investigated. The heating rate in the fluidized bed is greater
than in conventional air convective furnaces. Particle size analyses of eutectic Si showed that the high
heating rate during fluidized bed solution heat treatment causes faster fragmentation and spherodization
of Si particles compared to conventional air convective furnaces. The mechanism of Si fragmenta-
tion through fluidized bed processing is through both brittle fracture and neck formation and its
propagation. In contrast to this, the mechanism of Si fragmentation using a conventional air convec-
tive furnace is through neck formation and propagation. The Sr-modified D357 alloy showed a faster
spherodizing rate than the unmodified alloy. Thermal analyses showed an exothermic reaction dur-
ing solution heat treatment using a fluidized bed due to recrystallization, and coarsening of eutectic
Al grains. Whereas the alloy solutionized using a conventional air convective furnace showed two
exothermic reactions, one due to annihilation of point defects and the other due to recrystallization,
and coarsening of the eutectic grains in the aluminum matrix. The recrystallization temperature of
the alloy solutionized in the fluidized bed is lower than those in the conventional air convective fur-
nace. Both tensile strength and elongation of fluidized bed solutionized alloys are greater than those
solutionized using the air convective furnace. The optimum heat-treatment time for T4 temper using
a fluidized bed for unmodified and Sr-modified alloy was reduced to 60 and 30 minutes, respectively.

I. INTRODUCTION

INCREASING demands for lightweight metals as struc-
tural components in the automotive and aerospace industries
have led to the extensive use of Al-Si-Mg–based foundry
alloys. One advantage of using lightweight materials is to
increase the payload capacity. Al-Si-Mg alloys are candi-
date materials for such applications due to their good cast-
ability characteristics.[1] The addition of Mg makes the alloy
heat treatable,[2–6] which helps to tailor mechanical proper-
ties by selecting a suitable temper subsequent to casting.
The T6 temper is a widely accepted heat-treatment process
for aluminum alloys to increase strength. The T6 temper is
comprised of solution heat treatment, quenching, and then
artificially aging. The solution heat treatment increases ulti-
mate tensile strength and ductility, while aging increases
yield strength at the expense of ductility. In the case of the
T4 temper (solution heat treatment followed by quench-
ing), the increase in strength is through the solute solution
strengthening mechanism (Mg and Si atoms retained in the
postquenched state), and the increase in ductility is due to
the spherodization of eutectic Si particles. However, the
increase in yield strength on aging after T4 temper is through
precipitation strengthening owing to the precipitation of
Mg2Si particles. The resultant mechanical properties of the
heat-treated alloy depend on its chemical composition.

In addition to Si and Mg, cast Al-Si-Mg alloys usually
contain Fe as an impurity element. Depending upon the Mg
content, Fe may exist as � phase (Al8Mg3FeSi6), as �-Fe

needles (Al5FeSi), as Al8FeSi, or as a combination of the pre-
ceding phases. The solidus temperature of the alloy depends
on the iron-rich phase(s). The type and morphology of iron-
rich phase(s) that form in Al-Si-Mg alloys depend on the Mg
content. It has been observed[3] that iron-rich phase(s) have
a different morphology in Al-Si-Mg alloys containing 0.4 pct Mg
as compared to those containing 0.7 pct Mg. The former with
0.4 pct Mg, after solution heat treatment, contains only small
�-phase plates, whereas the latter (0.7 pct Mg) contain large
� phase and a small number of � plates. The morphology
of the iron-rich phase has a significant effect on the ductil-
ity of these alloys. The reduction in ductility and fracture
toughness in alloys with low Mg content is associated with
the formation of plate-shaped � phase. In alloys with higher
Mg content, the predominant intermetallics are � phase and
their effect on ductility is found to be dependent on whether
the alloy is Sr modified. It is observed[3] that in Sr-modified
alloy containing 0.7 pct Mg, the fraction of cracked � phase
is greater than Si, since � phase is much coarser than Si.
However, in unmodified alloys, the fraction of cracked Si
and �-phase particles are observed to be equal.[3]

In Al-Si-Mg alloys, it has been widely reported that Mg
and Si go into solution during solution heat treatment and are
retained in the Al matrix on quenching. However, the effect
of rapid heating on heat-treatment characteristics has not been
closely examined. The heating rate plays a crucial role in
increasing the kinetics of metallurgical processes; the effect
of rapid heating through a fluidized bed heat treating system
(henceforth referred to as FB) on solution heat-treatment char-
acteristics of Al-Si-Mg (D357) alloy is the focus of this study.

Alloy D357 is widely used in aerospace applications; in
conventional practice, the alloy is heat treated for about 20 hours
using a conventional circulating air convective heat-treating
furnace (henceforth referred to as CF). There is a major thrust
to reduce the total heat-treatment time and thereby increase
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productivity. With the advent of FB processing, the net heat-
treatment time can be reduced by almost an order of magni-
tude. Previous fluidized bed heat-treatment systems had specific
flaws in their design that hindered their use. One such prob-
lem was the lack of temperature uniformity in the bed since
the fluidizing air was introduced at ambient temperature. A
recently developed fluidized bed[7] is distinct in that the flu-
idizing air is made to flow over the heating element prior to
entering the furnace. This ensures minimum heat loss from the
bed and excellent temperature uniformity. The maximum tem-
perature variation observed in the laboratory fluidized bed used
in this work was �1 °C to 2 °C. Temperature uniformity within
the furnace is a critical issue.

The effect of fluidized bed processing (solution heat treatment
and aging) on the resultant microstructure and mechanical prop-
erties of unmodified and Sr-modified D357 alloys was inves-
tigated. In this article, we studied the effect of solution heat
treatment using a fluidized bed on microstructure and tensile
properties of alloys. Tensile properties are correlated to
microstructural changes, primarily to morphological changes
of Si particles during the solution heat treatment. For compar-
ative purposes, alloys were also heat treated using CF, and the
resultant microstructure and tensile properties were examined.

II. EXPERIMENTAL PROCEDURE

A. Alloy Composition

Alloy D357 was procured from Hitchcock Industries (MN)
in the form of cast plates. The chemical composition of the
alloy is given in Table I. The chemical composition was mea-
sured using the spectrographic technique and is given in weight
percentage. In addition to the basic alloying elements (Si and
Mg), the alloy also contains Fe as an impurity element. It is
well known that the presence of Fe as an impurity element in
most Al-Si-Mg based foundry alloys has a deleterious effect
on ductility.[8] The Be is added to counter this by spherodiz-
ing the Fe-rich intermetallics.[18] The alloy also contains Ti as
an alloying element, and its intermetallic (Al3Ti) is a well-
known grain refiner.[9] The heat-treatment characteristics of
both unmodified and Sr-modified D357 alloys were studied

B. Heat Treatment

Laboratory-type FB was used for solution heat treating
and aging. The technical detail of the FB is given in Refer-
ence 7. Staurolite sand (FeAl5Si2O12OH) was used as the flu-
idized bed material. Its particle size was in the range of 80
to 120 �m and particles were heated to the desired temper-
ature by means of a series of heating elements placed under-
neath the bed. The temperature variation in the bed was found
to be within 1 to 2 °C of the set temperature. For purposes
of comparison, parts were also heat treated in a resistance
furnace. The cast plates were solution heat-treated using the
FB and the CF at different temperatures and for various time

intervals. The heat-treatment schedule of the D357 alloy (both
unmodified and Sr modified) for T4 treatment (solution heat
treating and quenching in water at 25 °C) is shown in Table II.
It may be noted that the solution heat-treating temperature
selected was based on the solidus temperature of the alloy.
The solidus temperature was determined by monitoring the
cooling profile (temperature vs time) during casting. The first
derivative curve was superimposed on the cooling curve to
determine the solidus temperature. The solidus temperature
reported for D357 alloy is 546 °C. No significant difference
was noted with respect to the solidus temperature of the Sr-
modified D357 alloy vis-à-vis unmodified D357 alloy. The
solution heat treatment was carried out at 543 °C. Times
given in Table II are the isothermal times, and do not include
the ramp-up time, unless stated otherwise. The time delay
during quenching was less than 10 seconds. Optimum solu-
tion heat-treatment times were obtained using the fluidized
bed for unmodified as well as Sr-modified alloy.

C. Thermal Analysis

Phase transformations of alloy D357 that occur during
solution heat treatment were studied using thermal analysis
(TA) methods. The TA work was carried out by analyzing
the first derivative of the temperature-time profile monitored
during heat treatment of the alloy. A phase or physical trans-
formation is accompanied by a release (exothermic) or
absorption (endothermic) of thermal energy, which is usu-
ally detected by superimposing the first derivative (dT/dt)
curve on the heating profile (i.e., temperature (T) vs time
(t)). An exothermic curve will result in a sudden increase of
dT/dt value, whereas an endothermic event results in a sud-
den decrease of dT/dt value at the point of transformation.
Temperature measurements were carried out using DASY
Lab view software coupled with a data acquisition system
at an acquisition rate of 10 data per second.

D. Microstructural Observations

Microstructural characterization of the as-cast and the heat-
treated alloys were carried out using both optical microscopy
and scanning electron microscopy (SEM). Standard metallo-
graphic techniques were adopted for sample preparation. For
optical microscopy, samples were ground using SiC paper of
different grit size, followed by polishing with alumina powder
(0.2 �m) and silica gel (0.05 �m). The morphology (size and
shape) of Si particles was measured using image. The least
count of the measurement is �0.1 �m. The shape of particles
was quantified by measuring the shape factor (SF), given by

where P is the perimeter and A is the area of the particle.
The particle with SF of unity resembles a sphere, and

the greater the SF deviates from unity, the less will be the

SF � P2/4pA

Table I. Chemical Composition of Alloys

Alloy Si Mg Fe Sr Ti Be Al

D357 6.9 0.56 0.06 — 0.18 0.05 balance
D357(Sr) 7.1 0.56 0.07 0.01 0.18 0.05 balance

Table II. Heat-Treatment Schedule for D357 (Both
Unmodified and Sr-Modified) Alloy T4 Temper at 543 °C

Processing Time (min)

FB 15 30 45 60 90 120 — —
CF — 30 — 60 — 120 360 540
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sphericity of the particle. Samples for SEM were prepared
by electropolishing samples after grinding them on SiC paper
(4000 grit size). The electropolishing was performed at 30 V
for 20 seconds using a freshly prepared electrolyte, whose
composition was 60 pct Ethyl alcohol, 20 pct Perchloric
acid, and 20 pct Ethylene glycol by volume. Electropolished
samples were then etched with concentric nitric acid for
5 seconds and immediately rinsed in running water. The
Nitric acid etching was used to observe Mg2Si particles in
samples under SEM.

E. Evaluation of Mechanical Properties

The ultimate tensile strength, yield strength, and elongation
of as-cast and heat-treated test bars were measured. Tensile
specimens were machined from the as-cast and heat-treated
plates. Tensile bars were machined per ASTM standard speci-
fication B557 with 1-in. gage length. Tensile properties were
measured at a 0.1-in./min extension rate. At least five tests
were conducted for each heat-treatment condition and the
average value is reported. During tensile tests, some sam-
ples fractured prematurely from the neck region due to the
presence of inclusion or porosity and gave reduced tensile
properties. These results were not included when reporting
average values of ultimate tensile strength, elongation, and
yield strength.

III. RESULTS AND DISCUSSION

Prior to presenting and discussing the microstruc-
ture and mechanical properties of the alloy heat treated
to different conditions using the FB and the CF, it is
imperative to review the thermodynamic simulation results
of Al-Si-Mg alloy, which are pertinent to the heat-treat-
ment response. The phase diagram of the Al-Si-Mg sys-
tem was simulated using PANDAT software to study the
effect of Mg concentration on phase changes during post-
solidification heat treatment. The simulation analysis was
performed on the Al-Si-Mg based system. Figure 1 shows
the effect of Mg concentration on Al-7Si-0.07Fe-0.18Ti
alloy. The concentration of Mg was varied from 0.1 to 0.7
wt pct. Phases stable in different regions (marked in Fig-
ure 1) of the composition/temperature isopleth are given
subsequently:

Region 1: Liquid � Al3Ti
Region 2: Liquid � Al3Ti � Al
Region 3: Liquid � Al
Region 4: Liquid � Al � Si
Region 5: Si � Al � �
Region 6: Si � Al � � � Al3Ti
Region 7: Si � Al � � � �
Region 8: Si � Al � �
Region 9: Si � Al � � � Mg2Si
Region 10: Si � Al � � � Mg2Si � Al3Ti
Region 11: Si � Al � � � � � Al3Ti
Region 12: Si � Al � � � Mg2Si � Al3Ti

The isopleth (Figure 1) can be divided into two regions
with regard to its importance to postsolidification heat treat-
ment based on Mg concentration. These are (1) region I
with Mg concentrations less than 0.2 pct and (2) region II
with Mg concentrations greater than 0.2 pct (as marked by

the left- and right-hand side of the dotted line in Figure 1).
In the case of Mg concentrations below 0.20 pct, where
the phases that are stable at solution heat-treating temper-
atures between 535 °C and 550 °C are �-Al, Si, and Al5FeSi
(� phase), Mg forms a solid solution in the Al matrix per
the equilibrium phase diagram. In contrast, when Mg con-
centration is greater than 0.20 pct, regions 7 and 8 indicate
the phase stability at solution heat-treating temperatures (535 °C
to 550 °C). Thus, thermodynamic analysis predicts that solu-
tion heat treatment of the Al-Si-Mg-Fe type alloy with Mg
concentration greater than 0.2 pct will result in partial dis-
solution of Mg, since the Al8FeMg3Si6 phase is likely to
be retained on quenching from the solution heat-treating
temperature. In addition, it should be noted that for the alloy
with Mg composition in the range of 0.20 to 0.5 pct (region I),
the Fe-rich intermetallic phase exists only as a � phase
(Reaction [5]) at solution heat treating temperature. How-
ever, for Mg content between 0.5 and 0.7 pct, both � and
� phases coexist at solution heat-treatment temperatures
(region II). The � phase has a faceted morphology with
sharp angular edges, and acts as a stress concentrator lead-
ing to inferior mechanical properties. In contrast to this,
� phase has a Chinese script–like morphology with round
edges, and is less harmful than the � phase. The Mg con-
tent of Al-Si-Mg alloys is quite critical and plays an impor-
tant role in microstructural evolution during postsolidification
heat treatment.

A. Microstructural Evolution

In an earlier study,[10,11] it was reported that the heating
rate in the FB is an order of magnitude greater than the CF.
For a cylindrical aluminum alloy (70-mm long and 38-mm
diameter), it took 4 minutes to attain the solution heat-treating
temperature, whereas in contrast to this, using a CF, the time
required to attain solution heat treating temperatures was

Fig. 1—Phases stable in Al-7Si-0.07Fe-0.18Ti as a function of Mg con-
centration and temperature in different regions of the isopleth diagram.
These regions are as follows: (1) Liquid � Al3Ti, (2) Liquid � Al3Ti �
Al, (3) Liquid � Al, (4) Liquid � Al � Si, (5) Si � Al � �, (6) Si �
Al � � � Al3Ti, (7) Si � Al � � � �, (8) Si � Al � �, (9) Si � Al
� � � Mg2Si, (10) Si � Al � � � Mg2Si � Al3Ti, (11) Si � Al � � �
� � Al3Ti, and (12) Si � Al � � � Mg2Si � Al3Ti.
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(a)

(b)

Fig. 2—Micrographs of as-cast unmodified D357 alloy showing (a) eutec-
tic Si structure and (b) Mg2Si needles in the dendritic region of the Al
matrix.

30 minutes. The high heating rate in the FB plays a critical
role in the microstructural changes and tensile properties of
heat-treated alloys.

There are four important microstructural issues pertain-
ing to solution heat treatment of Al-Si-Mg alloys. These
are as follows: (1) dissolution of Mg2Si particles and retain-
ing solute (Si and Mg) in supersaturated aluminum matrix,
(2) fragmentation and spherodization of Si particles, (3)
morphological change(s) in Fe-rich intermetallics, and (4)
reduction in microsegregation of solutes (Mg and Si) in pri-
mary aluminum dendrites. These are discussed subsequently.
No direct measurements were made to study the reduction
in microsegregation kinetics; however, in previous work by
the authors,[10,11] it was observed that microsegregation was
significantly reduced in the A356 (Al-7Si-0.3Mg) alloy
within 30 minutes of solutionizing using an FB. In another
study,[22] Snugovski et al. have reported that Si microseg-
regation in Al matrix can be significantly reduced within
10 minutes of homogenization at 500 °C.

The as-cast microstructures of D357 and Sr-modified
D357 alloys are shown in Figures 2(a) and (b) and 3(a)
and (b) respectively. The unmodified D357 alloy typi-
cally consists of primary aluminum dendrites and irregu-
lar distribution of eutectic Si in the interdendritic eutectic
region (Figure 2(a)). The Si particles have a flakelike mor-
phology. Deep-etched samples show Si precipitates with
faceted morphology in the dendritic region. In addition
to this, Fe-rich particles are also observed; the EDX analy-
sis reveals this phase as � phase. The Fe-rich particles
have a Chinese script–like morphology and are found in
the interdendritic regions; similar microstructures have
been observed previously.[4] Though the equilibrium phase
diagram predicts the formation of � phase upon solidifi-
cation, the castings examined show the formation of �
phase. This may be due to nonequilibrium solidification,
which prevents the transformation of � to � phase, or it
may be due to the presence of Be, which can act as a �-
phase stabilizer.[18]

The as-cast microstructure also consists of both spheri-
cal and needle-shaped Mg2Si particles at the center of the
dendrites. The length of the Mg2Si needles ranges from 400
to 1200 nm. The periphery of dendrites is devoid of Mg2Si
particles. The segregation of Mg2Si particles in the center
of the dendrite is due to the microsegregation of Mg and
Si during solidification. It has been shown[4] that Mg2Si for-
mation is favorable when the ratio of Mg:Si is 1:1 in the
Al lattice. The microsegregation may disturb this ratio and
prevents the formation of Mg2Si particles at the periphery
of the dendrites. It should be noted that this ratio is not the
bulk ratio of Mg and Si in the alloy. Thermodynamically,
it is predicted that due to the microsegregation, concentra-
tion of Si and Mg are less at the center and greater at the
dendrite periphery. However, some cases of inverse segre-
gation of Si have also been observed.[2] It has been
reported[22] that the rapid cooling during solidification
resulted in normal segregation, as predicted by solidifica-
tion theory, whereas slow cooling during casting resulted
in the inverse segregation. The inverse segregation of Si at
the periphery of dendrites is due to the coarsening of eutec-
tic Si.[2] In addition to Mg2Si particles, Si precipitates of
1 to 2 �m are also observed in the center of the dendritic
region.

The microstructure of as-cast Sr-modified D357 alloy is
shown in Figures 3(a) and (b). The morphology of Si is
mostly fibrous. However, at the periphery of the dendrite,
refined flakelike morphologies were observed. It may be
noted that the Si particles at the periphery of the dendrites
are the first to nucleate and do not resemble a modified struc-
ture. The reason for the formation of refined flakelike mor-
phology in Sr-modified alloy at the periphery of the dendrites
is not clear. The presence of Sr has no significant effect
on the formation of the Mg2Si phase; the latter has a mostly
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(a)

(b)

Fig. 3—Micrographs of as-cast Sr-modified D357 alloy showing (a) eutec-
tic Si structure and (b) Mg2Si needles in the dendritic region of the Al
matrix.

needlelike morphology and is precipitated along favorable
crystallographic 	100
 direction.[12,13] The length of the
Mg2Si particles ranges from 700 to 2000 nm. In addition to
needles, few spherical Mg2Si particles are also observed.
The size of Mg2Si particles is greater in the Sr-modified
alloy as compared to the unmodified alloy.

1. Dissolution of Mg2Si particles
The effect of solution heat treatment on dissolution kinet-

ics of Mg2Si particles using the FB is shown in Figures 4(a)

through (c). The number density of Mg2Si particles in the
as-cast and solution-heat-treated condition at 543 °C for 15
and 30 minutes are 0.59, 4.12, and 0.23 �m2, respectively.
The number density increases significantly after 15 minutes
of solution heat treatment in the FB as compared to the as-
cast condition. The increase in number density of Mg2Si par-
ticles after 15 minutes of solution heat treatment is due to
the fragmentation of Mg2Si needles into small spherical par-
ticles. In the as-cast condition, the Mg2Si particles are mostly
needle shaped with lengths ranging from 700 to 2000 nm.
In contrast, Mg2Si particles after 15 minutes of solution heat
treatment are mostly spherical in shape with diameters rang-
ing from 20 to 60 nm, and a few needlelike particles whose
lengths are about 300 to 500 nm. The formation of spheri-
cal particles on solution heat treatment for 15 minutes sug-
gests that Mg2Si particles undergo fragmentation through
neck formation due to curvature effects, as described by
Rayleigh’s criteria.[14] It should be noted that upon solution
heat treatment for 15 minutes, although there is a signifi-
cant increase in the number density of Mg2Si particles vis-
à-vis in the as-cast condition, the volume fraction of Mg2Si
particles does not change significantly. This indicates that
the dissolution of Mg2Si into the Al matrix takes place in
two stages: (1) fragmentation of the needles into small spher-
ical particles and (2) dissolution of spherical particles into
the Al matrix. After 30 minutes of solution heat treatment,
the number density of Mg2Si is negligibly small and no nee-
dle-shaped particles were observed. Similar observations
were made in the unmodified D357 alloy. No significant
difference is observed in the dissolution kinetics of Mg2Si
particles due to Sr addition in D357 alloy.

2. Effect on morphology of eutectic Si
The effect of solution heat treatment on microstructure

using the FB vs the CF at 543 °C on unmodified D357 is
shown in Figures 5(a) through (e). The Si flakes start to frag-
ment to finer Si particles with reduced angularity at the edges
within 15 minutes of solution heat treating in the FB (Fig-
ure 5(b)); and on further solution heat treating to 120 min-
utes (Figure 5(c)), the coarsening of eutectic Si takes place
through Ostwald ripening. In general, the FB-processed alloy
exhibits faster fragmentation and spherodization kinetics as
compared to the CF-processed alloy.

The effect of solution treatment on Sr-modified D357
alloy in the FB and the CF at 543 °C is shown in Figures 6(a)
through (e). The modification has a strong influence on spher-
odization and coarsening kinetics of Si particles in the D357
alloy. Figures 6(b) and (c) show optical micrographs of Sr-
modified D357 alloy, solution treated using the FB for 15
and 120 minutes, respectively. The eutectic Si is signifi-
cantly spherodized within 15 minutes of solution heat treat-
ment using the FB. Further solution heat treatment has little
effect on the sphericity of Si particles. In contrast, the CF
solution-treated alloy exhibits slower fragmentation and
spherodizing kinetics. The high spherodizing and coarsening
rate of eutectic Si in FB solution-treated alloy is due to the
rapid heat transfer rate. The high heating rate experienced
by the work piece in the FB enhances fragmentation and
spherodization kinetics of the eutectic Si through generation
of thermal stresses owing to the thermal mismatch between
the eutectic Si and the primary Al. The coefficient of ther-
mal expansion of Si (3.61 �m/m °C) is an order of magnitude
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(a)

(c)

(b)

Fig. 4—Effect of solution heat treatment on dissolution of Mg2Si particles using the FB at 543 °C for (a) 15 min, (b) 30 min, and (c) as-cast Sr-modified
D357 alloy.

lower than that of the primary Al (25.5 �m/m °C) at 250 °C.
These thermal stresses induce thermal elastic strains on the
eutectic Si and the Al matrix. Accordingly, there can be two
possible situations. (1) If the thermal strain exerted on the
Si particles exceeds the fracture strain of the Si particles,
then fragmentation of Si particles via brittle fracture will
occur. (2) If the thermal strain is below the fracture strain
of the Si particles, then the particles will not fragment, but
will enhance the coarsening kinetics through a decrease in
elastic and surface energies. The decrease in elastic and sur-
face energies is the driving force for fragmentation and coars-

ening of the eutectic Si particles.[15,16] Both of these driv-
ing forces are dependent on the diffusivity of Si in the Al
matrix, which has a higher value, when the phases are in a
strained state.

The variation in the eutectic Si particle size as a function
of solution heat treatment time for unmodified and modi-
fied D357 alloy using both FB and CF is shown in Figures 7(a)
and (b), respectively. As expected, the size of eutectic Si
increases on solution heat treatment in both unmodified and
Sr-modified alloys. In general, the increase in eutectic Si size
in the FB-treated alloy is greater than that for the CF-treated
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Fig. 5—Optical micrographs of unmodified D357 alloy: (a) as cast, (b) solution treated at 543 °C for 15 min in FB, (c) solution treated at 543 °C for
120 min in FB, (d) solution treated at 543 °C for 120 min in CF, and (e) solution treated at 543 °C for 540 min in CF.

(a) (b)

(c) (d )

(e)
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Fig. 6—Optical micrographs of Sr-modified D357 alloy: (a) as cast, solution treated at 543 °C for (b) 15 min in FB, (c) 120 min in FB, (d) 120 min in
CF, and (e) 540 min in CF.

(a) (b)

(c) (d )

(e)
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alloys (both unmodified and modified). In the case of the
unmodified alloy, the size increases from 20.96 �m in the
as-cast condition to 30.61 �m within 60 minutes when solu-
tion heat-treated using the FB. Beyond 60 minutes, no sig-
nificant change was observed. On the other hand, it took
120 minutes in the CF to attain a size similar to that attained
by the FB-treated alloy in 60 minutes. As compared to the
unmodified alloy, the Sr-modified alloy showed relatively
faster coarsening kinetics. The size of eutectic Si increases
from 1.05 �m in the as-cast condition to 1.54 �m when
treated for 30 minutes with the FB. Beyond 30 minutes of
solution heat treatment in the FB, the change in size of eutec-
tic Si was marginal. The rate of increase in size of eutectic
Si is less in CF vis-à-vis FB.

The variation in the SF of eutectic Si with solution heat-
treatment time using FB and CF for both unmodified and
Sr-modified alloys is shown in Figures 8(a) and (b), respec-
tively. As expected, the SF decreases with an increase in
solution heat-treatment time. In the case of the unmodified
D357 alloy, the SF changes from 3.19 in the as-cast state
to 1.98 when solution heat treated for 60 minutes using the
FB. Beyond 60 minutes, the decrease in the SF was mar-
ginal. As compared to the FB-treated alloy, the CF-treated
alloy showed relatively slow spherodizing kinetics. In mod-
ified alloy, the SF reduces from 1.63 in the as-cast state to
1.25 and 1.35 after solution heat treatment for 30 minutes
using FB and CF, respectively.

In general, spherodization kinetics of eutectic Si in Sr-
modified alloy is greater than those in unmodified alloy.
Similar observations have been reported elsewhere.[1,17] Both
spherodization and coarsening are surface energy driven phe-
nomena; i.e., the system tries to minimize the surface energy

through spherodization. It has been reported that morpho-
logical changes of eutectic Si take place via Si fragmenta-
tion due to interfacial instability and their subsequent
spherodization and coarsening.[17] It is well known that inter-
facial stabilities cannot occur readily in platelike (unmodi-
fied) eutectic Si particles,[1] and, consequently, the structure
is resistant to spherodization. On the contrary, fibrous eutec-
tic Si particles in Sr-modified alloys are susceptible to shape
perturbation and consequently particles are easily fragmented.

The standard deviation (SD) in the measured particle size
and SF for unmodified and Sr-modified D357 alloys are
given in Tables III and IV respectively. It is interesting to
note that for Sr-modified alloy, the SD in size increases with
increasing solutionizing time of both FB- and CF-treated
alloy. This is because coarsening takes place due to Ostwald
ripening, where the coarser particle grows at the expense
of smaller particles. Consequently, fine particles become
smaller and coarse particles grow larger, resulting in greater
SD in size. In general, the SD in size of the FB solution
heat-treated alloy is greater than the CF-treated alloy. In
contrast, the SD in size does not change significantly in the
unmodified alloy for both FB- and CF-treated alloy as com-
pared to the as-cast condition. This is due to relatively slow
coarsening kinetics of eutectic Si in the unmodified alloy.
As expected, the SD in SF decreases with increasing solu-
tionizing times for both FB- and CF-treated alloys (both
unmodified and Sr modified). This is because solution heat-
treatment results in spherodization of eutectic Si, and with
increasing solutionizing times, the sphericity of Si particles
increases. In general, the SD in the SF of the FB solution-
ized alloys (both modified and Sr modified) is smaller than
that in the CF-treated alloys.

(a)

(b)

Fig. 7—Change in mean particle size of eutectic Si with solution HT time
of (a) unmodified D357 alloy and (b) Sr-modified D357 alloy.

(a)

Fig. 8—Change in mean SF of Si particles with solution HT time of
(a) unmodified D357 alloy and (b) Sr-modified D357 alloy.

(b)
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The number fractions of eutectic Si particles, with SF less
than 1.5 as a function of the solution heat treating time at
543 °C for both unmodified and Sr modified alloys, are shown
in Figures 9(a) and (b), respectively. The number fraction of
Si particles with SF less than 1.5 increases from 0.34 in the
as-cast condition to 0.55 for 15 minutes of solution heat treat-
ment in the FB at 543 °C. Further increases in process time
did not lead to any noticeable change in the number fraction
of Si particles with SF less than 1.5. Sixty minutes of solu-

(a)

(b)

Fig. 10—Variation of number fraction of eutectic Si (SF 	 1.5) with
solution heat-treatment time at 543 °C in FB and CF for (a) unmodified
D357 alloy and (b) Sr-modified D357 alloy.

tion heat treating was required in CF to achieve similar num-
ber fractions (0.6 to 0.7) of Si phase with a SF less than 1.5.
This reflects that prolonged solution heat treatment has little
effect on spherodization kinetics. Moreover, results indicate
that the kinetics and effectiveness of fragmentation and spher-
odization of Si are greater in the FB than with the CF.

The number fractions of eutectic Si with size less than
1 �m (in Sr modified) and less than 10 �m (in unmodified
alloy) are shown in Figures 10(a) and (b), respectively. The
number fraction of eutectic Si with size less than 1 �m in

Table III. SD in the Eutectic Si Particle Size and SF for the Unmodified D357 Alloy

Solutionizing Time (min)

Parameter Processing 0 15 30 45 60 90 120 360 540

SD in size (�m) FB 3.86 2.47 3.4 4.47 3.5 3.4 4.13 — —
CF 3.86 — — — 3.96 — 3.65 4.8 4.93

SD in SF FB 3.21 1.17 1.36 1.25 1.24 0.87 1.07 — —
CF 3.21 — — — 2.9 — 1.6 0.79 0.95

Table IV. Standard Deviation in the Eutectic Si Particle Size and SF for the Sr D357 Alloy

Solutionizing Time (min)

Parameter Processing 0 15 30 45 60 90 120 540

SD in size (�m) FB 1.55 1.86 1.94 1.85 1.96 2 2.29 —
CF 1.55 1.62 1.49 1.73 1.55 — 2 2.09

SD in SF FB 1.16 0.51 0.52 0.42 0.37 0.38 0.4 —
CF 1.16 0.66 0.55 0.56 0.37 — 0.37 0.42

(a)

(b)

Fig. 9—Variation of number fraction of eutectic Si with solution heat-treat-
ment time at 543 °C in FB and CF of (a) unmodified D357 alloy with size
less than 10 �m and (b) Sr-modified D357 alloy with size less than 1 �m.
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Sr-modified alloy decreases with solution heat-treating time.
This indicates that the coarsening of eutectic Si takes place
via Ostwald ripening, where larger particles grow at the
expense of smaller particles.

The mechanism of eutectic Si fragmentation and its mor-
phological evolution as a result of heat treatment differs
when comparing CF- and FB-processed metal parts. Cylin-
drical samples of 70-mm length and 38-mm diameter were
placed in the FB for 4 minutes and in the CF for 30 min-
utes; both furnaces were stabilized at 543 °C. The times of
4 and 30 minutes were sufficient for the samples to attain
the solution heat-treatment temperature. Figures 11(a) through
(d) are SEM micrographs of Sr-modified D357 alloy pro-
cessed in the FB for 4 minutes. Figures 11(a) through (c)
are representative of the fracture of the Si eutectic observed
during the FB heat treatment; the effect of rapid heat treat-
ment on eutectic Si located close to the periphery of a den-
drite is seen, while Figure 11(d) shows Si particles at the
center of the eutectic region. It can be noted that the eutec-
tic Si (Figures 11(a) through (c)) undergoes fragmentation
via brittle failure (as evidenced by particle cracking) due to
the differential thermal stress generated across the Si parti-
cle. Thermal stresses are produced due to the rapid heating
rate in the FB. In addition, eutectic Si particles (particu-
larly at the center of the eutectic region) undergo rapid frag-
mentation via neck formation (Figure 11(d)) due to curvature
effects (Rayleigh’s criteria).[5] In contrast, the eutectic Si
undergoes fragmentation only via neck formation during CF
processing (Figure 11(e)). Thus, the fragmentation mecha-
nism of eutectic Si in the FB-processed alloy is of mixed
type comprising both brittle fracture and rapid kinetics of
neck formation and its propagation, whereas in the CF-
processed alloy, it is through relatively slow kinetics of neck
formation and their subsequent propagation. The driving
forces for Si spherodization during solution heat treatment
are as follows: (1) decrease in interfacial energy and (2)
decrease in elastic strain energy. The former is due to the
surface tension effect and the latter is due to the thermal
mismatch between the particle and the matrix. The elastic
strain energy is a function of thermal strain, which is greater
in the FB-treated alloy owing to its rapid heating. In con-
trast to this, the slow heating rate in CF gives sufficient time
for the atoms to diffuse and thereby reduce thermoelastic
strains. The amount of thermal stress generated at the eutec-
tic Si particle/Al interface due to thermal mismatch at solu-
tion heat-treatment temperature can be estimated on the basis
of the following model.[19]

Assuming a single spherical elastic particle in an elastic
matrix, Brooksbank et al.[20] have reported that the maximal
shear stress, �M, that acts in planes oriented at 45 deg with
respect to the radial vector of the sphere, is given by

[1]

where indices 1 and 2 refer to the particle and the matrix,
respectively, and

Ta � Tf � temperature difference from stress free state,
� � mean coefficient of thermal expansion over

Ta � Tf range,

tM �
3

2
 

(a2 � a1) (Ta � Tf)

c (1 � v2)

E2
�

2(1 � 2v1)

E1
d
 
R3

r3

E � Young’s modulus,
v � Poisson’s ratio,
R � radius of particle, and
r � distance from the center of the inclusion.

In the case of the Al-Si system, by taking,[19] �1 � 2.6 

10�6, �2 � 22.7 
 10�6; E1 � 165 GPa, E2 � 70 GPa,
�1 � 0.22, �2 � 0.34, Ta � Tf � 20 K, dimensional factor
(R/r) � 1, Zhou et al.[19] showed that the maximal shear
stress at the interface that would be induced by a temper-
ature change of 20 °C amounts to 23 MPa. During solu-
tion heat treatment, the temperature change (Ta � 25 °C,
and Tf � 543 °C) is 518 °C. Therefore, considering 518 °C
as the value of the temperature change (Ta � Tf) in Eq. [1],
and considering the values for the other parameters as given
previously, the calculated value of the maximal shear stress
is 596 MPa. This value of the calculated shear stress (596 MPa)
is less than the fracture stress of the Si particle, which is
generally on the order of 4000 MPa.[21] However, the model
is based on the assumption that the Si particle is spherical
and the dimensional factor (R/r) is 1. The Si particles are
neither spherical nor isolated in castings and have a (R/r)
value ranging from 2 to 10. A significant fraction of the Si
particles have a ratio or R/r larger than 6. By using Eq. [1],
it can be seen that the maximal shear stress will exceed
the fracture stress of the Si particle (�4000 MPa) for those
that have R/r value larger than 6.7, thus leading to particle
fracture. Moreover, the estimation of �M under elastic con-
dition is a rough approximation because of the stress relax-
ation caused by dislocation movements. Local plasticity
occurs in the vicinity of the particle/matrix interface, as has
been observed in the case of metal matrix composites.[20]

The heating rate plays an important role in the microstruc-
tural evolution during solution heat treatment. In CF, owing
to the low heating rate (0.6 °C/s), dislocation moves in the Al
lattice during the heat-up stage and relaxes thermal stresses on
Si particles. In contrast, in the FB due to the high heating rate
(5.94 °C/s), there is no opportunity for stress relaxation. Hence,
the effect of heating rate on generation of thermal stresses as
discussed previously explains the reason for cracking of the
Si particles during the heat-up stage (Figure 11(a)) and for the
fast coarsening and spherodizing rate of Si particles at the
initial stages of solution treatment (less than 60 minutes) in
the FB-treated alloys. During prolonged solution heat treat-
ment, the thermal stress (�T) in the FB-treated alloys is reduced
significantly, and hence, not much difference is observed
between the microstructures of the FB- and the CF-treated
alloys when solutionized for 2 hours or more.

3. Effect on Fe-rich intermetallics
The effect of solution heat treatment at 543 °C in the FB on

Fe-rich intermetallics is shown in Figures 12(a) through (c).
The EDX analysis revealed that the Fe-rich phase is � phase,
though the equilibrium phase diagram predicts the coexistence
of both � and � phases for D357 alloy at 543 °C. This is either
due to the slow kinetics of transformation or the influence of
Be, which stabilizes � phase over � phase. Beryllium has been
reported to stabilize the � phase.[18] On solution heat treat-
ment in the FB, the � phase fragments to smaller particles with
reduced angularity. The fragmentation takes place via neck for-
mation. The complete dissolution of � phase was not observed
even during prolonged solution heat treatment for 120 minutes.
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Fig. 11—SEM micrographs of Sr-modified D357 alloy placed in the FB for 4 min (ramp-up time) showing (a) through (c) fractured Si particles, (d) Si
particles exhibiting neck formation during FB treatment, and (e) Si particles showing negligible change placed in CF furnace for 30 min (ramp-up time).

(a) (b)

(c) (d )

(e)
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B. Thermal Analysis

Thermal analysis was conducted on D357 alloy to under-
stand the role of heating rate on physical/phase transforma-
tion(s) during various stages of heat treatment. Figures 13(a)
and (b) show thermal analyses of the D357 alloy during
solution heat treatment using the FB in a static state (i.e.,
nonfluidizing state) and the CF, respectively. Note that the
thermal profile in the FB was monitored when the bed was
in a static condition and hence, the heating rate is relatively
low compared to when the bed is in a fluidizing state. It was

necessary to carry out the TA in a static FB because data
could not be acquired without fluctuations in the fluidized
state; no useful TA (first derivative) could be conducted on
data mired with fluctuations.

Solution heat treatment in the FB results in an exother-
mic reaction; the exothermic reaction starts at 98 °C and
ends at 112 °C in the FB solution-treated alloys, whereas
in the CF solution-treated alloy, the exothermic reaction
starts at 253 °C and ends at 320 °C. This indicates that the
high heating rate in the FB causes the exothermic reaction

(a) (b)

(c)

Fig. 12—SEM micrographs showing the effect of solution heat treatment on � phase in Sr-modified D357 alloy: (a) as-cast condition, (b) solution heated
treated at 543 °C for 1 h in FB, and (c) for 2 h.
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to take place at a much lower temperature than that in CF.
In addition, another exothermic reaction takes place during
CF solution heat-treated alloy, which starts at 90 °C and
ends at about 110 °C, which is likely due to recovery. How-
ever, no such transformation was observed in samples
processed via FB.

The exothermic reaction observed in the temperature range
from 90 °C to 110 °C during CF solution heat treatment will
lead to the annihilation of point defects resulting in the release
of thermal energy; it should be noted that alloys cast under
nonequilibrium conditions will contain point defects in the
matrix. The second exothermic reaction noted during CF
solution heat treatment (in the temperature range of 253 °C
to 320 °C) is due to the recrystallization and coarsening of
eutectic Al grains. Recrystallization and coarsening are well-
known phenomena in wrought Al alloys. The difference in
the energy between the strained and unstrained matrices is
the driving force for recrystallization and coarsening in
mechanically worked wrought alloys. In contrast, cast alloys
are not mechanically worked. Therefore, the question here
is what is the driving force for the recrystallization in cast
alloys? The thermal strain energy generated due to the ther-

mal mismatch between Al and Si is the driving force for
recrystallization in cast Al alloys. The coefficient of ther-
mal expansion of Al is an order of magnitude greater than
Si.[19] The thermal strain energy generated due to thermal
mismatch between Al and Si is calculated using Eq. [1], and
the eutectic Al grains are significantly strained during the
heat-up stage. In contrast, in wrought alloys, the Al matrix
is uniformly strained throughout the matrix due to mecha-
nical working. The differential strain generated by thermal
mismatch between Al and Si in the Al matrix of cast alloys
is due to the presence of Si particles mostly present in the
eutectic region. Therefore, it is reasonable to expect that in
the eutectic region (eutectic Al and eutectic Si), the strain
will be greater than that in the center of the dendritic region
of the primary Al matrix.

The recrystallization of the eutectic grains of the cast Al
alloys during solution heat treatment is supported through
microstructural observations shown in Figures 14(a) and (b)
for Sr-modified D357 alloy solutionized for 60 minutes. The
micrographs show coarsened eutectic Al grains formed after
recrystallization, which is evidence for the observed exother-
mic peak during TA in the FB and CF (high-temperature peak).
Therefore, there is a fundamental difference in the concept of
recrystallization between wrought and cast Al alloys. In cast
Al alloys, eutectic grains are more prone to recrystallize, whereas
in wrought alloys, the entire Al matrix is recrystallized. In other
words, in the case of cast Al alloys, recrystallization is a local-
ized phenomenon limited to the eutectic region, whereas in
wrought alloys, it occurs throughout the matrix. The TA of the
FB solution heat-treated sample shows that the exothermic
transformation as a result of recrystallization takes place at
lower temperatures vis-à-vis CF-treated samples due to the high
heating rate in FB, which generates large thermal stresses. It
has been reported that thermal stress is directly proportional to
the heating rate.[11] Thermal stress is the driving force for the
recrystallization of the eutectic grains; consequently, the trans-
formation temperature is lower when there is a large driving
force, i.e., when thermal stresses are large.

C. Mechanical Properties

Figures 15(a) through (c) show the variation in ultimate ten-
sile strength (UTS), yield strength (YS), and elongation of
unmodified D357 alloy solution treated in the FB and the CF
for various intervals. As expected, UTS, YS, and elongation
increase with increasing solutionizing times. The superiority
of the FB processing (solution heat treating) over the CF with
regard to reducing solution heat-treating time is clearly seen.
In the case of unmodified alloy, it takes about 15 minutes in
the FB to get a reasonably high UTS (275 � MPa) value,
whereas using the CF, it takes about 180 minutes to attain the
same level of strength. For the unmodified D357 alloy, rea-
sonably good ductility (7 � pct elongation) is achieved only
after 60 minutes of solution heat treating in the FB, whereas
in the CF, it takes about 3 hours.

Figures 16(a) through (c) show the UTS, YS, and elonga-
tion of Sr-modified D357 alloy solution treated in FB and CF.
As expected, solution heat treatment leads to significant gain
in UTS, YS, and elongation of the alloy. Reasonably good
UTS (275 � MPa) and ductility (�12 pct elongation) is
achieved within 30 minutes of solution heat treating in the FB.
The increase in the UTS and the YS of solutionized alloys is

(a)

(b)

Fig. 13—(a) TA of solution heat treatment of D357 alloy in CF. (b) TA
of solution heat treatment of D357 alloy in FB.
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(a)

(b)

Fig. 14—Deep-etched micrographs of Sr-modified D357 alloy solutionized
at 543 °C for 1 h using FB showing recrystallized and coarsened eutectic
Al grains at (a) 1900 times and (b) 5000 times.

due to solid solution strengthening, and the increase in elon-
gation is due to the spherodization of eutectic Si particles. Fur-
ther, it is clear that Sr modification leads to faster solution heat
treating (due to rapid spherodization) through FB vis-à-vis CF.
Based on the preceding results, the optimum solution heat-
treating time using the FB for the Sr-modified alloy is 30 min-
utes, and that for the unmodified alloy is 60 minutes. In the
unmodified D357 alloy, for the 60-minute solution heat-
treatment time, an elongation of about 7 pct and a UTS greater
than 290 MPa are attained, while for the Sr-modified alloy,

for the 30-minute solution heat-treatment time, an elongation
of 12 pct and UTS greater than 290 MPa are attained.

IV. CONCLUSIONS

1. The heating rate in the FB is greater than in the CF.
2. The high heating rate in the FB results in greater sphero-

dization kinetics of eutectic Si during solution heat treat-
ment than that in the CF.

3. The mechanism of Si fragmentation is through brittle
fracture due to thermal mismatch between Al and Si and
rapid neck formation in the FB heat-treated castings. In
contrast to this, the mechanism of Si fragmentation in
alloy solution heat treated using a CF is through rela-
tively slow neck formation and its propagation.

4. Optimum solution heat-treatment times using the FB
for unmodified and Sr-modified alloy are 60 minutes and
30 minutes, respectively.

(a)

(b)

(c)

Fig. 15—Effects of solution heat treatment (T4 condition) for unmodified
D357 alloy on (a) UTS, (b) yield strength; and (c) elongation.
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(a)

(b)

(c)

Fig. 16—Effects of solution heat treatment (T4 condition) for Sr-modified
D357 alloy on (a) UTS, (b) yield strength, and (c) elongation.
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