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ABSTRACT
Two A356 aluminum alloys (Al–Si–Mg), one with 0.09 wt.% Fe and one with 0.91 
wt.% Fe, were cast in a graphite mold with simultaneous local ultrasonic pro-
cessing to refine the as-cast microstructure. Ultrasonication during casting trans-
formed the morphology of primary Al grains from dendritic (~ 140–290 microns 
in size) to globular (~ 33–36 microns in size). The alloy with high Fe exhibited 
globular grains at distances up to 45 mm away from the ultrasound probe, while 
the alloy with low Fe exhibited globular grains at distances only up to 6 mm away 
from the ultrasound probe. Near the location of the ultrasound probe (< 2 mm 
away), a second non-dendritic microstructural morphology was observed with 
fine aluminum grains (~ 9–25 microns in size). This unique fine-grained mor-
phology has not been previously reported, contains a greater area fraction of Si 
relative to the globular microstructure, and may be a large, fully eutectic region. 
Ultrasonication during casting also transformed the morphology of the β-Al5FeSi 
phase particles (which are deleterious to the strength and ductility of the alloy) in 
the high Fe alloy from needle-like to rectangular, which could enable the greater 
use of secondary Al alloys. Thermodynamic simulations conducted to calculate 
the solidification paths of the two alloys studied predict that the β-Al5FeSi phase 
begins to form earlier in the alloy with high Fe. Data suggest that the β-Al5FeSi 
phase (which is more abundant in alloys with high Fe content) may enhance 
ultrasonically-induced grain refinement.

Introduction

Currently, aluminum (Al) castings account for 60 to 
70% of the aluminum used in vehicles [1]. The micro-
structures of cast aluminum alloys are typically den-
dritic, inherently less homogeneous, and contain 

porosity defects. Consequently, they typically have 
poor mechanical properties, especially compared to 
wrought materials. Some enhancement in as-cast prop-
erties can be achieved by refining the microstructure. 
One method of refining the microstructure is the use 
of high thermal conductivity molds (e.g., permanent 
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molds) and/or chills, which increase the local cooling 
rate during casting [2]. However, chills may not always 
be practical for certain mold designs and the cooling 
rate may not necessarily be high enough for refine-
ment further away from the chill. Another method 
is the addition of grain refiners, which enhance the 
nucleation rate in the melt [3–5]. However, grain refin-
ers are limited in their ability to efficiently produce 
grain sizes smaller than ~ 100 microns [4, 5]. Addition-
ally, their grain refining effectiveness decreases with 
repeated recycling because of a combination of loss of 
the refiners in the dross and agglomeration of parti-
cles [5]. The addition of grain refiners to the melt also 
changes the overall composition of the alloy, making 
it more difficult to recycle. Another microstructural 
refinement method is friction stir processing, which is 
capable of producing grain sizes less than 100 microns 
in cast aluminum alloys [6, 7]. However, this technol-
ogy requires additional processing steps following 
casting, which can increase the total costs.

Ultrasonic melt processing of molten Al alloys is a 
casting technique used for purposes such as degassing, 
fine filtration, and the production of non-dendritic, 
refined microstructures [8]. The mechanisms for how 
these unique microstructures are formed can be classi-
fied into two categories: those that relate to nucleation 
and those that relate to the fracture of dendrites. The 
mechanisms that relate to nucleation put forward that 
ultrasonic cavitation enhances both homogeneous and 
heterogeneous nucleation, thus increasing the number 
of primary Al grains in a given volume of material and 
thereby decreasing average grain size [8–12]. One pro-
posed mechanism is that collapsing ultrasonic cavities 
increase undercooling in the melt, promoting homo-
geneous nucleation for primary Al grains [8]. Another 
proposed mechanism is that ultrasonication increases 
the wettability of small impurities in the melt, increas-
ing the number of potential heterogeneous nucleation 
sites [9–12]. These mechanisms tend to dominate when 
ultrasound is applied to the alloy at temperatures 
above the liquidus. On the other hand, the mecha-
nisms that relate to the fracture of dendrites put for-
ward that a combination of local remelting at the root 
of dendrite arms along with mechanical deformation 
leads to the fracture of dendrites, resulting in smaller-
sized grain units [13–15]. This mechanical deformation 
may come from the implosion of ultrasound cavita-
tion bubbles, the movement of clouds of ultrasound 
cavitation bubbles, and/or acoustic flow [13–15]. These 
mechanisms are only relevant when ultrasound is 

applied to semi-solid alloy (i.e., at temperatures below 
the liquidus). Recent in-situ radiography experiments 
have observed the growth, movement, and collapse of 
ultrasound bubbles in molten Al-Cu alloys and have 
also observed the fracture of aluminum dendrites in a 
solidifying Al-Cu alloy [15–20]. The final ultrasonically-
refined microstructure has improved strength, ductil-
ity, and fatigue life compared to that of the dendritic 
microstructures [8, 21]. This ultrasonically-induced 
improvement in strength and ductility has been dem-
onstrated by preliminary results from this study [22].

This study is part of a larger investigation to locally 
apply ultrasonic processing in an Al casting to refine 
the local as-cast microstructure. Rather than applying 
ultrasound to molten aluminum before/during pour-
ing, in this work ultrasound is applied to the Al as it 
solidifies in a permanent mold. This approach allows 
for the active application of the ultrasound field to 
targeted locations within a larger casting during the 
casting process itself. This is in comparison to passive 
chills, bulk grain-refiners, and/or post-casting steps 
that employ mechanical techniques such as friction 
processing. In this study, two A356 Al alloys were 
used, one with low Fe content and another one with 
added Fe content. The purpose of studying an alloy 
with added Fe content is to determine if ultrasound 
can also refine the microstructure of secondary alloys, 
thus enabling more widespread use of them. Both 
alloys were cast in a graphite mold. Ultrasound was 
applied via a probe inserted into the mold through 
the mold wall. The resultant microstructures were 
characterized using optical microscopy, scanning elec-
tron microscopy, and electron backscatter diffraction 
(EBSD). Thermodynamic simulations were conducted 
to gain insight on the phase types and amounts for the 
two alloys studied.

Methods and materials

Materials

This study investigated two Al–Si–Mg alloys provided 
by Eck Industries, Inc. Table 1 lists the composition of 
each alloy. The first alloy is an A356 Al alloy with 0.09 
wt.% Fe. The second alloy is an A356 Al alloy pro-
duced with additional Fe content (A356 + Fe). This 
raised the Fe composition of the alloy to 0.91 wt.%, 
which mimics the “high” Fe content seen in recy-
cled Al alloys [23]. Prior studies of ultrasonic melt 
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processing of 356 alloys have not investigated an alloy 
with Fe amounts this high [8, 9, 15, 19, 21]. Both alloys 
also contain less than 0.002 wt.% Zr and less than 0.001 
wt.% Cr, Zn, and Co. The A356 + Fe alloy also contains 
0.003 wt.% B.

Casting

For casting experiments, approximately 200 g of Al 
was melted in an alumina crucible inside of a box 
furnace, heated to approximately 720  °C, and cast 
in a cylindrical graphite mold at room temperature. 
Graphite was chosen as the mold material because 
casting Al in a graphite mold at room temperature can 
simulate the solidification rates of permanent mold 
casting techniques, which typically use a preheated 
steel mold [24]. The inner diameter of the mold was 
45 mm and the walls were 8 mm thick. Ultrasound 
was applied using a Sonics VCX 750 ultrasonic liq-
uid processor with a CV-33 ultrasonic converter and 
a 630–0220 (13 mm dia.) cylindrical ultrasonic probe 
with a 127 mm extender. The tip of the ultrasound 
probe, which was made of Ti-6Al-4V, was inserted 
into the mold through the mold wall, regardless of 
whether or not ultrasound was applied, see Fig. 1. The 
probe was inserted into the mold prior to pouring the 
molten Al and was removed once the Al fully solidi-
fied and cooled. To minimize exposure between the 
liquid Al and the Ti-6Al-4V probe, the tip of the probe 
only protruded a few mm into the mold from the mold 
wall and was coated with boron nitride lubricant. 

Thermocouples were placed on the probe outside of 
the mold to monitor the temperature of the probe. A 
type-K thermocouple was placed in the mold in front 
of the face of the ultrasound probe to measure the tem-
perature of the Al as it cooled. Temperature data were 
recorded at a rate of 1 Hz.

For the experiments where ultrasound was applied, 
ultrasound was started just before the molten Al alloy 
was poured into the mold and was stopped once 
the temperature of the Al cooled below the solidus. 
The ultrasound probe oscillated longitudinally at a 
frequency of 20 kHz and power varied up to 750 W 
to maintain a set peak-to-peak amplitude of 33 µm 
(though for select experiments, the amplitude setting 
was raised to 78 µm). (Note: the actual peak-to-peak 
amplitude was likely smaller than the set amplitude 
as the temperature at the tip of the probe was hotter 
than room temperature). Both the ultrasonic converter 
and the mold were clamped in place to ensure that 
the probe remained in contact with the Al throughout 
solidification. After casting, select specimens were heat 
treated to a T6 condition by solution heat treating at 
540 °C for 6 h, quenching in hot water, then aging at 
155 °C for 4 h [25].

Microstructural characterization

Optical microscopy (OM) and scanning electron 
microscopy (SEM) were used to characterize the 
microstructures and measure secondary dendrite 
arm spacing. Castings were sectioned along the 

Table 1   Composition, 
in wt.%, of the two alloys 
studied

Alloy Si Mg Fe Ti Cu Mn Ni Sr Ga V Al

A356 6.72 0.42 0.09 0.11 0.00 0.00 0.01 0.00 0.01 0.02 Bal
A356 + Fe 6.78 0.35 0.91 0.11 0.01 0.01 0.00 0.01 0.00 0.02 Bal

Figure 1   Schematic depicting the ultrasound probe (with a 127 mm extender) inserted into the graphite mold via a hole in the mold 
wall. The probe oscillated longitudinally to ultrasonically process the Al as it solidified in the mold.
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longitudinal axis of the ultrasound probe to produce 
optical microscopy specimens. These specimens were 
polished and etched using Keller’s reagent to reveal 
phases for OM and were then repolished for SEM. A 
JOEL JSM-7001F Schottky Emission SEM was used. 
Primary Al grains were identified and imaged using a 
Bruker Quantax e-Flash HR electron backscatter dif-
fraction (EBSD) detector. Misorientation angles of 15° 
or more were defined as high-angle grain boundaries 
separating grains. Only grains with at least 25 pixels 
were counted and regions of less than 10 unindexed 
pixels were absorbed into the surrounding grain. Iron-
rich β-Al5FeSi particles and eutectic silicon particles 
were identified using a Bruker Quantax X-Flash|60 
energy dispersive X-ray spectroscopy (EDS) detector 
and imaged in backscatter diffraction mode. ImageJ 
software was used to measure the equivalent grain 
diameter, sphericity, and aspect ratio of the Al den-
drites/grains, Si particles, and β phase particles [26]. 
Equivalent grain diameter, i.e., the diameter of the 
dendrite/grain if it were a perfect circle, is defined 
as √(4A/π), where A is the area of the grain. Spheric-
ity, sometimes referred to as roundness, is defined as 
4πAP−2, where P is the perimeter of the grain/particle. 
Sphericity values range from 0 to 1, with values closer 
to 1 indicating a more circular morphology and values 
closer to 0 indicating a more needle-like morphology. 
Aspect ratio is defined as the major axis of the ellipse 
fit to the grain/particle divided by the minor axis of 
the ellipse fit to the grain/particle. ImageJ software was 
also used to quantify area fraction of phases, which 
for subsequent discussion is assumed to be equiva-
lent to volume fraction. All measurement uncertainties 
listed in this study are the sample estimate of standard 
deviation unless otherwise specified.

Thermodynamic simulations

Thermodynamic simulations were conducted for 
solidification of the two alloys considered in this 
study. Experimental temperature data from several 
casting experiments were used to estimate the cool-
ing rate during casting. The subsequent heat treat-
ments were not simulated. Thus, microstructure data 
are presented only to highlight the different phases 
and their amounts between the two alloys considered 
without an assessment of model accuracy. The micro-
structure model in ProCAST, which is based on the 
CompuTherm software with the Pandat databases, 
was used to conduct the thermodynamic simulations 

for the two alloys considered based on a back diffu-
sion (BD) model for a constant cooling rate of 1.37 °C/s 
(calculated from experimental temperature data just 
below the solidus) and a Scheil model. The Scheil 
model was included for comparison. The terminology 
from the ProCAST/CompuTherm simulations is used 
in sections discussing the simulation work [27, 28].

Results

Casting

Figure 2 shows an example of thermocouple tempera-
ture data acquired during the solidification of the A356 
alloy with the application of local ultrasonic process-
ing. The liquidus, solidus, and binary Al-Si eutectic 
temperatures are indicated in the figure, as well as 
the superheat temperature of the molten Al. Aside 
from the main Al-Si eutectic phase transformation 
at ~ 573 °C, the A356 alloy exhibits another eutectic 
reaction near the end of solidification, at less than 5% 
liquid fraction [29]. Since the application of ultrasound 
is sought at much larger liquid fractions than that 
of the ternary eutectic, all references made in in the 
remainder of this study to the eutectic phase transfor-
mation refers to the main Al-Si eutectic transformation 
at ~ 573 °C. Two average cooling rates are observed, 
one between the liquidus and the eutectic tempera-
ture, and one between the eutectic temperature and 

Figure  2   Experimentally measured temperature evolution for 
the A356 alloy cast with local ultrasonic processing.
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the solidus (i.e., the temperature at which the total 
solid fraction is 100%). These average cooling rates are 
defined as the pre-eutectic cooling rate and the post-
eutectic cooling rate, respectively. Among multiple 
casting experiments, the average pre-eutectic cooling 
rate was 5.4 ± 1.0 °C/s and the average post-eutectic 
cooling rate was 1.4 ± 0.5 °C/s. Both the pre-eutectic 
and post-eutectic cooling rates were relatively insen-
sitive to the presence/absence of local ultrasonic pro-
cessing and the Fe content of the alloy. The average 
cooling rate across casting experiments in this work is 
similar to the cooling rates typically observed in per-
manent mold casting processes, which typically range 
from 0.1 to 1 °C/s [24].

Microstructural characterization

Alloys that were cast without local ultrasonic pro-
cessing (i.e., the A356 and A356 + Fe control castings) 
exhibited only a dendritic morphology, as shown in 
Fig. 3. The specimens were etched so that Al appears 
lighter and Si appears darker. The mean secondary 
dendrite arm spacing (SDAS) of the primary Al den-
drites, measured at multiple locations in both castings, 
is 24 ± 5 µm for the A356 control casting and 23 ± 5 µm 
for the A356 + Fe control casting.

Alloys that were cast with local ultrasonic pro-
cessing (i.e., the A356 and A356 + Fe ultrasonicated 
castings) exhibited regions with three distinct 
microstructural morphologies: globular grains, fine 
grains, and dendritic grains, as shown in Figs.  4 
and 5. For the A356 ultrasonicated casting, the two 

non-dendritic morphologies were observed only 
within 6 mm of the ultrasound probe, while the 
dendritic morphologies were observed at greater 
distances (> 6 mm) away from the ultrasound probe. 
For the A356 + Fe ultrasonicated casting, the globular 
grains were observed at further distances, up to 45 
mm away from the ultrasound probe, and the den-
dritic grains were only observed near the mold wall. 
Stitched optical micrographs that show the regions 
of the three distinct morphologies relative to the 
ultrasound probe are provided in Appendix A.

Since both of the control castings exhibited only 
dendritic morphology, the presence of dendrites 
in the ultrasonicated castings indicates that only a 
selected region in the ultrasonicated castings was 
modified while the remainder of the casting retained 
a dendritic morphology. Therefore, the boundary 
between the non-dendritic and dendritic morphol-
ogies in the ultrasonicated castings indicates the 
boundary separating the ultrasonically modified and 
unmodified zones of the casting, respectively. The 
total area of the ultrasonically modified zones in the 
A356 and A356 + Fe ultrasonicated castings is 60 mm2 
and 1230 mm2, respectively. Increasing the peak-to-
peak vibrational amplitude setting of the ultrasound 
probe from 33 µm to 78 µm did not increase the size 
of the ultrasonically-modified zone in the A356 ultra-
sonicated casting (see Appendix A). However, the 
temperature of the probe when the vibration ampli-
tude was set at 78 µm was hotter than the tempera-
ture of the probe during other casting experiments. 
Therefore, it is possible that the actual vibrational 

Figure 3   Optical micrographs of dendritic microstructures representative of the microstructure observed in the a A356 control casting 
and b A356 + Fe control casting.
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amplitude did not change much relative to when the 
amplitude was set at 33 mm.

Primary aluminum dendrites/grains

Electron backscatter diffraction (EBSD) was used to 
quantify the size and shape of the primary Al grains. 
Figure 6 presents inverse pole figure maps (IPF-Z) 
of the dendritic microstructure of the A356 control 
casting and the non-dendritic microstructures of the 
A356 ultrasonicated casting. The IPF-Z maps were 
captured in the vicinity of the regions depicted 
in optical micrographs in Figs. 3a, 4b, and 4c. The 

mean equivalent grain diameter of the primary Al 
dendrites in the A356 control casting is 290 ± 320 
(with an area-weighted mean diameter is 830 µm). 
In comparison, the mean equivalent grain diameter 
of the primary Al globular grains and fine-grains in 
the A356 control casting are 33 ± 20 µm and 25 ± 16 
µm, respectively (with area-weighted mean diam-
eters are 58 µm and 46 µm, respectively). Both of 
these mean equivalent grain diameters are similar 
to the mean SDAS of the A356 control casting (24 ± 5 
µm). While the Al grains in the fine-grained micro-
structural morphology are only 24% smaller, on 
average, than those in the globular microstructural 
morphology, the fine-grained morphology is distinct 
from the globular microstructure due to the greater 

Figure 4   Optical micrographs of the a dendritic microstructure, b globular microstructure, and c fine-grained microstructure represent-
ative of the three different microstructure morphologies observed in the A356 ultrasonicated casting.

Figure 5   Optical micrographs of the a dendritic microstructure, b globular microstructure, and c fine-grained microstructure represent-
ative of the three different microstructure morphologies observed in the A356 + Fe ultrasonicated casting.
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area fraction of Si phase particles in the fine-grained 
region, ~ 15% compared to ~ 6% (see Fig. 4b and 4c).

Figure 7 presents inverse pole figure maps (IPF-Z) 
of the dendritic microstructure of the A356 + Fe con-
trol casting and the non-dendritic microstructures of 
the A356 + Fe ultrasonicated casting. The IPF-Z maps 
were captured in the vicinity of the regions depicted in 
optical micrographs in Fig. 3b, 5b, and 5c. Some of the 
grain size data for the A356 + Fe ultrasonicated casting 
were presented as part of preliminary results from this 
study in Ref. [22]. The mean equivalent grain diameter 
of the primary Al dendrites is 140 ± 210 µm (with an 
area-weighted mean diameter is 1400 µm). The mean 

equivalent grain diameter of the primary Al grains in 
the globular microstructure and fine-grained micro-
structure are 36 ± 27 µm (with an area-weighted mean 
diameter is 86 µm), which is similar to the mean SDAS 
of the A356 + Fe control casting (23 ± 5 µm). The mean 
equivalent grain diameter of the Al grains is 9.3 ± 5.3 
µm (with an area-weighted mean diameter is 16 µm), 
which is 74% finer than the globular grains.

Table 2 summarizes the mean equivalent grain 
diameter, sphericity, and aspect ratio of the pri-
mary Al grains in each microstructural morphology 
region for both of the alloys studied. In the A356 
alloy, ultrasonication decreased the equivalent 

Figure  6   Inverse pole figure (IPF-Z) maps of a the dendritic 
microstructure of the A356 control casting and of b the globu-
lar microstructure and c fine-grained microstructure of the A356 
ultrasonicated casting. Only Al grains are indexed. The crystallo-

graphic orientation of each Al grain relative to the incident elec-
tron beam (z-axis) can be identified using the color key d in the 
online version of the article.
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grain diameter of the Al grains by 89% and 91% 
in the globular and fine-grained regions, respec-
tively, compared to the Al dendrites in the control 

casting (290 µm). In the A356 + Fe alloy, ultrasoni-
cation decreased the equivalent grain diameter of 
the Al grains by 74% and 93% in the globular and 

Figure  7   Inverse pole figure (IPF-Z) maps of a the dendritic 
microstructure of the A356 + Fe control casting and of b the 
globular microstructure and c fine-grained microstructure of the 
A356 + Fe ultrasonicated casting. Only Al grains are indexed. 

The crystallographic orientation of each Al grain relative to the 
incident electron beam (z-axis) can be identified using the color 
key d in the online version of the article.

Table 2   Summary of mean 
equivalent grain diameter, 
mean sphericity, and mean 
aspect ratio of primary 
Al grains by alloy and 
microstructure regions

Alloy Microstructure Eq. Grain Dia. (µm) Sphericity Aspect Ratio

A356 Dendritic (control casting) 290 ± 320 0.36 ± 0.25 2.1 ± 1.0
Globular 33 ± 20 0.52 ± 0.15 1.5 ± 0.4
Fine-grained 25 ± 16 0.46 ± 0.18 1.7 ± 0.6

A356 + Fe Dendritic (control casting) 140 ± 210 0.39 ± 0.22 1.8 ± 0.2
Globular 36 ± 27 0.48 ± 0.18 1.5 ± 0.4
Fine-grained 9.3 ± 5.3 0.56 ± 0.17 1.8 ± 0.6
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fine-grained microstructural morphologies, respec-
tively, compared to the Al dendrites in the control 
casting (140 µm). For both the A356 and A356 + Fe 
alloys, ultrasonication increased the sphericity and 
decreased aspect ratio, suggesting that the primary 
Al grains of the non-dendritic microstructural mor-
phologies are rounder and more equiaxed than the 
dendritic grains of the control castings. However, the 
differences in sphericity and aspect ratio between the 
different microstructural morphologies are less than 
the respective measurement uncertainties, and there-
fore cannot be considered statistically significant.

Si particles

Figure 8 shows the as-cast microstructures of the A356 
control and ultrasonicated castings with particular 
focus on the Si phase particles. The morphology of the 
Si particles in the dendritic microstructure is fibrous. 
The Si particles in the globular microstructure have a 
similar morphology, but are slightly coarser (with 33% 
larger equivalent grain diameter). On the other hand, 
the morphology of the Si particles in the fine-grained 
microstructure is flake-like and highly angular.

Figure  9 shows the microstructures of the 
A356 castings after the T6 heat treatment 

Figure 8   Optical micrographs depicting the morphology of the 
Si phase particles (dark brown in color) in the as-cast conditions 
of: a the dendritic region of A356 control casting, b the globu-

lar region of A356 ultrasonicated casting, and c the fine-grained 
region of A356 ultrasonicated casting.

Figure  9   Optical micrographs depicting the morphology of 
the Si phase particles (dark brown in color) in the T6 condition 
for: a the dendritic region of A356 control casting, b the globu-

lar region of A356 ultrasonicated casting, and c the fine-grained 
region of A356 ultrasonicated casting.
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(solutionization + artificial aging). Table 3 lists the area 
fraction, mean equivalent diameter, and sphericity of 
the Si particles in the T6 condition. In all three micro-
structures, the mean equivalent diameter and spheric-
ity of the Si phase particles increased relative to the 
as-cast condition and the aspect ratio decreased indi-
cating that the T6 heat treatment caused the Si parti-
cles to become rounder and more equiaxed. Compared 
to the Si particles of the dendritic microstructure, the 
Si particles of the globular microstructure are smaller 
(with 12% smaller equivalent diameter) and rounder 
(with 32% greater sphericity), on average, while the 
Si particles of the fine-grained microstructure are 
larger (with 31% larger equivalent diameter) but still 
rounder (with 26% greater sphericity), on average. 
The smaller and rounder Si particles in the globular 
microstructure could produce higher ductility levels, 
and subsequently higher strength levels, compared to 
the control casting. The area fraction of Si phase par-
ticles in the globular microstructure is similar to that 
of the dendritic (un-sonicated) microstructure, 6.2% 

and 6.4%, respectively. The region near the probe with 
a fine-grained microstructure, however, has a greater 
area fraction of Si phase particles, 14.9%. This area 
fraction is similar to the volume fraction of Si in the 
Al-Si eutectic, 14.3% [30], which is slightly higher than 
the weight fraction of Si in the Al-Si eutectic, 12.6 wt.%.

Figure 10 shows the as-cast microstructures of the 
A356 + Fe control and ultrasonicated castings with par-
ticular focus on the Si phase particles. The Si particles 
of the dendritic microstructure in the control casting 
are fine and fibrous in morphology. The Si particles 
of the globular microstructure have a similar mor-
phology, but are coarser (with 43% greater equivalent 
diameter). On the other hand, the Si particles of the 
fine-grained microstructure are irregular and highly 
angular in shape, and are significantly coarser than the 
Si particles of the dendritic microstructure (with 159% 
greater equivalent diameter).

Figure  11 depicts the microstructures of the 
A356 + Fe castings after the T6 heat treatment. Table 3 
lists the area fraction, mean equivalent diameter, and 

Table 3   Summary of area 
fraction, mean equivalent 
diameter, and sphericity of Si 
particles in the T6 condition 
by alloy and microstructure

Alloy Microstructure Area Fraction 
(%)

Eq. Dia. (µm) Sphericity

A356 Dendritic (control casting) 6.4 4.45 ± 1.08 0.50 ± 0.24
Globular 6.2 3.90 ± 1.66 0.66 ± 0.25
Fine-grained 14.9 5.84 ± 2.45 0.63 ± 0.22

A356 + Fe Dendritic (control casting) 8.2 2.97 ± 1.23 0.47 ± 0.24
Globular 8.1 3.02 ± 1.35 0.49 ± 0.21
Fine-grained 16.8 6.02 ± 3.39 0.58 ± 0.22

Figure 10   Optical micrographs depicting the morphology of the 
Si phase particles (dark brown in color) in the as-cast conditions 
of: a the dendritic region of the A356 + Fe control casting, b the 

globular region of the A356 + Fe ultrasonicated casting, and c the 
fine-grained region of the A356 + Fe ultrasonicated casting.



J Mater Sci	

sphericity of the Si particles in the T6 condition. As 
in the A356 castings, the T6 heat treatment increases 
the average size of the Si phase particles and causes 
them to become rounder and more equiaxed. The Si 
particles of the dendritic and globular microstructures 
are similar in area fraction, equivalent diameter, and 
sphericity. The Si particles in the fine-grained micro-
structure near the ultrasound probe, however, are 
approximately twice as large as those of the dendritic 
and globular microstructures. As in the A356 castings, 
the area fraction of Si particles in the fine-grained 
microstructure, 16.8%, is twice that of the dendritic 
and globular microstructures in the A356 castings. 
The large and abundant Si particles in the fine-grained 
microstructure may provide increased wear resistance 
analogous to the primary Si particles in hypereutectic 
Al-Si alloys.

β‑Al5FeSi phase particles

In addition to transforming the primary Al grains 
from dendritic to globular and fine, equiaxed grains, 
the application of ultrasound also transformed the 
morphology of the β-Al5FeSi phase particles in the 
A356 + Fe castings. (The A356 alloy only contained 
trace amounts the β-Al5FeSi phase and therefore was 
not considered for this analysis.) Fig. 12 depicts the 
needle-like β-Al5FeSi phase particles of the A356 + Fe 
control casting. Figure 13 depicts the β-Al5FeSi phase 
particles of the A356 + Fe ultrasonicated casting within 
the globular region, but at different distances from 

the ultrasound probe. At distances less than 5 mm, 
the β-Al5FeSi phase particles are rectangular in shape 
(see Fig. 13a). At distances greater 5 mm, however, 
the β-Al5FeSi phase particles are needle-like in shape 
and 10s to 100s of microns in length (see Fig. 13b), 
similar to their morphology in the A356 + Fe control 
casting. Figure 14 depicts the β-Al5FeSi phase parti-
cles of the A356 + Fe ultrasonicated casting within the 
fine-grained region, which was observed at distances 
within 2 mm of the ultrasound probe. The morphology 
of these particles is rectangular, the same morphology 
of the particles in the globular region at distances less 

Figure  11   Optical micrographs depicting the morphology of 
the Si phase particles (dark brown in color) in the T6 condition 
for: a the dendritic region of the A356 + Fe control casting, b the 

globular region of the A356 + Fe ultrasonicated casting, and c the 
fine-grained region of the A356 + Fe ultrasonicated casting.

Figure  12   An SEM micrograph, taken in backscatter electron 
mode, showing the needle-like β-Al5FeSi particles (white), in the 
dendritic microstructure of the A356 + Fe control casting approx-
imately 15 mm in front of the ultrasound probe.
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than 5 mm from the ultrasound probe. A summary of 
the mean equivalent diameter, sphericity, and aspect 
ratio of the β-Al5FeSi phase particles by region and 
distance from the ultrasound probe is listed in Table 4.

Thermodynamic simulations

Figure 15 shows the weight fraction of each solid 
phase calculated as the A356 and A356 + Fe alloys 
cooled through the solidification range using the 
back diffusion (BD) simulation. For the A356 alloy, 
the calculated liquidus is 616  °C, the calculated 
eutectic temperature (i.e., the temperature at which 
the main binary eutectic reaction occurs and the 
eutectic Al and eutectic Si phases are expected to 
come out of the liquid) is 573 °C, and the calculated 
solidus (i.e., the temperature at which the total solid 
fraction is 100%) is 554 °C. For the A356 + Fe alloy, 

Figure  13   SEM micrographs, taken in backscatter electron 
mode, showing the β-Al5FeSi particles (white) in the globular 
region of the A356 + Fe ultrasonicated casting a 2 mm in front 
of the ultrasound probe and b 15 mm in front of the ultrasound 

probe. The morphology of these β phase particles is rectangular 
near the ultrasound probe (< 5 mm) and needle-like further away 
from the ultrasound probe (> 5 mm).

Figure  14   An SEM micrograph, taken in backscatter electron 
mode, showing the rectangular morphology of β-Al5FeSi parti-
cles (white) in the fine-grained region of the A356 + Fe ultrasoni-
cated casting.

Table 4   Summary of the 
mean equivalent diameter, 
sphericity, and aspect ratio 
of β-Al5FeSi particles in the 
A356 + Fe castings

Microstructure Eq. Dia. (µm) Sphericity Aspect Ratio

Dendritic (control casting) 3.3 ± 1.7 0.16 ± 0.11 14 ± 11
Globular (< 5 mm from ultrasound probe) 2.5 ± 1.9 0.27 ± 0.18 5.7 ± 3.2
Globular (> 5 mm from ultrasound probe) 2.7 ± 2.2 0.08 ± 0.09 27 ± 32
Fine-grained 2.0 ± 1.6 0.34 ± 0.18 4.2 ± 3.2
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the calculated liquidus, eutectic, and solidus tem-
peratures are 613 °C, 573 °C and 558 °C, respectively. 
These predicted temperatures agree with the pub-
lished typical physical properties of 356.0 [25]. The 
A356 + Fe alloy is expected to have approximately 
11 to 12 times more of the β-Al5FeSi phase than the 
A356 alloy. In the A356 + Fe alloy, the β-Al5FeSi 
phase is predicted to come out of the liquid at 608 °C, 

whereas in the A356 alloy it is not expected to form 
until 571 °C.

Table  5 lists the thermodynamically predicted 
phases and their amounts at the end of solidification 
for the A356 and A356 + Fe alloys, using two differ-
ent models, back diffusion (BD) and Scheil. The pri-
mary difference between the predicted phase fractions 
of the two models is that the Scheil model predicted 
approximately 0.3% of the Mg2Si phase in both alloys 
while the BD model did not predict any Mg2Si phase. 
Neither EDS nor EBSD analysis of the metallography 
specimens was able to detect any Mg2Si phase, likely 
due to small volume fraction as predicted by the Scheil 
simulations.

The following phases are not included in Fig. 15 or 
Table 5 and are only described for the sake of com-
pleteness as they are expected to form at tempera-
tures above the processing temperatures of this study 
and/or may be present in relatively small amounts. 
For both the A356 and the A356 + Fe alloys, the Com-
puTherm simulations show that the Ti7Al5Si14 and 
Al3SiZr phases are expected to come out in the liquid 
at about 788 °C and 558 °C, respectively. The amount 
of these was found to be 0.27% and 0.009%, respec-
tively, for both the BD and Scheil simulations. For 
the A356 + Fe alloy, the CompuTherm simulations 
show that the TiB2, Al8Si15Sr4, and Al13M4 phases are 
expected to come out in the liquid at about 1123, 656, 
and 623 °C, respectively. The amount of these was 
found to be 0.009, 0.028, and 0.019%, respectively, for 
both the BD and Scheil simulations.

Discussion

Comparison of ultrasonication processing 
with other grain refining technologies

Local ultrasonic processing was applied to two 
Al–Si–Mg alloys, A356 (0.09 wt.% Fe) and A356 + Fe 
(0.91 wt% Fe), to refine the as-cast microstructure of 
the alloys as they solidified. This process differs from 

Figure 15   Calculated total solid fraction (fs) and wt.% fraction 
of each phase using the Al material database CompuTherm and 
microstructure module in ProCAST for a A356 and b A356 + Fe 
alloys using BD model for a constant cooling rate of 1.37 °C/s. 
Data in solid blue symbols correspond to the left y-axis, while 
the open orange symbols correspond to the right y-axis. Note the 
difference in the scale of right y-axes in a and b.

Table 5   Phases and their 
calculated amounts (%) 
using the Al material 
database (CompuTherm) 
and microstructure module 
in ProCAST for the as-cast 
condition

Alloy Model α-Al Si (D-A4) β-Al5FeSi Al8FeMg3Si6 Al15FeMn3Si2 Si2V Mg2Si

A356 BD 94.2 5.20 0.29 0.06 – 0.02 –
Scheil 93.8 5.23 0.27 0.11 – 0.01 0.32

A356 + Fe BD 91.4 4.82 3.33 0.03 0.02 0.02 –
Scheil 91.1 4.88 3.31 0.08 0.02 0.01 0.27
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most other applications of ultrasonic melt processing 
in that ultrasound is applied to the melt as it solidifies 
in the mold, rather than applying ultrasound to the 
melt before it is poured or while it is being poured 
into a mold. The intent of the present approach was to 
ensure that the grain-refining effects of the ultrasound 
can be targeted to a specific local region of a shaped 
casting. For example, ultrasonic melt processing has 
historically been applied to wrought alloys during 
ingot casting to refine the bulk microstructure, result-
ing in increased plasticity and enabling large-scale 
ingots to be cast without hot cracking or other casting 
defects [8]. These ingots would then be forged into 
the final product form that showed better mechanical 
properties than if the ingot was not sonicated. Local 
ultrasonic processing presented in the current work, 
however, is expected to be applied to shaped castings 
(e.g., automotive, aerospace, etc. applications). This 
means that in the final casting/component, the region 
of ultrasonic grain refinement will be localized to a 
specific location that has a different microstructure 
than the rest of the casting. For example, local ultra-
sonic processing could be incorporated into an existing 
permanent mold casting process to provide enhanced 
strength and ductility at a local region within the part 
where fatigue is a concern.

The application of local ultrasonic processing pro-
duced two non-dendritic microstructural morpholo-
gies in the primary Al grains: a globular morphology 
and a fine-grained morphology. The mean equivalent 
grain diameters of these microstructural morpholo-
gies, obtained by ultrasonically processing the alloys 
as they solidified, are smaller than the grain sizes that 
can be produced at similar cooling rates using conven-
tional casting practices such as chills and grain refin-
ers [2–5], and are similar to those of the non-dendritic 
microstructures produced using solid-state friction stir 
processing [6, 7]. However, local ultrasonic processing 
has the additional benefit of not requiring chemical 
modifiers (added to molten alloy) or additional post-
casting processing steps (applied to the solidified 
alloy). Thus, local ultrasonic processing is expected 
to make components easier to sort and recycle, since 
the composition is not changed, and also help reduce 
the costs of implementing the technology, since the 
microstructure is refined during the casting process 
itself (i.e., without adding another operation beyond 
casting).

Both the A356 and A356 + Fe ultrasonicated cast-
ings exhibited two non-dendritic microstructural 

morphologies for primary Al: a globular morphol-
ogy and a fine-grained morphology. The globular 
microstructures in both the A356 and A356 + Fe ultra-
sonicated castings are similar to the microstructures 
reported in previous studies investigating ultrasonic 
melt processing [8, 9, 15, 19, 21]. To our knowledge, 
however, the fine-grained microstructural morphology 
has not been previously reported. Additionally, the 
previous studies investigating ultrasonic melt process-
ing applied to A356 and 356 Al alloys studied alloys 
with Fe content only up to 0.66 wt. %, whereas this 
study investigated an alloy with almost 50% greater 
Fe content (0.91 wt.% Fe). This study also investigated 
two alloys with different Fe contents, whereas previ-
ous studies investigated only a single alloy. Our data 
shows that of the two alloys studied, local ultrasonic 
processing for microstructural modification is more 
effective in the A356 + Fe alloy as the size of the ultra-
sonically modified zone is over 20 times larger than 
in the A356 casting. The following section will discuss 
the effect of Fe on the size of the ultrasonically modi-
fied zone.

Formation of globular microstructure

Some of the primary Al grains observed through-
out the globular microstructures have a rosette-like 
appearance, with short and round arms (see Fig. 6b 
and 7b). This morphology suggests that the applica-
tion of ultrasound slowed the tip growth velocity of 
dendrite arms, as observed by Zhang et al. during 
in-situ tomography experiments with an Al-Cu alloy 
[15]. During steady-state solidification conditions, 
the tip of the dendrite grows into the hotter part of 
the melt. Because the solubility limit of Si in the α-Al 
phase is less than the Si content of the bulk alloy, Si is 
rejected laterally from the dendrite arms and becomes 
trapped in the inter-dendritic liquid, raising the local 
concentration of Si and thus lowering the local liqui-
dus relative to near the tip of the dendrite arm. Suf-
ficient mixing from ultrasound, however, would help 
homogenize the liquid, thus reducing any thermal and 
concentration gradients. This in turn would reduce the 
growth velocity at the tip of the dendrite arms relative 
to the thickening of the dendrite arms near the root, 
resulting in the observed rosette-like appearance.

While the globular microstructure, shown in Fig. 4b 
and 5b, was observed in both the A356 and A356 + Fe 
ultrasonicated castings, the distances at which the 
globular morphology was observed drastically varied. 
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For the A356 + Fe ultrasonicated casting, the globular 
microstructure was observed throughout the majority 
of the specimen and was observed at distances as far 
as 45 mm away from the location of the ultrasound 
probe. In the A356 ultrasonicated casting, however, 
the globular microstructural morphology is only 
observed at distances much closer to the ultrasound 
probe (≤ 6 mm). Repeat casting experiments replicated 
these same results and increasing the amplitude of the 
ultrasonic probe vibrations did not increase the dis-
tance at which the globular morphology was observed 
in the A356 alloy. The primary differences between 
A356 and A356 + Fe alloys are their compositions and 
solidification sequences. In the A356 alloy, the only 
solid phases between the liquidus and eutectic tem-
perature are the primary Al phase (which is different 
from the eutectic Al phase, which begins to solidify 
at the eutectic temperature) and the Si2V phase (of 
which there is less than 0.02%). In the A356 + Fe alloy, 
however, the β-Al5FeSi phase begins to solidify at 
a temperature just below the liquidus, 608 °C. This 
means that in the A356 + Fe alloy, there is an additional 
solid phase present between 608 °C and 571 °C. The 
A356 + Fe casting has approximately 10 times as much 
Fe as the A356 alloy (0.91 wt.% compared to 0.09 wt.%, 
see Table 1), and is expected to have 11 to 12 times as 
much β-Al5FeSi as the A356 alloy (see Table 5).

These data suggest that the greater amount of 
β-Al5FeSi phase in the A356 + Fe alloy compared to the 
A356 alloy may have an effect on the size of the ultra-
sonically modified zone (i.e., the total area of ultrasoni-
cally modified fine grains and globular grains). One 
possible explanation is that β-Al5FeSi phase particles 
may serve as sites for cavitation bubbles to nucleate 
on, which in turn promote the nucleation of primary 
aluminum grains. Another possible explanation is 
that the presence of additional solid particles (i.e., 
β-Al5FeSi) along with primary Al grains being stirred 
within the semi-solid alloy may increase the probabil-
ity of dendrites fragmenting. Another possible expla-
nation is that, according to the thermodynamic simu-
lation data, the A356 + Fe alloy has a slightly lower 
liquidus than the A356 alloy. While this temperature 
difference is only a few degrees Celsius, it may mean 
that the A356 + Fe alloy is fully liquid for a sufficiently 
long time to allow the ultrasound to propagate further 
into the liquid before any solid phases begin to form.

Additionally, in the A356 + Fe ultrasonicated cast-
ing, β-Al5FeSi phase particles within ~ 5 mm of the 
ultrasound probe exhibited rectangular morphology, 

as opposed to the needle-shaped morphology of 
β-Al5FeSi phase particles at distances further away 
from the ultrasound probe and in the A356 + Fe con-
trol casting. This difference in morphology suggests 
that the mechanism by which the β-Al5FeSi phase 
grew at distance within ~ 5 mm of the ultrasound 
probe in the A356 + Fe ultrasonicated casting was dif-
ferent than at distances further away from the ultra-
sound probe or in the A356 control casting. During 
conventional solidification (without ultrasound), the 
β-Al5FeSi phase grows anisotropically to accommo-
date the rapid movement of atoms across the solid–liq-
uid interface, forming a metastable needle-like shape 
with high surface energy [31]. During extended heat 
treatments (~ 24 h), atoms are able to diffuse from the 
high-energy interfaces at the edges of the platelets to 
the low-energy interfaces at the faces of the plates [31]. 
This atomic diffusion produces a rectangular morphol-
ogy similar in size and aspect ratio as the rectangular 
β-Al5FeSi phase particles observed near the ultrasound 
probe in this study. This suggests that the growth of 
the rectangular morphology beta-phase particles at 
distances within 6 mm of the ultrasound probe is pre-
dominantly diffusion controlled unlike the growth of 
the needle-like beta-phase particles whose growth is 
predominantly interface controlled. This enhancement 
of diffusion-controlled growth could be a result of the 
enhanced mass transfer via ultrasonic mixing and/or 
higher thermal energy due to dissipation of ultrasonic 
energy as heat.

Another possible explanation for this rectangular 
morphology worth considering is enhanced nuclea-
tion, although, as described below, this mechanism 
is likely not operative here. In Al-Si cast alloys, the 
β-Al5FeSi phase nucleates on the wetted exterior sur-
faces of oxide films [32]. These oxide films typically 
have two sides, one wetted and one dry. This dry, 
unbonded side can produce cracks in the β-Al5FeSi 
phase if the film is folded over itself, or can give the 
appearance of “decohesion” between the β-Al5FeSi 
phase and the matrix if the β-Al5FeSi phase only 
nucleates on one side of the film [32]. Ultrasonic 
melt processing is known to increase the wettabil-
ity of impurities in the melt [9–12]. It is possible that 
ultrasound may have increased the wettability of 
the oxide films on both sides of the film as well, thus 
increasing the number of potential sites for nuclea-
tion of the β-Al5FeSi phase. However, this would 
likely increase the number and decrease the overall 
size of the β-Al5FeSi particles rather than changing 
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their morphology from needle-like to rectangular. 
Therefore, it is unlikely that enhanced nucleation via 
increased wettability of oxide films is responsible for 
the rectangular morphology of the β-Al5FeSi particles 
near the ultrasound probe.

High Fe content in Al-Si alloys can make the alloy 
weaker and less ductile, particularly when the brit-
tle and needle-shaped β-Al5FeSi phase forms [25]. 
The needle-like morphology of the β-Al5FeSi phase 
can act as a source of stress concentration within the 
alloy, which reduces the ductility and ultimate tensile 
strength of the alloy. A rectangular morphology, with 
lower aspect ratio than the needle shape, is expected to 
be a less severe source of stress concentration. There-
fore, ultrasonic processing needs to be optimized to 
change the morphology of the beta-phase through-
out the cross-section of a component, to potentially 
reduce the deleterious effects of the β-Al5FeSi phase 
and further enhance the performance of high Fe alloys. 
This in turn could enable the greater use of recycle-
grade high-Fe content Al alloys in applications where 
strength and ductility are a concern.

Formation of fine‑grained microstructure

The fine-grained microstructures, shown in Fig. 4c 
and 5c, were only observed within 2 mm of the loca-
tion of the ultrasound probe in both the A356 and 
A356 + Fe ultrasonicated castings. These microstruc-
tures have smaller Al grains than the globular mor-
phology and relatively large, blocky Si and β-Al5FeSi 
phase particles compared to the respective phases 
within the globular microstructure region. While the 
Ti from the ultrasound probe could potentially react 
with molten Al to from the Al3Ti phase, which is an 
effective grain refiner in aluminum-based alloys, our 
experimental procedures avoided such a reaction. 
Furthermore, EDS and EBSD analysis did not detect 
any Ti-containing phases in the microstructure. In the 
fine-grained microstructures of both ultrasonicated 
castings, there is a local enrichment of Si particles, as 
the volume fraction of Si (15% and 17% in the A356 
and A356 + Fe ultrasonicated castings, respectively) is 
twice that of their respective globular microstructures. 
In fact, the volume fraction of Si in the fine-grained 
microstructures is closer to the volume fraction of Si 
in unmodified Al-Si eutectic [30] than to the overall 
volume fraction of Si content in the alloy, 8%. This 
suggests that the fine-grained microstructure might 
be a large region consisting entirely of eutectic Al and 

eutectic Si grains with no primary Al grains (though 
the fine-grained microstructure of the A356 + Fe ultra-
sonicated casting may also contain primary Si grains, 
as described below). While the increased size of the 
Si particles may be deleterious to the ductility of the 
fine-grained microstructure, the presence of primary 
Si particles in the A356 + Fe fine grained microstruc-
ture and abundance of Si particles may increase local 
wear resistance.

The coarse and flakelike morphology of the Si par-
ticles in the as-cast A356 fine-grained microstructure 
(Fig. 8c) resembles the unmodified morphologies of 
Al-Si castings formed with slow cooling rates [30]. 
Furthermore, the granular appearance of Si in the as-
cast A356 + Fe fine-grained microstructure (Fig. 9c) 
resembles the morphology of a divorced Al-Si eutec-
tic, which is more commonly observed in hypereu-
tectic Al-Si alloys that form with slow cooling rates 
[33]. Therefore, these Si morphologies suggest that 
the fine-grained microstructures in both ultrasonicated 
castings may have formed in regions where the local 
cooling rate was slower. Since the fine-grained region 
cools at a slower rate than the rest of the casting, it’s 
solidification would be delayed compared to the rest 
of the casting. It is possible that as the surrounding 
regions solidified, the fine-grained region became 
more saturated with alloying elements (Si) before it 
cooled enough to begin solidification. Since the A356 
alloy is hypoeutectic, as the primary Al grains form 
during solidification the surrounding liquid becomes 
supersaturated with alloying elements (Si) [30]. This 
increased concentration of Si would lower the liquidus 
in the local region, thus further delaying the onset of 
solidification and allowing the region to become fur-
ther saturated, approaching the Al-Si eutectic compo-
sition. This sequence of events would then continue 
until the temperature of the local region reached the 
eutectic temperature, at which point the region would 
solidify as a eutectic.

In the A356 + Fe ultrasonicated casting, the above 
described sequence of events appears to have con-
tinued until the concentration of Si slightly exceeded 
the eutectic composition (as a Si area fraction of 17% 
is roughly equivalent to a mass fraction of 15 wt.%), 
making the fine-grained region of the A356 + Fe ultra-
sonicated casting hypereutectic and supercooled. As 
such, the pro-eutectic Si phase would begin to form 
at a temperature above the eutectic temperature. The 
abundance of the β-Al5FeSi phase particles in the 
A356 + Fe casting could serve as nucleation sites for 
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Si particles. Thus, the two proposed requirements for 
divorced eutectic solidification, an abundance of fine 
Si particles in the melt before the eutectic reaction and 
a slow cooling rate across the temperature range of the 
eutectic reaction [33], would be fulfilled in the fine-
grained region of the A356 + Fe ultrasonicated casting.

The slow cooling rate of the fine-grained region 
compared to the rest of the casting could be the result 
of dissipation of acoustic energy into heat, increased 
local pressure near the face of the ultrasound probe, 
or enhanced mixing. Computational fluid dynamics 
(CFD) simulations of ultrasound applied to molten Al 
by Riedel et al. measured a higher volume fraction 
of cavities near the face of a cylindrical ultrasound 
probe similar in geometry to the probe used in this 
study [34]. Additionally, Riedel et al. also tracked a 
high density of collapsed bubbles near the outer edge 
of the face of the probe [34], the same region where 
the fine-grained microstructure was observed in this 
work (Figs. 3 and 7). These collapsing bubbles would 
create a local region of high, oscillating pressure that 
could slow the cooling rate near the outer edge of 
the face of the ultrasound probe. Another possible 
reason for the fine-grained microstructure could be 
related to the side lobes [35] of the ultrasound probe. 
These side lobes form as a result of the probe’s radial 
expansion and contraction that occurs simultaneously 
with the probe’s longitudinal oscillations. These side 
lobes could have been reflected by the curved walls 
of the mold, producing a region of greater mixing in 
the immediate vicinity of the face of the probe and 
the mold wall. Together, these effects could possibly 
account for the unique, extremely fine Al grains that 
are 24% and 74% smaller, respectively, than the globu-
lar grains in the corresponding A356 and A356 + Fe 
ultrasonicated castings, which were observed at dis-
tances further away from the ultrasound probe.

Shape of ultrasonically‑modified zone

In the present work, the ultrasonically-modified zone 
refers to the regions in the ultrasonically processed 
cast specimen that have a fine-grained or globular 
microstructural morphology. This ultrasonically-mod-
ified zone is surrounded by an unmodified dendritic 
morphology, which suggests that regions outside of 
the ultrasonically-modified zone solidified before 
they could be ultrasonically refined. CFD simulations 
by Riedel et al. showed that the shape of the acoustic 
streaming pattern in a large container of molten A356 

is initially tear-drop shaped before recirculation [34]. 
The acoustic flow is expected to propagate normal to 
the face of the ultrasound probe and then recirculate 
back towards the ultrasound probe until the entire 
volume of liquid is mixed [34]. However, as the alloy 
solidifies, the viscosity of the semi-solid alloy increases 
and attenuation increases, which will affect the propa-
gation of acoustic flow into the material and the size 
of the cavitation zone. In the A356 + Fe ultrasonicated 
casting, the shape of the ultrasonically-modified zone 
is tear-drop shaped (see Fig. 20), narrowing just in 
front of the probe and then widening at distances 
further away from the probe. This suggests that the 
alloy solidified too quickly for the acoustic stream to 
be fully established and fully mix the entire volume 
of material.

Conclusions

Local ultrasonic processing was applied to two A356 
aluminum alloys, one with 0.09 wt.% Fe and one with 
0.91 wt.% Fe, during solidification in a graphite mold. 
The resultant microstructures were observed to be sig-
nificantly refined and were characterized by optical 
microscopy and SEM. Thermodynamic modeling was 
conducted to estimate the solidification ranges and 
phase fractions of each alloy. The following conclu-
sions were reached:

1.	 The application of local ultrasonic processing pro-
duced two non-dendritic microstructural mor-
phologies in the ultrasonically modified zone of 
the castings: (1) a globular microstructure and 
(2) a fine-grained microstructure (which has not 
been previously reported). In the A356 ultrasoni-
cated casting, the primary aluminum grains of the 
globular and fine-grained microstructures are 89% 
and 91% smaller than the dendritic grains of the 
A356 control casting. In the A356 + Fe ultrasoni-
cated casting, the primary aluminum grains of the 
globular and fine-grained microstructures are 74% 
and 93% smaller than the dendritic grains of the 
A356 + Fe control casting.

2.	 After T6 heat treatment, the Si particles in the 
globular microstructure of the A356 ultrasonicated 
casting are smaller and rounder (with 12% smaller 
equivalent diameter and 31% greater sphericity) 
than those of the A356 control casting. The Si parti-
cles in the globular microstructure of the A356 + Fe 
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ultrasonicated casting, however, are approxi-
mately equivalent in size and roundness (with 2% 
larger equivalent diameter and 5% greater spheric-
ity) to those of the A356 + Fe control casting.

3.	 While the Al grains in the fine-grained micro-
structure region of the ultrasonicated castings are 
refined significantly, the Si particles are coarse 
relative to the Si particles in their respective con-
trol castings, even after a T6 heat treatment. The 
average equivalent diameter of the Si particles of 
the fine-grained microstructures of the A356 and 
A356 + Fe ultrasonicated castings are 31% larger 
and 102% larger, respectively, than their respec-
tive control castings. The large size and angular 
morphology of the Si particles in as-cast condition 
suggests that the region of the fine-grained micro-
structure cooled at a slower rate than the rest of the 
casting.

4.	 The fine-grained microstructure regions of both 
ultrasonicated castings appear to be large regions 
of fully Al-Si eutectic. In these regions, there in 
an enrichment of Si compared to their respective 
globular microstructures (with Si area fractions 
2.3 and 2 times greater in the fine-grained regions 
of the A356 and A356 + Fe ultrasonicated castings, 
respectively, compared to the corresponding glob-
ular regions). This increased amount of Si may be a 
result of delayed solidification in the fine-grained 
region compared to the globular region, allowing 
the liquid in the fine-grained region to become 
more saturated with Si prior to solidification.

5.	 At distances less than 5 mm away from the ultra-
sound probe in the A356 + Fe ultrasonicated cast-
ing, the morphology of the β-Al5FeSi particles in 
the fine-grained and globular microstructures 
changed from needle-like to rectangular (with 
aspect ratios 70% and 59% less, respectively, than 
the aspect ratio of the β-Al5FeSi particles in the 
A356 + Fe control casting). This ultrasonically 
driven change in morphology and reduction in 
aspect ratio is expected to reduce the deleterious 
stress-concentration effects of the β-Al5FeSi phase 
on the bulk strength of the alloy. Thus, the applica-
tion of ultrasound is expected to further enhance 
the performance of high-Fe alloys, specifically near 
the source of ultrasound.

6.	 Despite being cast using the same conditions, the 
size of the ultrasonically modified zone in the 
A356 + Fe (high-Fe) ultrasonicated casting was 20 
times larger than that of the A356 (low-Fe) ultra-

sonicated casting. This suggests that increased Fe 
content may enhance the ability of ultrasound to 
refine the microstructure.

7.	 The larger modified zone in the high-Fe alloy is 
hypothesized to be due to the β-Al5FeSi phase serv-
ing as additional nucleation sites for the primary 
Al grains at temperatures just below the liquidus. 
These β-Al5FeSi phase particles could also contrib-
ute to the fragmentation of dendrites. Thermody-
namic modeling predicts the A356 + Fe alloy to 
have 11 to 12 times more β-Al5FeSi phase than the 
A356 alloy. The β-Al5FeSi phase is also predicted to 
form earlier in the A356 + Fe alloy at 608 °C (which 
is just below the liquidus temperature), whereas in 
the A356 alloy the β-Al5FeSi phase begins to form 
at 571 °C (which is just below the eutectic tempera-
ture). Additionally, the liquidus of the A356 + Fe 
alloy is predicted to be at a slightly lower tempera-
ture than the A356 alloy, which would delay the 
onset of solidification and could allow for ultra-
sound to penetrate further into the casting, thus 
increasing the size of the ultrasonically modified 
zone.
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Appendix

See Figs. 16, 17, 18, 19, 20 

Figure  16   This image, stitched together from multiple optical micrographs, shows the dendritic microstructural morphology of the 
A356 control casting near the location of the ultrasound probe, which was inserted into the mold during casting but did not oscillate.

Figure  17   This image, stitched together fro multiple optical 
micrographs, shows the regions of each microstructural morphol-
ogy in the A356 ultrasonicated casting relative to the ultrasound 

probe. The longitudinal axis of the ultrasound probe is identified 
with a dot-dashed line. For this casting, the amplitude setting of 
the ultrasound system was set at 33 µm.
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Figure  18   This image, stitched together from multiple optical 
micrographs, shows the regions of each microstructural morphol-
ogy in an A356 alloy cast with ultrasound relative to the location 

of the ultrasound probe. For this casting, the amplitude setting of 
the ultrasound system was raised to 78 µm.

Figure  19   This image, stitched together from multiple optical 
micrographs, shows the dendritic microstructural morphology of 
the A356 + Fe control casting near the location of the ultrasound 

probe, which was inserted into the mold during casting but did 
not oscillate.
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