The Effect of Ultrasonic Melt Treatment
on Macro-Segregation and Peritectic Transformation

in an Al-19Si-4Fe Alloy
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It is well documented that ultrasonic melt treatment (USMT) can refine dendritic and eutectic
microstructures during solidification, but much less attention has been paid to the effect of
USMT on macro-segregation and intermetallic transformations. In this research, macro-seg-
regation and primary Fe-containing intermetallic peritectic transformations in an Al-19 wt pct
Si-4 wt pct Fe alloy were investigated without and with USMT. Macrostructural examination
showed that in the absence of USMT the ingot revealed considerable non-uniform distribution
of both the primary Fe-containing intermetallic and primary Si particles, whereas the ingot with
USMT exhibited near homogeneous distribution of both primary phases, i.e., reduced
macro-segregation. The beneficial effect of USMT on relieving macro-segregation was further
examined using quantitative microstructural metallography and the results indicated that the
area fraction, number density, and size distribution of both primary phases became essentially
uniform across the ingot after USMT. USMT further exerted a significant impact on the
constitution of the primary Fe-containing intermetallics, where complex particles of §-Al;FeSi,/
f-AlsFeSi were prominent without USMT, while few J-Al;FeSi, particles were observed after
USMT and the primary Fe-containing intermetallics existed mostly as the single-phase
f-AlsFeSi. The underlying reason was attributed to the reduction in the size of the primary
0-AlsFeSi, particles which ensures the complete transformation of most primary J-Al;FeSi,

particles to the peritectic -AlsFeSi phase.
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I. INTRODUCTION

AL-SI based alloys are the most widely used
Al-based foundry alloys due to their excellent combina-
tion of mechanical properties and ease of castability.
Hypoeutectic Al-Si alloys containing 5 to 12 wt pct Si
(wt pct is used hereinafter unless otherwise specified)
account for most commercial production. However,
hypereutectic Al-Si alloys with 14 to 25 pct Si are more
desirable for applications requiring wear resistance,
along with high strength and low weight. Transition
metal solutes, notably Fe, Cr, and Ni, in these alloys can
further improve their performance at elevated temper-
atures due to the presence of thermally stable inter-
metallics."?) The use of Fe is considered to be
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particularly attractive for two reasons: it alleviates die
soldering for die casting and allows the use of secondary
Al (post-consumer scrap) already containing apprecia-
ble amounts of Fe. However, the amount of Fe addition
is restricted as the resulting Fe-containing intermetallics
can form as large and coarse platelet-like features,
deteriorating ductility and fracture toughness.”) More-
over, it is challenging to obtain microstructurally
homogeneous castings of hypereutectic Al-Si-based
alloys by conventional foundry processes, because of
the propensity to form macro-segregation defects during
solidification.”! As a result, special solidification pro-
cesses such as rapid solidification,”™ spray deposition,®
melt thermal-rate treatment (MTRT),”) and ultrasonic
melt treatment (USMT)® '3 have been employed to
control the size, morphology, and distribution of
Fe-containing intermetallics and primary Si in hypereu-
tectic Al-Si alloys.

In Fe-containing hypereutectic Al-Si alloys, the
Al-Fe-Si phase diagram!'¥ shows that the following
three reactions can occur leading to the formation of
p-AlsFeSi during equilibrium solidification:

(1) L + 8-Al;FeSi, — p-AlsFeSi + Si
(2) L — B-AlsFeSi + Si

VOLUME 48A, NOVEMBER 2017—5579


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4325-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4325-1&amp;domain=pdf

References

Difference
in
MeltPouring

Immersion Size Temp.*

Horn
Temp. (K) Depth (mm)(g) (K)

(kHz)

(pm)

Applied
DiameterPower AmplitudeFrequencyHorn

(mm)

Horn
(W)

Horn
PromotionMaterial

Influence on Peritectic
Solidification

Suppression

Previous Studies on USMT of Hypereutectic Al-Si Based Alloys Containing Deliberate Additions of Fe

Table 1.

Macro-
PrimarySegregation

Reported

Phase

(Pct)

Si, Fe Neutralizing
ContentElements

(Pct)

5580—VOLUME 48A,

1300no 13

room temp. N/A

9.5

1

2000 25 to 30

stainless steel crucible-

phases not

no

17, 1.3 Mn = 0.5

difference

type

characterized

no effect
p-phase

—a o
—— 00 — O\
e
(VoY 8

=
a3
e_ <
"o pwno
) — o oon
0 — Z — —
cocoooo
SSISS
S B S o
oo o9
A aa
o o o o
R N -
nmnonwnym
—_— e — —

NS
NS
NS
NS
NS

20
20
19
20
20

1600 NS
1600 NS
1200 20

1200 NS
1200 NS

NS
NS
20

NS
NS

Sialon
Ti

Ti
o-phase Ti

J-phase Ti

no effect
no effect
p-phase

n

no
no
no

J-phase

Mn = 0.4, 0.8Si
0.7 Co =0to 1.5Si

none
Mn = 0.0, 0.5Si

2
2
4
2

NOVEMBER 2017

Note: The difference in pouring temperature refers to the difference in pouring temperature used without and with USMT.

NS.: not specified.

(3) L — a-Al + Si + f-AlsFeSi.

During reaction (1), the p-AlsFeSi phase forms on
0-AlsFeSi, via a quasi-peritectic reaction which occurs
only when the Si and Fe contents are greater than ~17.7
and ~2.8 pct, respectively, by thermodyndmlc CdlCuld-
tions using the software package Pandat™ and
PanAluminium 2016 database. When the Si and Fe
solute concentrations are more dilute, however, the
p-AlsFeSi phase can simply form directly from the
liquid as a pre-eutectic phase according to reaction (2).
Finally, some f5-AlsFeSi phase can form as a component
of the a-Al + Si + f-AlsFeSi ternary eutectic by reac-
tion (3). Nonetheless, the phase 0-Al;FeSi, has been
reported to also exist in dilute Al-Fe-Si alloys,!'”
highlighting the complexity of the Al-Fe-Si system.
Furthermore, peritectic ff-AlsFeSi often coexists with
the primary J-Al;FeSi, phase in the as-cast microstruc-
ture, because the peritectic transformation of 0-Al;FeSi,
into f-AlsFeSi in reaction (1) rarely goes to completion.
Two studles have 1nvest1%a.ted quasi-peritectic reactions
in the Al-Fe-Si system,!'®!” but they both dealt with low
Fe hypoeutectic Al-Si alloys. Hence, there is a lack of
understanding of the solidification reactions that occur
in hypereutectic Al-Si alloys containing moderate addi-
tions of Fe and the growth mechanisms involved.

USMT has been employed in solidification processing
to control the nucleation and growth of primary
crystalline phases, together with the macro- and
microstructural features in castings.'"® % Hence, the
use of USMT has attracted attention for refining the size
and modlfzmg the morphologgl of Fe-containing inter-
metallics®™*” and primary Si,! 1nclud1n% when both
phases coexist in hypereutectic Al-Si alloys.*'*! Table I
summarizes the studies on USMT of hypereutectic Al-Si
alloys containing deliberate additions of Fe. However,
in these reports, inadequate information was provided
on the experimental parameters, such as the ultrasonic
horn diameter, ultrasonic amplitude, and horn pre-heat-
ing temperature, which makes it difficult to compare the
results. Furthermore, very different melt temperatures
or superheats were used (Table I), which are known to
have an important effect on the microstructure, e.g., the
use of a lower melt temperature tends to produce a finer
grain structure.*!) Therefore, it is important to isolate
the effect of the melt temperature from that of USMT.

Previous studies®!'? have shown that USMT sup-
presses the formation of the peritectic f-phase in
hypereutectic Al-Si based alloys, but leads to the
formation of the primary J-phase instead. This implies
that USMT can stifle the peritectic transformation
0-AlsFeSi, — p-AlsFeSi. However, contrasting results
have also been rePorted on other alloy systems such as
Sb-Sn,*? Cu-Sn,P¥ and Ti-ALP* in which peritectic
transformations were clearly promoted by USMT. This
difference demands an in-depth investigation into the
role of USMT on the peritectic transformation of
primary Fe-containing intermetallics in hypereutectic
Al-Si alloys. Additionally, although USMT has been
shown to be effective in mitigating separation in
immiscible Al-Sn-Cu alloys,?>*®! no systematic study
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has been presented yet on the effect of USMT on
macro-segregation in conventional Al alloys.

In view of this, this study was carried out to evaluate
the macro-segregation and the formation of Fe-contain-
ing intermetallics in a slowly cooled Al-19Si-4Fe alloy
without and with USMT. The ternary alloying addition
of 4 pct Fe was selected because (i) it ensures the
occurrence of the quasi-peritectic reaction L + J-AlsFe-
Si; — p-AlsFeSi + Si; (ii) it produces a sufficient vol-
ume fraction of intermetallic phases facilitating
microscopic investigation; and (iii) it is comparable to
the additions of Fe in previous studies (see Table I).

II. EXPERIMENTAL PROCEDURES

A. Materials

The Al-19Si-4Fe alloy was produced by melting
commercially pure Al (99.7 pct), Si (99.5 pct), and an
Al-10Fe master alloy at 1073 K (800 °C) in an induction
furnace and held for 10 minutes before casting into
boron nitride-coated steel molds to produce 350 g ingot
charges. A single ingot charge was then placed in a
boron nitride-coated clay-graphite crucible (90 mm top
outer diameter, 55 mm bottom outer diameter, and
92 mm in height) and remelted and held in a resistance
furnace at 1073 K (800 °C) for 30 minutes. The liquid
alloy was stirred for 1 minute for complete and homo-
geneous dissolution and then furnace-cooled. The melt
temperature was recorded with a frequency of 10
readings per second by a K-type thermocouple located
approximately one-half radius from the inner crucible
wall. The first derivative cooling curves were mathe-
matically smoothed using the adjacent-average method
over 25 data points (no further smoothing was applied).
The coolin% rate prior to primary phase formation was
~0.15K s™".
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Fig. 1—Schematic illustration of the experimental set-up.
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B. USMT Procedure

Figure 1 displays the USMT set-up. The commercial
ultrasonic system comprises a 500-W generator, a
fan-cooled 20 kHz half wavelength piezoelectric sand-
wich transducer, and a 25-mm-diameter tip acoustic
sonotrode made from Ti-6Al-4V alloy. The maximum
vibration amplitude at the sonotrode working face is
12 & 1 um peak to peak. The sonotrode was immersed
into the melt to a depth of 10 mm at 973 K (700 °C)
with the ultrasonic system switched on prior to immer-
sion. The sonotrode was preheated to 773 K (500 °C)
before it was immersed into the melt to alleviate the
tendency for a solidified layer to form on the sonotrode
working face. It was removed from the melt at 883 K
(610 °C).

The ultrasonic intensity, 7, required to overcome the
cavitation threshold in typical Al melts has been
deﬁ:gr]mined to be 7= 100 W cm 2" where 1 is defined
by

1=0.5pc(2nfA)?, (1]

where p is the liquid mass density, ¢ is the speed of
sound in the liquid, f is the frequency, and A4 is the
amplitude of the ultrasound. The density of Al at 973 K
(700 °C) (i.e., the USMT start temperature) is
2375 kg m>,*7 which increases to 2395 kg m~> when
alloyed with 19 pct Si and 4 pct Fe.'¥ The speed of
sound in the alloy used is assumed to be that of a simple
Al-19 pct Si binary alloy which at 973 K (700 °C) has
been reported to be 4573 m s '.*¥ The ultrasonic
intensity at the sonotrode working face-melt interface
can be estimated to be 1245 W cm ™2 using Eq. [1],
which is over an order of magnitude greater than the
ultrasonic intensity threshold (100 W ¢cm?) required for
the formation of a cavitation zone.

C. Characterization

As-solidified ingot samples were sectioned longitudi-
nally for metallographic observations. The half castings
were cut into small pieces, each with a section area of
10 mm x 10 mm at four different positions on the cross
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953 1] Liquid + 6-AlFeSi,
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Fig. 2—Temperature vs fraction solid curve as predicted by PAN-
DAT™ assuming equilibrium solidification of the Al-19Si-4Fe alloy.
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section, representing the top surface, central, bottom,
and side wall regions of the casting, as shown in
Figure 3. The samples were mounted, ground, and
polished, using standard metallographic techniques.

The morphology and composition of phases were
examined with an FEI NanoSEM scanning electron
microscope (SEM) in the backscattered electron (BSE)
mode, equipped with an Oxford Instruments X-MaxN
20 energy dispersive X-ray spectroscopy (EDS) detector.
Image analysis software package ImageJ was used to
investigate and measure various microstructural param-
eters of the different phase constituents from the
backscattered images. At least 15 fields of view were
analyzed for each zone, where each field covered an area
of 2.64 mm?>.

III. RESULTS
A. The Effect of USMT on Cooling Curves

The Lever rule module of Pandat™0P? with the

PanAluminium 2016 database was used for
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Fig. 3—Cooling curves and their first derivatives for the Al-19Si-4Fe
alloy: (@) without USMT and (b) with USMT.
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solidification simulation of the Al-19Si-4Fe alloy.
Figure 2 presents the temperature vs fraction solid of
the alloy, in which the following series of reactions take
place:

(1) L — 8-Al;FeSi, 937 K (664 °C)

(2) L — -AlyFeSi, + Si 927 K (654 °C)

(3) L + 5-AlsFeSi> — B-AlsFeSi + Si914 K (641 °C)
(4) L — a-Al + Si + p-AlsFeSi 848 K (575 °C).

Figures 3(a) and (b) show the cooling curves and their
first derivatives obtained for the alloy without and with
USMT. The reaction temperatures were determined from
the first derivative.l*”) Based on Figure 2, the reaction and
corresponding temperatures are listed in Table II.

Solidification of the alloy without USMT startsat 938 K
(665 °C), corresponding to the precipitation of d-Al;FeSi,
(marked 1 in the figure). A second reaction overlaps
considerably with the first one given the small temperature
difference between these two reactions. Nonetheless, pri-
mary Si precipitation occurs at 936 K (663 °C) (marked 2).
The peritectic reaction L + §-Al;FeSi, — [-AlsFeSi + Si
takes place at 868 K (595 °C) (marked 3). Lastly, the main
ternary eutectic reaction L — a-Al+ Si+ f-AlsFeSi
occurs at 849 K (576 °C) (marked 4). These experimentally
determined reaction temperatures are consistent with the
thermodynamic predictions, except for the peritectic reac-
tion (3) where the difference between the values is 46 K.
Meanwhile, the experimentally observed peritectic reac-
tion temperature of 868 K (595 °C) is consistent with
literature data, such as 868 K (595 °C)*!! and 869 K
(596 °C).1*

For the alloy with USMT, the insertion of the
sonotrode at 973 K (700 °C) led to a sudden drop in melt
temperature of about 12 K, followed by a decrease in
cooling rate to a relatively stable rate of ~0.06 K s™'. The
sonotrode itself increases the heat extraction rate rapidly,
until the point where the temperature of the sonotrode
reaches thermal equilibration with the melt and the
cooling rate stabilizes afterward. During USMT, there
was much more noise in the temperature signal. This is
likely related to the cavitation and acoustic streaming
effects in the region of the thermocouple tip. As a result,
the reaction arrest temperatures for the precipitation of
primary o-AlFeSi, and primary Si are difficult to
determine. Upon removing the sonotrode at 883 K
(610 °C), a sudden increase in the cooling rate occurs to
a stable rate of ~0.16 K s™'. The acoustic energy intro-
duced into the melt can effectively lead to a slower cooling
rate during treatment.!'” Finally, the peritectic (marked
3) and ternary eutectic (marked 4) reactions occur at
868 K (595 °C) and 849 K (576 °C), which are the same
temperatures as without USMT.

B. The Effect of USMT on the Macrostructure

Figures 4(a) and (b) present optical macrographs of
the wvertical sections of the alloy without and with
USMT. In the absence of USMT, primary Fe-contain-
ing intermetallics and primary Si are concentrated near
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Table II. Solidification Reactions Observed from the Cooling Curves of the Al-19Si-4Fe Alloy Without and With USMT

Estimated Temperature, K (°C)

Reaction Number Type of Reaction Without USMT With USMT
(1) L — J-Al;FeSi, 938 (665) *

2) L — J5-AlsFeSi, + Si 936 (663) *

3) L + 6-AlsFeSi, — p-AlsFeSi + Si 868 (595) 868 (595)
4) L — o-Al + Si + f-AlsFeSi 849 (576) 849 (576)

*Difficult to determine from the experimental data (see text).

(b)

Fig. 4—(a) Vertical section of a solidified Al-19Si-4Fe ingot without
USMT and (b) the same alloy with USMT. Note the distinct differ-
ence in macro-segregation and phase distribution in (a) and (b).

the top surface (Zone I in Figure 4(a)) as well as the
bottom and side walls of the crucible (Zones III and IV
in Figure 4(a)). No primary particles are visible in the
central region (Zone II), which covers about 60 vol pct
of the ingot. Additionally, large shrinkage cavities
appear in the central region. With USMT, these cavities

METALLURGICAL AND MATERIALS TRANSACTIONS A

are essentially eliminated, and, at least from a macro-
scopic point of view, fine Fe-containing intermetallics
and primary Si particles are uniformly distributed
throughout the ingot.

C. The Effect of USMT on Microstructure

Figure 5 shows the morphologies of primary Fe-con-
taining intermetallics (white) and primary Si (gray)
revealed by SEM BSE images in different regions of the
ingot samples solidified without and with USMT. The
main features can be summarized as follows: (i) the long
platelet-like  primary Fe-containing intermetallics
observed in Zone I of the ingot without USMT
disappeared after USMT; (ii) after USMT, the mor-
phologies of the primary Fe-containing intermetallics
and primary Si particles are observed to be finer and
more homogeneous compared to without USMT and
display approximately rod-like and polyhedral mor-
phologies, respectively; (iii)) both the primary phase
particles are well distributed across all zones of the ingot
with USMT, as opposed the non-uniform microstruc-
ture of the ingot without USMT where primary phase
particles are evident near the melt surface and wall
regions but are absent in the central region.

D. Quantitative Microstructural Analysis

Area fraction provides a useful measure of the
distribution of each primary phase in the ingot.
Figures 6(a) and (b) show the area fractions of the
primary Fe-containing intermetallic and primary Si
phases in different regions of the ingots without and
with USMT. USMT resulted in both the primary
Fe-containing intermetallic and primary Si crystals to
be distributed essentially uniformly across the ingot
compared to noticeable variations, i.e., macro-segrega-
tion, in the absence of USMT.

The number density per unit area of each primary phase
in the ingot samples is shown in Figures 7(a) and (b). An
appreciable increase in number density was observed after
USMT for both the primary Fe-containing intermetallics
and primary Si in each region concerned. Equally
important is that the number density distribution in the
ingot after USMT is far more uniform across all zones of
the ingot than in the absence of USMT.

Along with significant changes in distribution are
modified shapes of each primary phase. Figures 8(a)
through (d) show the measured morphological param-
eters of each primary phase from different regions of the
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Fig. 5—SEM BSE micrographs showing the typical primary phase structures in the four different zones of the Al-19Si-4Fe ingots shown in
Fig. 4.
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Fig. 6—Area fraction of primary phases without and with USMT in
the ingot samples shown in Fig. 4: (a) primary Fe-containing inter-
metallics, and (b) primary Si. Refer to Fig. 4 for the different zones.

ingot samples shown in Figure 4. USMT entailed a
marked reduction in both the length and width of each
primary phase. Also, the size is more homogeneous
throughout the ingot after USMT, while the difference
in size is considerable without USMT.

E. Complex Particles of 6-Al;FeSi,/f-AlsFeSi

A closer inspection of the backscattered micrographs
revealed that many of the primary Fe-containing inter-
metallics existed in a complex form which contained a
central lighter phase enveloped by a darker phase in the
ingot sample solidified without USMT. In contrast, such
particles were observed only occasionally in the ingot
sample solidified with USMT. In fact, the vast majority
of the primary Fe-containing intermetallic particles in
the ingot sample after USMT appeared as single-phase
particles.

Figure 9 shows a representative BSE image of two
coarse platelet-like complex primary Fe-containing
intermetallic particles observed in Zone I of the ingot
sample solidified without USMT. The faint difference in
contrast can easily mask the two different intermetallic
phases at low magnifications. Figures 10(a) through (c)
show typical blocky complex primary Fe-containing
intermetallic particles observed near the wall of the ingot
sample without USMT. The relative volume fraction of
each phase in the complex particle varies but in all of the
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Fig. 7—Number density of primary phases without and with USMT
for the ingot samples shown in Fig. 4: (a) primary Fe-containing
intermetallics, and (b) primary Si. Refer to Fig. 4 for the different
zones.

complex particles observed the central lighter contrast
intermetallic phase showed a large area fraction. For
comparison, Figures 10(d) and (e) show two examples
of the single-phase Fe-containing intermetallic particles
that are predominant in the ingot sample after USMT.
Only a few complex particles were encountered in the
ingot sample after USMT. A useful feature to note is
that the central lighter contrast intermetallic phase is
much smaller than those observed in the case without
USMT. Figure 10(f) shows one such example. It would
appear that the central particle is the remnant of a larger
particle formed at the beginning of solidification.

EDS line scan analyses along the cross section of each
selected intermetallic particle from Figure 10 are shown
in Figure 11. The results confirm that the contrasting
phases in the complex particles are not artifacts. Instead,
the central phase contained more Si than the outer phase
(Figure 11(a, b)). The single-phase particles shown in
Figure 10(f) do not contain an inner Si-rich phase
(Figure 11(c)). A comprehensive quantitative survey of
the chemical compositions of a total of 93 complex and
single-phase intermetallic particles was undertaken, and
the results are summarized in Table I1I. Based on these
results, the stoichiometry of the central Si-enriched
phase is consistent with 0-Al;FeSi,, while the outer
phase corresponds to f-AlsFeSi. The stoichiometry of
the single-phase short rod particles is consistent with
p-AlsFeSi.

VOLUME 48A, NOVEMBER 2017—5585



0 Primary Intermetallics - Without USMT

700

600

500

400

300

Length/width (um)

200

100

400

300

200

100

Length/width (um)

1200

1000

800

600

400

Length/width (um)

200

600

400

200

Length/width (um)

[ Length
0/ Width

® Equivalent diameter

2l

Nil
Il

1] A

(a)

Primary Intermetallics - With USMT

-t

%

tot

AN

Il v
(b)

Primary Si - Without USMT

T

Nil
I

1

(c

Primary Si - With USMT

@ WV

5586—VOLUME 48A, NOVEMBER 2017

240

160

120

80

40

120

80

40

700

600

500

400

300

200

100

300

200

100

Equivalent diameter (um) Equivalent diameter (um) Equivalent diameter (um)

Equivalent diameter (um)

<« Fig. 8—Morphological parameters of primary phases for the alloy
ingots shown in Fig. 4: (a) primary Fe-containing intermetallics
without USMT; (b) primary Fe-containing intermetallics with
USMT; (c¢) primary Si without USMT; and (d) primary Si with
USMT. Refer to Fig. 4 for the different zones.

Fig. 9—(a) Typical BSE image showing unreacted platelet-like
Fe-containing intermetallics existing as complex particles of J-AlsFe-
Siy/f-AlsFeSi in Zone 1 of the ingot sample solidified without
USMT, and (b) an enlarged view.

1IV. DISCUSSION
A. The Effect of USMT on Macro-Segregation

The occurrence of macro-segregation of primary
Fe-containing intermetallics and primary Si was not
unexpected based on previous studies.**** The main
mechanisms for the macro-segregation of primary Si
particles have been identified as including®®? (i) flotation
of primary Si particles toward the top of the melt; (ii)
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Fig. 10—BSE images showing examples of primary Fe-containing intermetallic particles: (¢ through ¢) complex blocky particles of 5-AlzFeSiy/
p-AlsFeSi observed near the mold wall regions of the ingot samples solidified without USMT; (d, e) single-phase short intermetallic particles ob-

served in the ingot after USMT; and (f) a complex particle of d-Al;FeSi,/f-AlsFeSi observed in the ingot sample with USMT.
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Fig. 11—EDS line scans across selected Fe-containing intermetallics particles: (a) the complex particle in Fig. 9(c); (b) the complex particle in
Fig. 9(f); and (c) the single-phase -AlsFeSi particle in Fig. 9(e).

Table III. EDS Point Analysis Results of Primary Fe-Containing Intermetallic Particles
Composition (At. Pct)
Alloy Structure Al Fe Si Fe:Si Probable Phase
Without USMT  complex particles central 50.92 £ 3.28 18.03 & 3.11 31.05 + 0.84 0.58 4+ 0.07 0-Al;FeSi,
outer 65.89 + 0.77 1647 £0.88 17.64 + 093 0.92 £ 0.10 p-AlsFeSi
With USMT single-phase particles — 6594 £ 0.77 16.30 £ 0.67 17.76 &= 0.57 0.92 £+ 0.05 p-AlsFeSi
complex particles central  50.97 £ 4.62 18.19 £ 4.06 30.85+0.83 0.59 + 0.09 0-AlsFeSi,
outer 65.96 + 1.17 16.53 £0.92 17.51 £ 0.87 0.94 £ 0.10 p-AlsFeSi
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heterogeneous nucleation of primary Si on the mold
wall; and (iii) localized enhanced growth of primary Si
particles. As regards the macro-segregation of primary
Fe-containing intermetallics in Al alloys, they are
observed to frequently settle to the bottom of the mold
due to gravity leaving the upper part of the casting or
ingot depleted of intermetallics.*” It has also been
proposed that some Fe-containing intermetallics may
not settle but instead ““hang” near both the side mold
wall and the top melt surface regions.**! One possible
reason is due to heterogeneous nucleation of primary
Fe-containing intermetallics on oxide films or the mold
wall, which can effectively slow down or even prevent
their sedimentation. This hypothesis can help to explain
the macro-segregation of primary phase particles
observed near the top melt surface and wall regions,
and also their depletion in the central region of the
casting. Nonetheless, the mechanisms remain incom-
pletely identified.

USMT produced a uniform distribution of both
primary Fe-containing intermetallics and primary Si
(Figure 6) and eliminated macro-segregation. In addi-
tion, it increased the number of each primary phase
(Figure 7) with a uniform size distribution (Figure 8).
The high potency of USMT in dispersing the primary
Fe-containing intermetallics and primary Si can be
attributed to the combined effects of the enhanced
heterogeneous nucleation of each primary phase (cavi-
tation-induced, including fragmentation) and dynamic
solidification environment (acoustic streaming and cav-
itation) created by ultrasonic waves. Both effects of
USMT have long been recognized and discussed in the
literature.l'® 2% They will not be restated herein. One
additional benefit of the cavitation effect of USMT is
that it produces an essentially thoroughly mixed effect,
thereby preventing large primary phase particles from

] — Liquid — 5-ALFeSi, [l — B-AlFeSi

p—
.- 3
— 1

Ax, Ax, Ax;

with ] .= . -_
USMTI 1 == By

t t t

Without
USMT

v

Increasing solidification time

Fig. 12—Schematic diagram showing the effect of USMT on the
peritectic transformation J-Al;FeSi, — f-AlsFeSi. The finer primary
J-Al;FeSi, particles produced as a result of USMT ensure their com-
plete transformation into peritectic -AlsFeSi phase.

quickly sinking or floating. As a result, gravity segrega-
tion of the primary phase particles is mitigated. This
ability of USMT to fully eliminate macro-segregation so
efficiently has not been well demonstrated previously to
the authors’ best knowledge and it was not totally
expected prior to this research. In that regard, this
research extends perspectives on the capabilities of
USMT.

B. The Effect of USMT on Peritectic Transformation of
Intermetallics

The thermodynamic calculation shown in Figure 2
predicts that an invariant quasi-peritectic reaction L +
0-Al3FeSi, — f-AlsFeSi + Si occurs during solidifica-
tion of the AIl-19Si-4Fe alloy. As proposed by Sha
et al. ' the study of quasi-peritectic reactions can be
based on the normal peritectic reaction theory.*>% On
this basis, the quasi-peritectic formation of f-AlsFeSi
can be regarded as consisting of two stages: (i) the
normal peritectic reaction, during which direct reaction
between 0-AlsFeSi, and liquid leads to the formation of
a continuous envelope of f-AlsFeSi surrounding each
0-Al3FeSi, particle, isolating the initial 5-Al;FeSi, phase
from further contacting liquid; and (ii) the peritectic
transformation, during which the fp-AlsFeSi envelope
thickens by solid-state diffusion of alloying elements
from 0-Al;FeSi, and liquid phases through the peritectic
p-AlsFeSi envelope. It has been reported that both the
0-Al3FeSi, and f-AlsFeSi particles exhibit similar
platelet-like characteristic crystal shapes, but the plate-
lets of d-AlsFeSi, are generally more blocky.”* Hence,
if the transformation from J-AlsFeSi, into f-AlsFeSi
goes to completion, only relatively thin platelet-like
p-AlsFeSi particles will appear in the as-solidified
microstructure. However, if the transformation is only
partially complete, both §-Al;FeSi, and f-AlsFeSi will
be present as complex particles exhibiting an interme-
diary blocky-to-platelet morphology in which f-AlsFeSi
envelopes 9-Al;FeSi,. In general, under most cooling
conditions during solidification, only fine J§-AlsFeSi,
particles are expected to undergo complete transforma-
tion into f-AlsFeSi as the transformation is slow due to
solid-state diffusion.

In the ingot sample solidified without USMT, the
primary Fe-containing intermetallics exhibited long
platelet-like shapes (Figure 5(a)) in the melt surface
(Zone I) and blocky shapes (Figures 5(c, d)) in the wall
regions (Zones III and IV). They both formed as
complex particles of J-AlsFeSi,/f-AlsFeSi. However,
the blocky particles contained a significantly larger
0-AlsFeSi, particle than those in the melt surface region.
We propose that this is due to different degrees of
transformation  of  J0-AlzFeSi, into  f-AlsFeSi.

Table IV. The Average Intermetallic Half-Width (Critical Diffusion Length) and the Average Thickness of the Peritectic f-AlsFe-
Si Phase Envelope in the Alloy Without and With USMT

Thickness of the Peritectic Envelope (um)

Alloy Half-Width of the Particle (um)
Without USMT 61.6 + 20.7
With USMT 277+ 6.9

24.6 £ 154
26.4 £ 5.7
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Figure 8(a) shows that the average equivalent size of the
primary Fe-containing intermetallic particles formed
near the mold wall regions are almost twice as large as
those formed near the melt surface regions. The diffu-
sion-controlled rate of transformation from J-Al;FeSi,
to f-AlsFeSi can be assumed to be similar at the same
temperature. Therefore, the less complete transforma-
tion of 0-Al;FeSi, into f-AlsFeSi platelets observed at
the mold wall regions versus that at the melt surface can
be attributed to the existence of coarser particles of
0-AlsFeSi, for which longer time is required to complete
the peritectic transformation.

After USMT, most primary Fe-containing inter-
metallics exist as single-phase f-AlsFeSi short rod
particles (Figures 10(d through e)) with a few
0-AlsFeSi,/f-AlsFeSi complex particles containing a
small central area of primary J-AlsFeSi, (Figure 10(f)).
USMT has clearly resulted in complete peritectic trans-
formation of most primary J-AlsFeSi, particles into
peritectic  ff-AlsFeSi. As shown schematically in
Figure 12, the finer sized primary J-AlsFeSi, particles
will shorten the time needed to complete the peritectic
transformation. USMT produced much finer 5-Al;FeSi,
particles thus reducing the time needed to achieve
complete transformation to pf-AlsFeSi. In addition,
USMT may have further enhanced the peritectic trans-
formation by accelerating the peritectic transformation
rate, in which case the thickness of the peritectic
envelope Ap-AlsFeSi in the alloy after USMT would
be greater than that in the case without USMT. Previous
studies®? ¥ have suggested that the peritectic transfor-
mation rate increases markedly under USMT, possible
due to two mechanisms: (1) acceleration of the lig-
uid-peritectic phase interfacial diffusion due to cavita-
tion and accompanied mixing of the melt; and (2)
increase in the peritectic reaction temperature according
to the Clapeyron equation,** and thus diffusion is
expected to increase with temperature. To clarify this
point, the f(-AlsFeSi envelope thicknesses were mea-
sured for at least 40 particles in both alloys, and the
results are shown in Table IV. An average envelope
thickness of 24.6 ym was achieved without USMT, as
opposed to 26.4 um with USMT. The very similar values
indicate that the rate of peritectic transformation
0-Al3FeSi, — f-AlsFeSi remained essentially the same
in both alloys. This is not totally unexpected since
USMT ceased prior to the peritectic reaction as shown
in Figure 3(b). Consequently, the observations of ultra-
sound enhancing the peritectic transformation are
mainly due to the reduced size of the primary J-Al;FeSi,
particles which require much less time to complete
transformation than larger primary J-Al;FeSi, phase
particles.

V. CONCLUSIONS

1. In the absence of ultrasonic melt treatment
(USMT), severe macro-segregation was observed
in the ingot with a noticeably non-uniform distri-
bution of primary Fe-containing intermetallic and
primary Si particles, whereas a near homogeneous

METALLURGICAL AND MATERIALS TRANSACTIONS A

distribution of both primary phase particles
throughout the ingot was produced after USMT,
i.e., reduced macro-segregation.

2. Macro-segregation was further quantified using
microstructural metallography at different regions
of the ingot samples. The results showed that the
area fraction, number density, and size distribution
of both the primary Fe-containing intermetallic and
primary Si particles became essentially uniform
across the ingot after USMT confirming the bene-
ficial effect of USMT on eliminating macro-segre-
gation.

3. USMT had a significant impact on the constitution
of the primary Fe-containing intermetallics, where
complex particles of J-AlsFeSi,/f-AlsFeSi were
prominent without USMT, while few o-AlsFeSi,
particles were observed after USMT and the
primary Fe-containing intermetallics existed mostly
as the single-phase f-AlsFeSi.

4. USMT leads to enhanced peritectic transformation
0-Al3FeSi, — f-AlsFeSi due to the significant
reduction in the average size of the primary
J-AlsFeSi, particles.
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