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Abstract: The effect of ultrasonic treatment on the formation of primary Al;Zr was investigated by applying ultrasound to an
Al—-0.4Zr alloy. Three temperature ranges were selected, i.e., 830 to 790 °C (above liquidus), 790 to 750 °C (cross liquidus) and 750
to 710 °C (below liquidus) for ultrasonication. Using the scanning electron microscopy, both the size and morphology of the primary
Al;Zr particles were examined. It was found that the size was significantly reduced and the morphology changed from large
throwing-star shape to small compact tablet shape. The mechanisms for refinement of primary Al;Zr were discussed. It is suggested
that sonocrystallization theory via activation of aluminium oxide particles is responsible for the refinement of primary Al;Zr when
ultrasonic melt treatment (UST) is applied within the fully liquid state. The refinement of primary Al;Zr particles when UST is

applied in the slurry (growth stage) is due to the sonofragmentation.
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1 Introduction

Primary crystals formed in aluminium alloys play
an important role in affecting the properties of castings.
Under normal casting conditions, the primary crystals
may grow to a considerable size with elongated shape,
which makes them stress concentrators and hence origins
of cracks as most of the primary crystals are brittle. As a
result, the primary particles usually deteriorate the
ductility, toughness and deformability of as-cast
alloys [1,2]. However, when refined to an appropriate
size, the primary particles can serve as reinforcing
structure constituent to form natural metal-matrix
composites [3]. Hypereutectic Al—Si alloy containing
more than 12% Si (mass fraction unless otherwise stated)
is one of the best-known examples [3,4]. Homogeneous
distribution of fine primary Si particles enables the
hypereutectic Al-Si alloy to possess a unique
combination of properties, i.e., low coefficient of thermal
expansion, high elastic modulus, hardness and wear
resistance, good corrosion resistance, weldability and
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low density. In addition, some of the primary
intermetallics [5—7] show a considerable potential as
grain refiners for the primary matrix grains. Increasing
the number of these promising primary intermetallics by
refinement could further promote grain refinement of the
alloy matrix and thus enhance the properties of castings.
Therefore, significant refinement of the primary crystals
that either act as reinforcing particles or grain refiners
can essentially improve the structure, properties, and
workability of cast alloys.

Ultrasonic melt treatment (UST) is one of the
efficient means to refine primary crystals in metallic
alloys [4,8,9]. Although the general mechanisms
underlying the refining effect of UST have been
formulated in Refs. [4,9], the specific mechanisms
responsible for the refinement of free-growing primary
crystals under different processing conditions are still not
well understood. It is recognized [5,9—11] that the
efficiency of UST is determined by many factors such as
the amplitude and frequency of ultrasound, treatment
temperature and duration, and the solidification
conditions including cooling rate, alloy composition and
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impurity level. Among all these factors, the treatment
temperature range is considered to be of critical
importance. It is fundamental knowledge [1,2] that
different temperature ranges for alloys with different
compositions correspond to different solidification
stages, i.e., nucleation and growth. Therefore, UST over
different temperature ranges may involve different
mechanisms which essentially control the effect of UST.
ATAMANENKO et al [5] and ZHANG et al [11]
observed the refinement of primary Al(Zr, Ti); particles
after applying UST in an Al-Zr—Ti alloy though their
major focus was on the refinement of a(Al) grains. In
this work, a follow-up work on the influence of UST on
the formation of primary Al;Zr particles in an Al-0.4%Zr
alloy was presented. UST was applied over three
different temperature ranges to clarify the role of UST at
different solidification stages. Furthermore, the possible
mechanisms that control the effect of UST were
discussed based on the theories proposed in the literature.

2 Experimental

2.1 Materials and equipment

High-purity commercial aluminium (99.97%) and
an Al-10%Zr master alloy were used to prepare an
Al-0.4%Zr alloy. The liquidus temperature of primary
AlZr in the Al-0.4%Zr alloy was calculated to be
788 °C using Thermo Calc software [12].

The ultrasonic device consisted of a 5 kW ultrasonic
generator, a magnetostrictive transducer with water
cooling system and a conical niobium sonotrode.
Ultrasonic treatment was performed at 4 kW power and a
frequency of 17.5 kHz and a corresponding null-to-peak
amplitude of 40 um.

2.2 Experiment procedure

Pure Al (~750 g for each experiment) was melted
and heated up to (880+3) °C in a clay-bonded graphite
crucible inside an electrical resistance furnace. After
adding the master alloy, the melt was isothermally held
at 880 °C for 20 min to allow the complete dissolution of
the master alloy. Following that, a sample for
composition analysis was cast into a steel mould that was
preheated at 200 °C and the crucible with the remaining
melt was transferred to a platform where the ultrasound
was applied to the melt. The melt was then cooled down
in air, and its temperature was monitored by a K-type
thermocouple positioned at approximately half the radius
away from the wall of crucible. When the melt cooled
down to the commencement temperature of UST, the
vibrating sonotrode was immersed 15 mm below the top
surface of the melt. Considering the chill effect of a cold
sonotrode, the working sonotrode was preliminary
preheated inside a large mass (~2.5 kg) of pure Al melt

(~850 °C) for about 30 s before it was inserted into the
melt to be treated. This operation minimized the
temperature drop upon the immersion of the sonotrode in
the melt, and therefore the cooling rate change was
negligible. For comparison, a parallel experiment
without UST was also carried out by immersing the idle
sonotrode (without being switched on) into the melt at
the same temperature as the experiment with UST. The
sonotrode was not lifted up from the melt until the melt
temperature reached the designed termination
temperature of UST. The melt together with the crucible
was then left on the platform to solidify in air to room
temperature. The overall cooling rate measured by
thermocouple was ~0.8 °C/s. Three temperature ranges
were selected, corresponding to three different
solidification stages: 830 to 790 °C (fully liquid state),
790 to 750 °C (the nucleation stage of primary Al;Zr),
and 750 to 710 °C (the growth stage of primary Al;Zr).
The chemical compositions of the alloys were analyzed
by inductively coupled plasma-atomic
spectroscopy (ICP-AES) and the averaged values are
listed in Table 1.

emission

Table 1 Average values of chemical compositions of Al-0.4%

Zr alloys
Zr Ti B
0.40+0.02 0.008+0.001 0.0025+0.0008
Si Fe Al
0.03+0.005 0.09+0.001 Bal.

2.3 Sample preparation and examination

The ingots solidified in the crucible were
longitudinally sectioned along the centre symmetrical
axis and specimens were prepared from the central
bottom part as shown in the schematic diagram (Fig. 1),
because most of the primary Al;Zr particles settled down
to the ingot bottom during the solidification due to the

Fig. 1 Schematic diagram of relative position of specimen
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large density of Al;Zr and slow cooling rate. The
specimens were then mechanically ground and polished
for X-ray diffraction analysis (XRD, Bruker D8 Advance
diffractometer) and scanning electron microscopy (SEM,
Zeiss Supra 35VP). Energy dispersive X-ray
spectroscopy (EDS) was used to determine the
composition of the particles observed in the samples. In
order to display the 3D morphology of the primary Al;Zr
intermetallic, the samples with and without UST were
deeply-etched by 15% NaOH water solution for about
2 h. The deeply-etched samples were then also examined
by SEM.

3 Results and discussion
3.1 Confirmation of identity of primary ALZr

intermetallic particles
Normally, under slow cooling rates with and

without UST which was the case in the current
experiment, the stable tetragonal Al;Zr phase forms as
primary intermetallic particles in the Al-0.4%Zr alloy
according to the equilibrium phase diagram [13].
However, it was also reported that under certain
solidification conditions such as fast cooling rate, the
formation of stable Al;Zr might be suppressed or even
the metastable Al;Zr phase with a cubic crystal structure
may be formed [14,15]. In order to ascertain the
formation of the stable tetragonal Al;Zr phase, the
samples with and without UST were examined by XRD
and SEM-EDS. Figure 2 shows the typical XRD
spectrum and EDS spectra of the particles observed in
the backscattered electron (BSE) images of the Al-0.4%
Zr alloys with and without UST. As we can see, the XRD
spectrum in Fig. 2(a) presents only reflection peaks from
Al and tetragonal Al;Zr phases. In addition, the EDS
spectra in Figs. 2(d) and (e) obtained for the particles

(a)

3 ]

\_hneAA

= —g(Al)
a— AlZr

-
a

i

0 10 20 30 40 50 60 70 80 90 100
200(°)

X(A=75.30%
X(Zr)=24.70%

Zr

Zr

x(AD=75.18%
(Zr)=24.82%

Zr

Zr

0 13 26 39 52 65 7.8 9.110411.713.0 0 1.3 26 39 52 65 7.8 9.1 10411.713.0

26/(°)

200(°)

Fig. 2 Typical XRD spectrum of Al—0.4%Zr alloys produced with and without UST (a), typical SEM-BSE images of Al-0.4%Zr
alloy without UST (b) and with UST (c), EDS spectra of particles observed in SEM—BSE image of Al-0.4%Zr alloy without UST (d)

and with UST (e)
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shown in Figs. 2(b) and (c) indicate that the particles are
high in Al and Zr with the mole ratio close to 75:25.
Combining the XRD and EDS spectra analysis, we can
conclude that the Al-0.4% Zr alloys produced with and
without UST consist of only Al and primary tetragonal
Al;Zr phases.

3.2 Effect of UST on size of primary ALZr

intermetallic particles

Typical SEM-BSE images of primary Al:Zr
intermetallic particles in the Al-0.4% Zr alloys solidified
without and with UST performed over the three selected
temperature ranges are given in Fig. 3. It is clear that
UST over all the tested temperature ranges produced
considerable refinement of primary Al;Zr particles.
Figure 4 shows the measured size distributions of

primary Al;Zr particles in the samples. As we can see in
Figs. 3(a) and 4, primary Al;Zr particles in the samples
solidified without UST have relatively large size with
majority of them in the range of 50—150 um and some of
the particles even reaching 350 pum. This is easy to
understand considering the large solidification range
(~127 °C with 0.4% Zr in Al) of primary Al;Zr and the
slow cooling rate (~0.8 °C/s) which allows sufficient
time for the primary Al;Zr particles to grow. From
Figs. 3(b) and 4(a) we can see that the majority of the
primary particles are well refined to the range of
25-75 um with the maximum size reaching only 150 pm
after UST was applied above the liquidus of
intermetallics. Figures 3(c) and 4(b) show that UST
performed from 790 to 750 °C (across the liquidus)
refines the majority of the particles to 15—50 pm. The

Sy 100 pm |
Fig. 3 Typical SEM—BSE micrographs of primary Al;Zr intermetallic particles form samples obtained without UST (a), with UST
performed at 830—790 °C (b), with UST performed at 790—750 °C (c), and with UST performed at 750—710 °C (d)
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Fig. 4 Size distribution of primary Al;Zr particles in samples obtained with UST at 830—790 °C (a), 790—750 °C (b), 750—710 °C (c)
in comparison with samples obtained without UST under similar conditions (idle sonotrode)
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size distribution of primary particles after the UST from
750 to 710 °C is illustrated in Fig. 4(c) with
corresponding structure in Fig. 3(d). As we can see, the
majority of the particles are refined to 25-75 pm.
However, some particles have as large size as 300 pm.

It is interesting to point out that in the present work
UST within the fully liquid state from 830 to 790 °C
(while the liquidus temperature of primary AlZr is
788 °C) induced remarkable refinement of primary Al;Zr
particles as shown in Figs. 3(b) and 4(a). On the other
hand, when UST is performed only in the slurry region
from 750 to 710 °C, in addition to small particles, there
are some very large particles as shown in Figs. 3(d) and

4(c).

3.3 Effect of UST on 3D morphology of primary ALLZr
intermetallic particles

Figure 5 shows the typical SEM images of the 3D
morphology of primary Al;Zr particles after deep etching
of the samples without UST. As we can see in Fig. 5(a),
almost all the primary Al;Zr particles have a thin plate
shape with four obvious apexes. This shape is quite like
one of the ancient Chinese weapons: the throwing stars.
The evident faceted morphology of the primary Al;Zr
particles can be readily explained in terms of the
well-established growth behaviour of crystals in melt. It
is known [1,2] that ordered intermetallic compounds that
often have high entropy of fusion due to the great
difference in structure and bonding between the solid
and liquid phases usually show a high growth rate

anisotropy which leads to the development of a faceted
morphology.

Furthermore, the specific faceted morphology of a
crystal is closely related to its crystal structure [16]. In
the case of the tetragonal Al;Zr phase, the broad plane
belongs to the {001} plane family while the four apexes
are the fast growing (110) directions as indicated in
Figs. 5(b) and (c) [17,18]. The essentially two-
dimensional growth of primary Al;Zr particles is because
the growth rate of {001} planes is considerably lower
than that of other crystallographic planes due to the high
crystalline perfection of the {001} planes at the atomic
scale which makes it too difficult for atoms to attach to
these planes [16,19]. In addition, the development of the
four apexes at corners and of the concave points at edge
centres is because the rate of nucleation of new ledges at
corners is significantly higher than the rate of
propagation of the ledges across the edges. This is a
consequence of a locally thinner Zr-solute depleted layer
ahead of the interface at the corners than at the edge
centres, which results in higher gradients of
constitutional undercooling at the corners than at the
edge centres [20].

In addition to the

common “throwing-star”

morphology, some interesting morphologies in Fig. 5(d)
have been observed. As we can see, a few primary Al;Zr
particles are intersecting each other, forming a petal-like
morphology. This is possibly because these particles
have grown from a twinned nucleation centre that has
several twins [21].

5 SR

& '-'g.h_

Fig. 5 Typical SEM images of primary Al;Zr particles after deep etching of samples without UST: (a) Large number of Al;Zr

particles with typical morphology; (b, ¢) Two particular Al;Zr particles showing four preferential growth directions; (d) Special Al;Zr

particle with petal morphology
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Figure 6 shows the typical morphology of primary
Al;Zr particles after UST over all the three selected
temperature ranges. Apparently, the particles are still
plate-like in shape only with a smaller size and thickness
since they are refined as a result of UST. The very
obvious difference from the morphology of non-refined
particles is that there are no well-developed apexes at
corners and no concave points at edge centres. Instead,
the refined particles exhibit nearly perfect tablet
morphology. From the schematic diagram of the growth
mechanism of faceted dendrites [20,22] as shown in
Fig. 7, we can see that the refined primary Al;Zr particles
display the morphology at stage (1) while the non-
refined primary Al;Zr particles exhibit the morphology at
stage (2). It is hence understandable that, due to the
refining effect induced by UST, the primary Al;Zr
particles can only grow to a limited size, not reaching
conditions for the perturbations to develop.

Feng WANG, et al/Trans. Nonferrous Met. Soc. China 27(2017) 977-985

3.4 Mechanisms of UST refinement over selected
temperature ranges

In order to understand the refining mechanisms of
UST over the three selected temperature ranges, the
results of present study are discussed in light of the
theories available in literatures.

The influence of UST on the microstructure changes
including refinement of grains and primary particles is
mainly due to the physical phenomena that arise from the
propagation of the high intensity ultrasound through the
liquid [9,23]. Two of the most important phenomena are
acoustic cavitation which is the formation, growth and
implosive collapse of cavitation bubbles and acoustic
streaming which is the formation of a steady flow driven
by acoustic wave propagation and cavitation region
pulsation. On the basis of these phenomena, a number of
hypotheses have been proposed to clarify the chemical
and physical effects of ultrasound. In general, these

Fig. 6 Typical SEM images of primary Al;Zr particles after deep etching of samples with UST applied at 790—750 °C (Figures (b), (c)

and (d) are selected enlarged images of particles shown in Fig. (a))

(1 2

3) 4

Fig. 7 Schematic diagram showing development of faceted dendrites [20,21]
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hypotheses can be summarized as two theories
[5,9,10,24,25]: 1) the sonocrystallization theory which is
based on cavitation-enhanced nucleation and 2) the
sonofragmentation theory which is based on cavitation-
induced fragmentation.

Two different mechanisms have been proposed to
explain the sonocrystallization theory. The first one [26]
suggests that the instantaneous pressure pulse caused by
the collapse of cavitation bubbles leads to a local
increase in the melting point of the surrounding liquid
according to the Clapeyron equation. The increase in the
melting point is equivalent to generating locally an
increased undercooling which promotes nucleation. The
second mechanism [4,9,27] is based on the idea of
activation of substrates. Real melt always contains
impurity particles which often possess crevices and
cracks on their surface and are usually non-wettable by
the melt. It is suggested that the formation, growth and
implosive collapse of cavitation bubbles close to the
micro-crevices or micro-cracks produce a high-energy
shockwave or cumulative jet near the impurity particles.
Both phenomena would result in the sonocapillary effect
that improves wetting of the impurity particles by the
melt and hence activates them to become -effective
nucleation sites.

The sonofragmentation theory [9,10,23,25] assumes
that the shockwaves or microjets generated by bubble
collapse create shear forces and produce localized
erosion on solid phase which leads to the fragmentation
of phase. The solid fragments are then distributed
throughout the melt via the acoustic streaming and hence
increase the number of crystals. It is necessary to
emphasize that the sonofragmentation can only happen
when a solid phase already exists in the melt and is
present in the cavitation zone.

In this study, the application of UST over the
temperature range from 830 to 790 °C is most probably
related to the sonocrystallization theory since this
temperature range is within fully liquid state and no
nucleation and growth of the primary Al;Zr particles is
expected to occur. The fact that the primary AlZr
particles were refined when UST was applied within the
liquid state suggested that the sonocrystallization
mechanisms did work above the liquidus temperature.
Careful examination of the refined primary Al3Zr
particles after deep etching reveals the presence of
foreign particles inside the Al;Zr particles as shown in
Figs. 8(a) and (b). EDS analysis shows that these
particles contain O apart from Al and Zr, indicating that
this is possibly the aluminium oxide (the Zr peak is due
to the pick-up of the surrounding Al;Zr particle). It has
been reported that native oxide particles can act as
nucleation sites for Al and Mg grains [28,29] or primary
intermetallics [30]. So, the second mechanism of

sonocrystallization, 1i.e., activation of substrates
(alumina), is most probably active upon UST above the
liquidus temperature of Al;Zr particles. The authors are
now working on the detailed identification and
characterization of these potential aluminium oxide
particles by transmission electron microscopy and 3D
tomography.

Zr

Zr

0 1.3 2.6 39 52
EfkeV
Fig. 8 Foreign particles at centres of primary Al;Zr particles
(a, b) and typical EDS spectrum (c) obtained on foreign
particles as indicated in (a) and (b)

On the other hand, UST over the temperature
ranging from 750 to 710 °C can be mainly correlated to
the sonofragmentation theory because this temperature
range generally corresponds to the growth stage of
primary Al;Zr particles, which are expected to already
grow to certain sizes since the temperature is well below
the liquidus temperature. The co-existence of large and
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small primary particles as shown in Fig. 3(d) can be
explained as follows: most of the well-grown particles
were fragmented by the cavitation-induced shockwaves
or microjets while some of them were outside the
cavitation zone and continued to grow to a large size. It
is worth noting that the authors are currently also
working on the in-situ observations of the fragmentation
process during UST both in real Al-0.4%Zr alloys using
high-energy X-ray synchrotron imaging and in water by
high-speed camera.

As to the UST applied from 790 to 750 °C in the
present study, considering that both nucleation and
growth of primary Al;Zr particles will occur within this
temperature range, it can be argued that both the
sonocrystallization and sonofragmentation could have
contributed to the observed refinement of primary Al;Zr
particles, similar to the observed recently grain
refinement of Al grains when UST is applied across the
liquidus temperature [25].

4 Conclusions

1) Considerable refinement of primary Al;Zr
particles is observed as a result of UST over all the three
selected temperature ranges. In addition, the morphology
is also changed from a “throwing-star” shape to a nearly
perfect tablet shape.

2) Sonocrystallization theory via activation of
aluminium oxide particles is suggested to be responsible
for the refinement of primary Al;Zr when UST is applied
in the fully liquid state. The refinement of primary Al;Zr
particles when UST is applied in the slurry (growth
stage) is due to the sonofragmentation.

3) It is suggested that both mechanisms play major
role in the refinement of primary Al;Zr particles when
the UST is applied across the liquidus and terminated at
the growth stage.
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