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Abstract

In current studies, the authors examined the influence of ultrasonic vibrations on the solidification of Zn — Bi 2% alloy. The research reveals
that ultrasonic vibrations have a sufficient influence on the crystallization process. In the case of both groups of ingots (Zn and Zn-2%Bi),
the differences in microstructure and mechanical properties could be observed. The methodology was based on the casting of two samples
from the same ingot form with identical configurations. One of the samples was used as the reference (cast without ultrasonic) and the other
to examine ultrasonic vibrations' influence. Casting with ultrasonic vibration was carried out with a frequency of 35 kHz. Sonotrode was
located on the underside of the designed crucible. The samples were circular shape with a diameter of 50 mm and a thickness of 10 mm. A
tensile compression test, Vickers microhardness test and microscopy analysis were performed. The results showed enhanced organization
of microstructure and the fragmentation of grains in the case of the ingots with the ultrasonic vibration presence.
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1. Introduction

One of the oldest and most common methods of manufacturing
alloys is casting. Over the past centuries, it has been developed and
optimized. The most popular casting methods are permanent
pattern casting, temporary pattern casting, die casting, centrifugal
casting, squeeze casting, and continuous casting [1]. Depending on
the method, the properties of the casted material could be different.
This phenomenon is mainly due to the solidification process of
materials. The crystallization process is based on two mechanisms,
nucleation and growth. The nucleation process can be classified as
homogeneous nucleation and heterogeneous nucleation [2].
Compared to homogeneous nucleation, the energy required to start
the heterogeneous nucleation is lower [3]. The crystallization
process and its parameters, such as the cooling rate, temperature
gradient, and others, influence the shape and size of the grain.
Control of the process by factors such as temperature, heat provided
into the system, speed and directions of thermal energy dissipation,
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distribution of seed density in a matrix, time of seed creation,
growth of crystalline layers, strain induced within the system and
direction of foreign particles in the system allows providing needed
crystallographic structure [4 — 6].

One of the methods that allowed microstructure control in
casted alloys are ultrasonic vibrations introduced during the
crystallization process. The impact point of ultrasonic vibration on
liquid metal can occur by several stages of casting:

- during input of a mold into a crucible by vibrating a stream
of cast metal through a vibrating element in its path;

- by insertion of a vibrating element into the mold before it is
flooded;

—  use of the vibration at an entire casting system that mold
contains a liquid alloy.

Depending on the stage in which the ultrasonic is introduced,
the effect on the mold is different. As an example, the use of
vibration at the casting form is to limit the defects in the fillings of
the mold rims of the casting form. Regarding ultrasonic vibrations,
factors such as frequency, power, distance from the source of
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ultrasonic vibrations, the transmitter of ultrasonic, the size of the
ultrasonic transmitter, time of material, and ultrasonic interaction
are the most important to control their effect on the material
structure.

sonotrode immersed in metal

\

sonotrode touches the
crucible from the side

sonotrode touches the
crucible from below

g

Fig. 1. Scheme of the input point of sonotrode in the casting
process based on the description in the literature [6—10].

Although many authors tested the use of ultrasonic in eutectic
systems, there is less information about ultrasonic effects on
monotectic systems. In eutectic systems, the influence of ultrasonic
vibration on a material structure is undeniable. Compering molds
with and without ultrasonics vibrations, researchers inform about
different mechanical properties (the value could differ even by 126
MPa), the finest structure of grains (depending on the casting stage
in which the ultrasonic is introduced), modifying the structure of
separation additions (finer the dendrites or replacing the shape to
fine and equiaxed grain) and fewer pores in the mold without
increasing the processing time [6—11]. Some researchers explored
monotectic systems to solve the problem of segregation and
agglomeration of other phases in an alloy. The first attempt to
resolve the problem of monotectic phase agglomeration was a
mechanical vibration with a small amplitude. As a result, casted
ingots are characterized by a better distribution of monotectic phase
and finer precipitation [12—-14]. It must be noted that in both cases
(eutectic and monotectic alloys), most of the research uses a low-
frequency vibration in a range of 5 Hz to 100 Hz.

2. Methods

In this article, the authors decided to examine one of the
monotectic binary systems, Zn — Bi. The research was motivated
by an interest in the examination of the influence of ultrasound on
the nucleation process during the crystallization of monotectic
alloys. Because of a decrease in temperature, the two phases of the
alloy are gravity segregated by different densities of phases in a
liquid state. In the case of monotectic alloys, the ultrasonic
vibrations should have disrupted the natural low-range order of the
coexisting reaction with the solidification process. The first stage
of crystallization is the creation of close-range segregation in both
liquids. As a consequence, a seed of a new phase is created in the
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solid phase. The interference of ultrasonic vibration in liquid
imposes limitations on the atom-order configuration. This leads to
the precipitation of seeds from the solid phase. The implementation
of ultrasonic vibrations in the liquid phase reduces the possibility
of close-range segregation in the liquid. As a result, the
crystallization process goes without primary precipitations. As an
effect, structural changes such as fining the grains and the growth
of grains by heat dissipation in microstructure can be observed.

3. Experiments

3.1 Casting
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Fig. 2. Model of crucible for ultrasonic casting. A cast station was
prepared for the comparison section.

The crucible was designed to include factors such as the size of
the casting material, the frequency of the ultrasonic source, the
crucible material (stainless steel), and the distance of the crucible
from the source [15]. Two designed forms (Figure 2) were cleaned
with ethanol and then rinsed up with water. Crucibles were placed
next to each other, and 4 ingots were prepared (2 for each alloy with
and without ultrasonic treatment) for the ultrasonic source (35
kHz). Ingot I: 279.79 g of Zn (99.997%) (Goodfellow 289-548-84),
Ingot II: 274.19 g of Zn (99.997%) (Goodfellow 289-548-84) +
5.595 g0f99.999% Bi (Sigma-Aldrich 556130)

After the temperature reached 500°C, ingots were put into the
crucible and left in the furnace for 30 min. The melted samples
were cast on the cold forms. Casted samples were left freely with
the assistance of ultrasonic vibration until the crystallization
process was fully done (c.a. 3 min). The samples were cooled in a
stream of cooled water for 2 min.

3.2 Preparation of the casted sample for
macroscope/microscope and  mechanical
analysis

In the case of Zn samples, the upper surface was grinding and
polished on wet cotton fabric using CuClz supersaturated saline
solution with a base of 2% nital and then cleaned with a paste made
of supersaturated saline solution citric acid. For microscopy
analysis, Zn — Bi 2% samples were etched and electropolished (in
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the range of 5 V— 10 V, polishing for 5 min in 10 V, 8V, 5V) by
a mixture of H3PO4 and ethanol (proportion 3:5, for 7 min in 0.7
V). The prepared samples were taken under macroscope and
microscope analysis (Electron Scanning Microscope Hitachi
S3400N (Hitachi High-Tech Corporation, Japan), Vert.Al Zeiss
Optical Microscope equipped with the Axiocam 305 color (Carl
Zeiss AG, Germany). Next, the samples were cut perpendicular to
the face surface to examine the cross-section part. The preparation
of the surface was done in the same way as the face surface.
Preparation of the samples for the compressive test was cut out by
using a CNC machine BP05d Electrical Discharge Cutting
Machine (Zaktad Automatyki Przemystowej B.P. s.c., Poland). The
cutting was taken empirically by observation of the material during
material cutting. Each of the sample models was cut in the schape
of'a cuboid (dimensions: 4x4x8 mm, + 0.1). Then the compressive
test was performed with a strain rate of 0.003 s ~!. The cut was
taken from the center to the border of the sample. Tensile tests were
performed on modified Instron TM-SM model 1112 tensile
strength machine (Instron US) with SkN load cell.

4. Results and discussion

The macrostructure of the Zn sample without the presence of
ultrasonic vibrations are dominated by large and long columnar
grains, directly solidified in the center of the sample. An exception
is the frozen crystal ring around the sample, with fine grains (Figure
3a). The multiple columnar grains with twins directly crossed with
each other can be seen (Figure 3c). The ingot has a large number of
pores (Figure 3e). Different types of macrostructure can be
observed for the ultrasonic vibration sample (Figure 3b, d, f). The
presence of ultrasonic vibrations strongly influences the
macrostructure of the Zn sample. Compared to the sample without
ultrasonic vibrations (Figure 3a, c, e), the grains are shorter and
thinner at the center of the sample (Figure 3b). Although the ring
around the sample is also present as in the sample without the
presence of ultrasonic vibrations, the macrostructure is much finer.
The ingot is severely twined in various directions (Figure 3d). The
sample is characterized by thinner and fewer pores (Figure 3f) than
in the gravity casting (Figure 3e). It is worth noting that “the
cracks” (black marks at the upper left side of Figure 3a) present in
the sample appeared before etching and became more visible after
it. The macrostructure of Zn samples without the presence of
ultrasonic vibrations (Figure 4a) has no homogeneous structure.
The sides of the sample have long, slim grains directed into the
center of the sample, while the center of the sample has fine grains
placed closer to its surface and substrate. In the case of the sample
with ultrasonic vibrations (Figure 4b), the sample also has thicker
grains. The exception is the center area of the sample where the
grains are smaller. Although the samples have similarities, in the
case of the Zn sample with ultrasonic vibrations (Figure 4b), the
symmetry in the sample could be observed. The structure of the Zn
sample is characteristic of the ingots cast gravitating. The structure
has large, long, columnar grains directed at thermal dissipation.
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Fig. 3. Macrostructure of the cross-section of the Zn without the
presence of ultrasonic vibrations (a, ¢, €) and Zn with the presence
of ultrasonic vibrations (b, d, f).

5mm
[

Fig. 4. Macrostructure for the crosssection of the Zn samples,
a) Zn — without the presence of ultrasonic vibrations, b) Zn with
the presence of ultrasonic vibrations.

Based on the data from the compression test, it can be said that
the mechanical properties of the ingot are not unified. Inverse
properties are being observed for the Zn sample with the ultrasonic
vibrations. Compared to the sample without ultrasonic vibrations,
the microstructure of the ingot has a symmetrical distribution of the
grains both on the face surface and cross-section of the ingot
(Figure 3 and Figure 4). Additionally, the grains are equiaxed,
finer, and are more evenly distributed on the surface of the ingot.
The result for the sample with ultrasonic vibrations shows
similarity in mechanical parameters, however, the strengthening
factor measured in the plastic range is higher about 2.6. This
indicates that the ultrasonic vibrations made the sample
homogeneous.
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Fig. 5. Diagram of hardness for Zn and Zn — 2%Bi samples.

The hardness measurements (Figure 5) reveal that samples cast
with the presence of ultrasonic vibrations has lower standard
deviations than the sample without it. As a result, the structure of
the sample with ultrasonic vibrations has a lower hardness average
than the other one. This phenomenon is connected with the
unification of structure and phase distribution by ultrasonic
vibration. In the case of Zn samples, the standard deviations fall
from 3 to 1.9, and for the Zn — 2%Bi from 2.6 to 2.1. A similar
position of the sonotrode and observations were made for the Al —
Si 10Mg alloy by P. Karthikeyan and Sumit Pramanik [16, 17].
However, the authors pointed out that in their case, the important
factor in obtaining the finest structure is the time of ultrasonic
vibration use. In this work, the ultrasonic vibrations are continuous
until the full solidification of an ingot. The time aspect of its use
was also highlighted by Hélder Puga et al. as a resolution of pores
in ingot [8]. In the case of the sample without ultrasonic vibrations
(Figure 6¢), the distribution of the grains is nonunified. In the case
of the sample with ultrasonic vibrations, the distribution of the
grains is more equal and appears to be independent of the distance
from the center. A slight increase is noted in the direction of the
edge of the sample. The data (Figure 6d) show that the dominant
grain size fraction for the sample without ultrasonic vibrations is 4
— 32 mm and 32 — 60 mm. The percentage of bigger grains equals
17 %. For the sample with ultrasonic vibrations, the main size
fractions that are almost equal to each other are grains in a range of
4 — 58 mm and 32 — 60 mm. The percentage of bigger grains is 14
%.
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Fig. 6. Microstructure of Zn samples a) without the presence of
ultrasonic vibrations and b) with the presence of ultrasonic
vibrations 35 kHz. Red circle frames are for statistics (Figure 6c¢),

d) diagram of grain size distribution.

Fig. 7. Macrostructure for the Zn — 2% Bi samples,

a) Zn — 2% Bi — without the presence of ultrasonic vibrations,
b) Zn — 2% Bi with the presence of ultrasonic vibrations.

The microstructure (Figure 7a) is characterized by large
dendrites at the entire area of the face surface accumulated in the
center of the ingot, that thoroughly surrounds the casting pit.
Although in the case of the sample with the presence of ultrasonic
vibrations (Figure 7b), the dendrites are also present, they are
smaller. The area around the casting pit has only a few large
dendrites. In the casting of Zn — Bi 2% ingot in the presence of
ultrasonic vibrations, there are cracks in the material. It is opposite
to the Zn system, where the presence of cracks in the ingot was
noticed without the presence of ultrasonic vibrations.
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Fig. 8. SEM photography of Zn — 2% Bi — without the presence of
ultrasonic vibrations a), with the presence of ultrasonic vibrations
b), the statistic diagram of the grain diameter for the sample
without ultrasonic vibrations c¢), with ultrasonic vibrations d). The
grain diameter was calculated with the Matlab algorithm.

The SEM photography of Zn — 2% Bi without ultrasonic
vibrations (Figure 8a) shows that the structure is non-uniform and
characterized by large dendrites. The accumulation of fine bismuth
participations is located along the arm of the dendrites, leaving
space between the arms. In the case of Zn — 2% Bi sample (Figure
8b) with the presence of ultrasonic vibrations, the distribution of Bi
— phase in the Zn matrix is high. As in the sample without the
ultrasonic vibrations, the dendrites are also present. However, the
ultrasonic vibrations sample does not have empty spaces between
dendrites. The Bi— phases are not segregated in a specific direction.
Based on the microscope image (Figure 8a, 8b), the histogram of
the size of the bismuth phases was made. Histogram of the sample
without ultrasonic vibrations Zn — 2% Bi (Figure 8c) shows a
diversity of diameter size with the predominant amount of grains
size diameter 0.6 to 1.4 um. The percentage of grains diameter 1.5
um below, equals 29.7 %. Compared to the sample without
ultrasonic vibrations, the sample with it (Figure 8d) has a greater
number of grains with a shorter diameter (up to 0.2 um). The
percentage of grains diameter 1.43 pm above, equals 9.95 %.
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Fig. 9. Compression characteristics for Zn — 2% Bi alloy cast in

the traditional and ultrasonic methods. The insert shows how the
specimens were cut with the compression direction marked.

The ingot without ultrasonic vibrations (Figure 9) is non—
uniform with respect to mechanical properties. The average values
of the strength parameters are the following: Rpo.2 equals 84.4 MPa,
Rm 138.7 MPa and the strengthening coefficient in the plastic range
equals 2.9 MPa. As for the ingot cast with the presence of ultrasonic
vibrations, the characteristics of the curve is more uniform for all
tests. The average values of mechanical properties equals: Rpo.2
equals 36.7 MPa, Rm 137.2 MPa and the strengthening factor in the
plastic range equals 7.2 MPa. The compression test is done for the
Zn -2 % Bi without ultrasonic vibrations and shows a similar flow
for all tests. Average mechanical parameters: Rpo2 equals 86.5
MPa, Rm 138.7 MPa, and the strengthening factor in the plastic
range equals 2.8 MPa. As for the Zn — 2% Bi sample with the
presence of ultrasonic vibrations (Figure 10), the compression
curves are similar in the elastic range but different in the plastic
range. The average value of the strength parameters are Rpo.2 equals
72.2 MPa, Rm 164.8 MPa, and the strengthening factor in the plastic
range equals 4.6 MPa. The data obtained after the compressive test
reveal sufficient differences between samples of the two groups.
The Zn sample without ultrasonic vibrations has a slight deviation
for all examined parameters. An exception is the strengthening
factor, which in maximum difference equals 0.9 MPa. In the second
examined group, the mechanical parameters are similar in average
values, except for the strengthening factor. The strengthening
coefficient is higher for the sample with ultrasonic vibrations of
about 4.3 MPa. The analogical characteristics of the structure is
observed or the Zn — 2% Bi sample with ultrasonic vibrations. The
phase of Bi segregates in the Zn matrix according to the ultrasonic
vibrations pattern and makes the interfered areas of the sample
more visible (Figure 7).
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Fig. 10. Compressive test of Zn — 2% Bi samples. Compression
characteristics for Zn cast in the traditional and ultrasonic
methods. The insert shows how the specimens were cut with the
compression direction marked.

The ultrasonic vibrations create “a sonic lattice” made of nodes
from the interference of sonic waves. In this case, the growth of the
dendrites is formed in 3 different directions around the casting pit.
Its direction is not compatible with the direction of heat dispassion
compared to the samples of Zn and Zn — 2% Bi without ultrasonic
vibrations. In this group, the ultrasonic vibration is the cause of the
distribution and further growth of the grains in the Zn sample. The
localization of the sonotrode (Figure 2) generates a vertical wave
responsible for the columnar structure of the sample (Figure 4b).
The shape of the compression curve is a consequence of the
distribution of grains in the Zn sample. Similarly to monocrystal
crystallographic orientation, the structure of the ultrasonic-treated
sample results in a hard orientation of the grains [18]. For the Zn
sample with the presence of ultrasonic vibrations, the
microhardness test results (Figure 5) are more even. The maximum
properties are higher (min. = 36 HV, max. = 38.8 HV, avg. = 37)
than the ones without ultrasonic vibrations. Furthermore, the
standard deviation calculated for both samples is almost twice as
low for Zn samples without ultrasonic vibrations. The reason for
this is the thinner grains of the ingot. In the case of the Zn — 2% Bi
without the ultrasonic vibrations, the values between the tests can
fluctuate maximally in mechanical parameters cir. 40 MPa in both
groups (Zn and Zn — 2%Bi). The difference between both groups is
smaller in the case of Zn — 2% Bi samples probably because of the
precipitate reinforcement by the Bi phase. Another possible reason
for this is the segregation of the Bi precipitation, caused by the
direction of heat dissipation (sample without ultrasonic vibrations)
or expansion of the network created by ultrasonic vibrations [19].
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5. Conclusions

The ultrasonic vibration technologies are commonly used in
many aspects such as ultrasonography, sintering, shaping the
microstructure of alloy/composites, and casting. Although it was
tested in many ways before, the influence on the crystallization
process is still not complete. In this paper, ultrasonic vibrations
were used as a controlling factor of the crystallization process of a
monotectic system. Obtained data indicates a potential of ultrasonic
vibrations as a controlling tool for synthesizing a fine
macrostructure of a metal matrix, as well as well unified
distribution of a secondary phase in alloy. Ultrasonic vibrations
were adapted for the casting process by using a crucible
implemented to sonotrode. This provides the non-equilibrium
conditions of the crystallization process. By fragmentation of the
atomic cluster and disturbance in close-range forces, ultrasonic
vibration limits the homogeneous nucleation process. As an effect,
until the crystallization process reaches the adequate level of free
energy, it is withheld. Analysis of the crystallization mechanism
under these conditions suggests lowering the crystallization
temperature, which will be the target of further research in an
extended range of process parameters.
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