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ABSTRACT

The study aimed to investigate the effect of growth rates (V) on the electrical properties of a Zn—3.0 Mg—2.5 Al
(wt.%) eutectic alloy. The alloy was directionally solidified at four different growth rates ranging from 8.28 to
164.12 um/s. Directional solidification experiments were conducted using a Bridgman-type solidification
furnace, which was employed for controlled solidification and minimizing undesirable casting defects, following
the alloy's production and casting process. The electrical resistivity (p) of the samples, measured using the Four-
Point Probe Method (FPPM) available in the laboratory, exhibited an increasing trend ranging from 72.80 to
96.20 (nQm) with rising growth rates. In other words, the electrical conductivity of the Zn—Mg—Al eutectic alloy
varies inversely with the growth rate. Additionally, the thermophysical properties of the eutectic alloy in the
casting phase were determined using differential scanning calorimetry (DSC): AHf (the fusion enthalpy), ACp (the
specific heat) and TM (the melting point) (26.69 J/g, 0.043 J/gK, 618.92 K, respectively). The results obtained for
the Zn—Mg-Al eutectic alloy reveal that, when compared to Zn-Al-based alloys produced under similar
experimental conditions, the elements comprising the alloy and mass proportions lead to microstructural
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Introduction

Globally, renewable energy sources are being
promoted as a measure to address the global challenges
associated with heating and energy consumption. The use
of wind and solar energy as primary power sources has
seen significant growth in recent years, leading to an
increased demand for systems that facilitate the
adjustment of electricity generation, particularly from
thermal power plants. Thermal energy storage systems
are highlighted as a viable solution due to their
advantages in energy efficiency and cost [1]. The capacity
of energy storage in thermal systems is directly related to
the selection of suitable thermal storage materials.
Among thermal storage materials, eutectic alloys are
preferred due to several superior properties: reduced
phase separation compared to non-eutectic alloys, higher
energy density due to intermetallic phase formation than
pure metals, and superior thermal conductivity compared
to inorganic salts [2,3].

Eutectic alloys also play a significant role in sustainable
transportation by providing high strength and durability in
the automotive industry while increasing fuel efficiency
due to their lightweight properties. In other words,
reducing vehicle weight is recognized as an effective
method for improving fuel consumption in the
automotive sector [4,5]. To achieve this, priority is given
to materials such as aluminum alloys, which are lighter
than steel. However, the primary challenge regarding
efficiency and cost arises from applying these materials to

changes, which in turn affect its electrical conductivity.
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the entire vehicle body. A key solution to this issue
involves using multi-material structures incorporating
zinc-aluminum (Zn-Al) based eutectic alloys with high
strength and rigidity. In addition to their applications in
automotive components, these alloys enable significant
usage in various important applications, such as radio
frequency circuits, disk drives, portable computers, phone
antennas, and high-quality filters, due to their superior
properties [6-8]. Furthermore, to obtain a coating
material with excellent surface corrosion resistance and
protective capabilities, zinc-based coatings with varying Al
and Mg contents are widely used in the market [9-11].
The solidification microstructure is a critical
foundational stage in the material preparation and
shaping process, which typically directly determines the
final performance and service life of the material. For this
reason, eutectic alloys, which are frequently used by
researchers and the casting industry, possess not only
superior mechanical properties and casting capabilities
but also low melting points [12-14]. In eutectic alloys, the
solidification process begins when the temperature of the
liquid reaches the eutectic temperature. At this stage, the
liquid phase starts to transform into two or more solid
phases. Directional solidification, on the other hand, is a
model of the transition from liquid phase to solid phase
and generally encompasses scenarios in which the
temperature distribution is arranged in a specific linear
manner. This process allows for the investigation of
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different growth rates during solidification due to the
temperature gradient within the alloy. Furthermore,
directional solidification is employed to understand the
factors affecting the temperature gradient and growth
rates during the solidification process of eutectic alloys. In
summary, while eutectic alloys form two or more solid
phases during the transition from liquid phase to solid
phase at a specific temperature, directional solidification
serves as a model to help understand the effects of this
solidification process on temperature and time. These two
concepts are evaluated together to optimize metallurgical
processes and achieve the desired microstructure.

The Bridgman-type controlled solidification technique
is one of the fundamental methods used for the controlled
directional solidification of metals and alloys. This
technique plays a significant role in both fundamental
research and industrial applications, particularly in the
production of high-quality crystals and alloys. Undesirable
casting defects in zinc and aluminum-based alloys can be
minimized to the lowest levels using the Bridgman-type
controlled solidification technique, as detailed in the
literature [15,16].

According to the results obtained from studies on
binary and multicomponent eutectic alloys in the
literature [17-27], investigations related to directional
solidification were predominantly conducted using
Bridgman-type controlled solidification equipment within
a standard growth rate range of 8-250 um/s. Following the
determination of solidification parameters (V, G, Co) from
the experimental results, the effects of growth rate on the
microstructure, mechanical, thermal, and electrical
properties were examined. In this context, the primary
aim of the study is to experimentally perform directional
solidification studies of the Zn-3.0 Mg-2.5 Al (wt.%)
eutectic alloy within a fixed temperature gradient (G=4.58
K/mm) and a growth rate range of V=8.28-164.12 um/s,
and to elucidate the relationship between the growth rate
values and the changes in electrical resistivity (p) using
linear regression analysis. Additionally, another significant
objective of this study is to determine the thermophysical
properties of the eutectic alloy in the casting phase, such
as the fusion enthalpy (AHs), the specific heat difference
between solid and liquid (ACp), and the melting point (Twm),
using a Simultaneous Thermal Analyzer (STA 8000).
Finally, the results obtained for the Zn—Mg—Al eutectic
alloy will be compared with Zn-Al-based alloys produced
under similar experimental conditions, and the effects of
changes in the microstructural arrangement on the
electrical properties of the alloy will be discussed.

Materials and Methods

Alloy Preparation, Casting, and Solidification
Experiments

The most critical part of the experimental procedures
followed in this study includes the homogeneous
preparation of the alloy, the execution of directional
solidification experiments, and the measurement of
solidification parameters (G-constant and V) thereafter, as

well as the observation and characterization of the
microstructure. Initially, high-purity materials were
utilized to prevent impurities from accumulating at the
interface and to avoid deterioration of the microstructure.
These materials consisted of Alfa Aesar - 99.99% pure
aluminum and 99.95% pure zinc, and Sigma-Aldrich -
>99.9% pure magnesium. The appropriate amounts of Zn—
3.0 Mg-2.5 Al (wt.%) eutectic alloy were weighed using a
precision balance with a sensitivity of £0.1 mg.

Before the casting of the alloy, a vacuum melting
furnace was used to prevent metal oxidation and ensure
the formation of a completely molten alloy. This furnace
is equipped with a specially designed temperature
controller that allows for a temperature accuracy of +2 °C
up to a maximum of 1100 °C, and the melting process is
conducted under a pressure of 10 mbar with the help of
a vacuum pump. Due to its superior properties, such as
resistance to reaction with metallic materials, ease of
processing through engineering applications, and a very
high melting temperature (approximately 4000 °C),
Morgan-brand  graphite was preferred for the
experimental equipment used before and after casting,
including mixing rods, sample molds, and melting pots.

A specially designed casting furnace was utilized for
the pouring of the obtained molten alloy and its
unidirectional (linear) solidification within the sample
molds. The prepared sample molds (Length: 200 mm, ID:
4.0 mm, OD: 6.35 mm) were placed inside the furnace,
and the furnace temperature was raised to approximately
100-150 °C above the alloy's melting temperature (~345
°C) before casting. To ensure complete filling of the pots
and to prevent one of the undesired casting defects
known as shrinkage cavities, solidification was achieved
using a graphite rod in 8-10-minute intervals.
Simultaneously, while the lower heating zone within the
casting furnace was cooled, the upper heating zone was
maintained at a high temperature, allowing for
unidirectional (linear) solidification within the sample
molds. The alloy was allowed to cool for approximately
one day, and the sample molds filled with the eutectic
alloy were made ready for use in controlled solidification
experiments.

At the beginning of the solidification experiments, the
cast samples were placed in a Bridgman-type solidification
furnace equipped with a protective graphite cylinder at
the top. The block diagram of the experimental setup and
its visual representation in the laboratory are shown in
Figures 1(a) and 1(b). The directional solidification
experiments of the samples were conducted using four
different synchronous motors with withdrawal rates of 1
(V=28.28 um/s), 5 (V = 43.56 um/s), 10 (V = 87.69 um/s),
and 20 rpm (V = 164.12 um/s). Many technical details,
from the production of alloy samples to the use of
equipment shown in the block diagram in Fig. 1 and the
calculations performed, as well as information regarding
the Bridgman-type solidification furnace, have been
provided in detail in previous studies [18, 28, 29].

The controlled solidification furnace was set to the
desired temperature (~500 °C) using a temperature
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controller, and the attainment of this temperature was
monitored with a temperature recorder and
thermocouples. A waiting period of approximately 2-3
hours was implemented to stabilize the temperature flow.
The driver motor system was then activated to initiate the
experiment, after which the solidified sample,
approximately 10-12 cm in length, was quickly withdrawn
into the cold zone containing the internal water reservoir,
where it underwent an abrupt cooling process known as
quenching. To ensure the effectiveness of the rapid
cooling, the withdrawal process was conducted very
quickly, and the temperature of the internal reservoir,
designed to create a temperature gradient, was

1. Water pool inlet
2. Water jacket inlet
3. Water pool outlet

Argon outlet

meticulously controlled. These experimental procedures
were conducted at four different growth rates, with two
samples for each rate. The reason for performing two
samples is to determine the growth rates and the
temperature gradient of the material by placing
thermocouples inside alumina tubes. Samples containing
alumina tubes would not yield reliable results for the
electrical properties to be measured. Therefore, two
experiments were conducted for each growth rate under
the same conditions.
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Figure 1. (a) Block diagram of the experimental setup, and (b) photograph inside the laboratory.

The solidified alloys were carefully removed from the
graphite crucibles without causing any damage. To
identify the microstructure and phases of all samples, the
Struers-Minitom cutting tool and a Struers diamond cutter
(127 mm diameter, 0.4 mm thickness) were used to cut
the samples to the desired sizes. An important
consideration in this process is the necessity of employing
a cutting technique that causes minimal structural change
and generates the least amount of heat. The samples were
polished using sandpapers that gradually changed from
coarse to fine, containing silicon carbide (SiC) grains and
magnetite powder (320, 500, 1000, 2000 grit). During the
polishing process, carried out with an automatic polishing
robot (Struers TegraPol-15), care was taken to ensure that
the surface of each sample remained flat and that deep
scratches were removed after each polishing stage. The
sections prepared for metallographic procedures were
molded using epoxy and hardener chemicals at a 7:1 ratio.
Although the surface of the sample appeared smooth,
shiny, and mirror-like after polishing, it is not possible to
conduct examinations without creating contrast on the
sample surface. For microstructure analysis, the samples
required etching. Finally, the Zn-3.0 Mg-2.5 Al (wt.%)

eutectic alloy was etched by immersion in a Keller etchant
(1.5 ml Hydrochloric acid (HCl), 1 ml Hydrofluoric acid
(HF), 2.5 ml Nitric acid (HNOs), 95 ml water (H20)) for 40-
45 seconds, preparing it for microstructure analysis.

Microstructure, Phase Analysis, and
Solidification Parameters (G and V)

Following metallographic processes such as cutting,
polishing, molding, ultrasonic cleaning, and etching of the
samples, characterization studies were conducted. To
identify the resulting microstructures and phases, images
and data obtained from SEM (Scanning Electron
Microscope - Zeiss GeminiSEM 300) and SEM-EDX (Energy
Dispersive X-ray Spectroscopy) were utilized. Before the
microstructure analysis using SEM, the surface of the
samples, which were embedded in epoxy, was placed in a
Quorum-Q150R Plus coating device and coated with a
gold (Au) layer approximately 10-20 nm thick under
vacuum to ensure more efficient scattering of the electron
beam from the surface, thereby improving image
resolution. The gold-coated samples were then positioned
on the sample stage within the SEM, and photographs
were taken from suitable areas where the phases

134



Cumhuriyet Sci. J., 46(1) (2025) 132-141

exhibited high contrast and could be easily distinguished.
EDX-point analysis was performed on the phases to
determine the composition of each phase.

To measure the temperature of the alloy, three K-type
thermocouples (diameter: 0.25 mm) insulated with
capillary ceramic alumina tubes were fixed at intervals of
10 mm. Using the data recorded by a computer-connected
data logger for AT, AX, and At, the temperature gradient
(G = AT/AX) and growth rate (V = AX/At) values were
calculated. Here, AT (°C) is defined as the difference in
temperature values measured by any two thermocouples,
AX (mm) is the predetermined distance between the
thermocouples, and At (s) is defined as the transition time
of the solid-liquid interface across any two
thermocouples. Since the distance between the cold and
hot regions of the furnace was kept constant and the
experimental parameters were not altered during the
solidification process, the temperature gradient value (G)
at the solid-liquid interface could be maintained constant.
In addition to obtaining the values of At, AX, and AT,
detailed information regarding the calculations of Vand G
has been provided in previous studies [18, 28, 29].

Electrical Resistivity (p) Measurement and
Details

Electrical resistivity and conductivity are characteristic
properties of materials that need to be known. Electrical
conductivity can be determined using the relationship
between the voltage and current measured across the
sample, the calculated resistivity value, and the geometric
structure of the sample. Additionally, when determining
the electrical resistivity of a homogeneous sample, it is
essential to know the geometric properties of the material
as well. The expression for electrical resistivity can be
given as follows [30]:

p=1G (1)

G is defined here as a correction factor dependent on
the geometric structure (Resistivity Correction Factor,
RCF). This coefficient varies based on factors such as the
magnitude of the surface area, the structure of the
sample's edge boundaries, the thickness of the sample, its
geometric configuration, and the arrangement and
position of the contacts on the sample [31]. The electrical
resistivity values of each sample (20 mm in length and 4
mm in diameter) were measured using the four-point
probe method (FPPM), as shown in the photograph and
block diagram of the measurement system presented in
Fig. 2, depending on the growth rate of the eutectic alloy.

Solid Lttt
- R

Epoxy- resin mold I

Solid-liquid interface

Directionally solidified sample (longitudinal section)

Figure 2. Four-point probe method (FPPM), (a) Photograph of the measurement system, (b) Schematic diagram.

In this study, the four-point probe method (FPPM) was
equipped with a Keithley 2700 multimeter and a Keithley
2400 programmable power supply. The method is based
on measuring the voltage value against the current
applied to the sample through four platinum wires with a
diameter of 0.5 mm, positioned within a Protherm-brand
ash furnace. The platinum wires were directly in contact

with the surface of the bar-shaped samples at four
electrical contact points. Two of the probes were used to
measure the potential difference between two points,
while the other two were used for sourcing the current.
FPPM was preferred in this study due to its superior
characteristics, such as eliminating measurement errors
arising from the spreading resistance under each probe,
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probe resistance, and contact resistance between each
platinum probe and the material [32]. In summary, the
resistances of the contacts used do not affect the
measurement, and the calculated value represents only
the resistivity of the sample. To enhance the reliability of
the results in determining the electrical resistivity value, a
minimum of 40-50 measurements were taken across the
same sample to obtain an average value. Details regarding
the measurement and use on the sample surface are
provided in the work conducted by Smiths [32].

Thermophysical Properties (AH;, AC, and Ty)

The thermophysical properties of the Zn—-3.0 Mg-2.5
Al (wt.%) eutectic alloy were determined in the casting
phase (before solidification) using a Simultaneous
Thermal Analyzer (STA 8000). This method encompasses
techniques in which a physical property of the analyzed
sample is measured as a function of temperature, or the
heat released or absorbed in a chemical reaction is
monitored. Specifically, properties such as phase
transition, melting, glass transition, and crystallization are
measured directly, while AC, (the specific heat difference
between solid and liquid, or the specific melting heat—the
energy required for the melting of unit mass), AHs (the
fusion enthalpy), and Tm (the melting temperature) are
calculated from the obtained curves. A suitable amount
(8.81 mg) of the Zn—Mg—Al eutectic alloy was placed into
the device and heated up to 700 K at a rate of 10 K/min
under a nitrogen atmosphere. The AH: value was

Detector = QBSD
V =8.28 um/s

Mag = 1.00 KX
EHT = 20.00 kV

P

Mag = 1.00 KX

EHT = 20.00 kV V =87.69 um/s

Detector = QBSD M

calculated using the area under the peak derived from the
alloy data:

Area

AH = (2)

The definition of enthalpy from the equation indicates
that it is the energy required for the melting of unit mass
(m). The ACp value is calculated using the equation:

AC, = Ay (3)

Tm

Results and Discussion

SEM Analysis and Phase Characterization

In this study, the composition of the Zn—Mg—Al alloy to
be investigated at the eutectic point was determined
based on the work conducted by Kim et al. [33] using
CALPHAD analysis. Accordingly, the composition of the
alloy was selected as Zn—-3.0 Mg—2.5 Al (wt.%), and the
phases involved in the eutectic reaction at this point are
as follows: E (eutectic reaction): Lé>(p-Zn) + MgZn2 + (a-
Al). For the determined eutectic Zn—-Mg-Al alloy,
microstructure (SEM) images obtained from the cross-
sections of directionally solidified samples at four
different growth rates are presented in Fig. 3. These
images, taken at equal magnification values, demonstrate
that the distance between the phases forming the alloy
decreases with increasing growth rates, leading to a
transition towards a more irregular structure.

Detector = QBSD
V =43.56 um/s

Mag = 1.00 KX Detector = QBSD
EHT = 20.00 kV V =164.12 um/s

Figure 3. SEM images of cross sections for directionally solidified Zn—3.0 Mg—2.5 Al (wt.%) eutectic alloy. (a) V= 8.28
um/s, (b) V=43.56 um/s, (c) V= 87.69 um/s, (d) V= 164.12 um/s.
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As a result of solidification experiments, certain phases
have separated in the phase diagram [33] as defined and
point composition analyses of each distinct phase of the
studied eutectic alloy have been conducted. The analyses
revealed that three different phases—grey, black, and
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white—grew eutectically in the Zn—-Mg-Al eutectic alloy,
as observed from the microstructural photographs
presented in Fig. 3. The quantitative chemical composition
analyses obtained from SEM-EDX results are shown in Fig.
4,
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Figure 4. (a) Transverse SEM image of the eutectic alloy obtained at a growth rate of 8.28 um/s. SEM-EDX results for
the phasesin the Zn—3.0 Mg-2.5 Al (wt.%) eutectic alloy: (b) Grey phase; MgZn: intermetallic phase, (c) White phase;
n-Zn primary (matrix) phase, (d) Black phase; a-Al solid solution phase, and (e) EDX result obtained from the solid

phase in the full image.

Upon examining the results in Fig. 4, it can be observed
that the grey phase (Fig. 4b) corresponds to the MgzZn2
intermetallic phase (Zn-5.41 Mg-0.86 Al (wt.%)), the
white phase (Fig. 4c) corresponds to the n-Zn primary
(matrix) phase (Zn—0.59 Al (wt.%)), and the black phase
(Fig. 4d) corresponds to the a-Al solid solution phase (Zn—
45.04 Al (wt.%)). The EDX result obtained from the solid
phase in Fig. 4e is Zn—-2.99 Mg—-2.82 Al (wt.%), which is
found to be quite close and consistent with the eutectic
composition prepared in this study (Zn—-3.0 Mg—2.5 Al
(wt.%)). This consistency suggests that the alloy was
produced homogeneously.

The Variation of Electrical Resistivity Values with
Growth Rates

The other significant aim of this study is to investigate
the electrical properties of the Zn—Mg—Al eutectic alloy,
which is frequently used in both industrial and
technological applications, and to reveal the effects of
growth rates. To this end, each sample was placed in an
ash furnace at room temperature, ensuring complete
contact of four platinum wires with the sample. The
electrical resistivity (p) values were then measured in
nQm. To enhance statistical reliability, at least 40-50
measurements were taken for each sample, and the
averages were included in the calculations. Subsequently,
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the relationship between the measured electrical
resistivity values and the varying growth rates was
established using linear regression analysis

In this study, the variation of electrical resistivity
values with growth rate on a logarithmic scale is linear
within the range of growth rates used (V = 8.28-164.12
um/s), and the proportional equation can be obtained
through linear regression analysis as follows:

p =K.V (for constant G) (4)

where K; is the proportionality constant and n is the
exponent of the growth rate. The relationship between
the electrical resistivity values obtained from the cross-
section and all growth rates (V = 8.28-164.12 um/s) was
determined for the directionally solidified Zn-3.0 Mg-2.5
Al (wt.%) eutectic alloy using the following equation (Fig.
5):

p = 58.70 V%% (nOm) (5)

From the SEM images provided in Fig. 3, it can be observed
that increases in the growth rate significantly alter the
eutectic microstructure, thereby affecting the other
properties of the alloy. In this study, it was concluded that
the electrical resistivity values measured using FPPM also
increase with the rise in growth rates under a constant
temperature gradient (G = 4.58 K/mm). In other words,
the electrical conductivity (o = 1/p) of the Zn-3.0 Mg-2.5

Al (wt.%) eutectic alloy varies inversely with the growth
rates. The highest electrical resistivity value (96.20 nQm)
was obtained at the highest growth rate (164.12 pm/s),
while the lowest electrical resistivity value (72.80 nQm)
was measured at the lowest growth rate (8.28 um/s).

To compare and discuss the results obtained in this
study, the electrical resistivity values and proportional
equations of directional solidified Zn—Al-based eutectic
alloys under similar experimental conditions are shown in
Fig. 5 [21, 23, 25]. The exponent value of 0.09 and the
proportionality constant of 58.70 obtained from the
electrical resistivity measurements for the growth rates
are consistent with the values obtained for the Zn-5.0 Al-
0.8 Sb (wt.%) eutectic alloy [23]. However, these values
differ significantly from the exponent values of the
eutectic alloys containing Bi [21] and Cu [25] (0.11 and
0.06, respectively). The reason for the exponent value
being higher for the Zn-5.0 Al-0.5 Cu (wt.%) [25] alloy and
lower for the Zn-5.0 Al-0.2 Bi (wt.%) [21] alloy can be
attributed to the solubility of the copper and bismuth
elements within the zinc matrix rather than the mass
proportions of the alloying elements, which prevents the
formation of any intermetallic phases. The results of this
study and the article conducted for the Zn-5.0 Al-0.8 Sb
(wt.%) [23] eutectic alloy, clearly show the formation of
MgZnz and AlSb intermetallic phases in the microstructure
images.
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Figure 5. The variation of electrical resistivity values as a function of growth rates for directionally solidified Zn—-Mg—Al
eutectic alloy under a constant temperature gradient and compared with the experimental results of previous Zn-

Al based alloys.

The effect of intermetallic phases on the electrical
properties of alloys is influenced by factors such as
microstructure, phase distribution, and atomic structure
[34,35]. Consequently, the presence and characteristics of

intermetallic phases play a critical role in determining the
electrical performance of alloys. Firstly, intermetallic
phases generally reduce the electrical conductivity of the
alloy. This reduction is due to the distinct atomic
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structures and bonding of these phases. The voids and
irregularities within these structures lead to a decrease in
electron mobility [36]. On the other hand, changes in the
alloy's microstructure resulting from intermetallic phases,
along with grain boundary and interphase interactions,
also impact electrical conductivity. An increase in the grain
boundary area can hinder electron flow, thereby reducing
conductivity [37]. Both studies referenced, involving these
intermetallic phases (MgZn2 [this study] and AlSb [23]),
may contribute to the alloys exhibiting similar electrical
properties.

The Evaluation of Thermophysical Properties

Understanding the thermal properties of alloys, such
as melting point (TM), the specific heat difference
between solid and liquid (ACp), the fusion enthalpy (AHf)

and crystallization temperature, is crucial for determining
their suitability for various applications. The DSC
(Differential Scanning Calorimetry) graph obtained using
the Simultaneous Thermal Analyzer (STA 8000) measures
energy changes during the heating processes of the alloy,
helping to identify phase transitions (such as melting and
crystallization) and related characteristics. For the
temperature program of the device, a heating rate of 10
K/min was set, with a starting temperature of 400 K and
an ending temperature of 700 K. Thus, within this
specified temperature range, the heat flow curve (DSC
graph) of the eutectic alloy consisting of 8.18 mg Zn-3.0
Mg-2.5 Al (wt.%) was obtained under a constant nitrogen
atmosphere (Fig. 6).

10 | = Zn-Mg-Al, AH = 26.69 1 g™, T,.,, = 618.92 K [This Work]
e --““'-_1 sp—‘——/‘_/_.
Y — - - Y A—
]
) \
= |
E w0 |
3 \
o l
[T I
' -20
(]
T
-30 1
Zn-Al-Cu, AH = 11389 J g™/, T ., = 660.54 K [25]
Zn-Al-Sb, AH=108.59J g™, T, = 659.22 K [23]
-40 - T
Zn-Al-Bi, AH = 11255 J g, T, = 660.20 K [21]
400 450 500 550 600 650 700

Temperature (K)

Figure 6. The variation of electrical resistivity values as a function of growth rates for directionally
solidified Zn—Mg—Al eutectic alloy under a constant temperature gradient and compared with the

experimental results of previous Zn-Al based alloys.

The melting temperature (Tpeak) of the Zn—3.0 Mg—2.5
Al (wt.%) eutectic alloy was determined to be 618.92 K.
The values of AHt and ACp were found to be 26.69 J-g™* and
0.043 J-g7-K™, respectively. The calculated value of 26.69
J-g1 is approximately four times lower than the values
reported for Zn-Al-Cu [25], Zn-Al-Sb [23], and Zn-Al-Bi [21]
alloys, which are 113.89J-g7%, 108.59 J-g7%, and 112.55 J-g~
!, respectively. This difference can be attributed to the
presence of magnesium (~8.9 k-J-mol™?) in the Zn-3.0 Mg—
2.5 Al (wt.%) eutectic alloy, which has a lower fusion
enthalpy compared to copper (~13.1 k-J-mol™), antimony
(~19.7 k-J-mol™), and bismuth (~10.9 k-J-mol™). Thus, the
inclusion of magnesium in the alloy reduces the overall
fusion enthalpy, resulting in a lower melting point and
facilitating the melting process [38]. A further difference
is observed in the ACp values. Due to its low density,
magnesium contributes to a reduction in the overall
density of the alloy, which can lead to a decrease in ACp
[39, 40].

Conclusion

Due to its superior properties such as high strength,
lightweight, and corrosion resistance, the Zn—-3.0 Mg—2.5
Al (wt.%) eutectic alloy is used in various industrial
applications. Solidification studies were conducted using a
Bridgman-type solidification furnace with a constant
temperature gradient (G = 4.58 K/mm) and a growth rate
range of V = 8.28-164.12 um/s, at a furnace temperature
of approximately 500 °C. Scanning Electron Microscopy
(SEM) images were obtained to elucidate the
microstructure and characterize the phases constituting
the alloy, with quantitative chemical composition analyses
(SEM-EDX) presented in graphical form for each phase.
The electrical resistivity values of the solidified samples,
dependent on each growth rate, were measured using
FPPM, and the relationship between the growth rates and
electrical resistivity values was established through linear
regression analysis. The significant results emerging from
this study can be summarized as follows:
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It has been concluded that as the growth rates
increase, the electrical resistivity values also rise
proportionally. The highest electrical resistivity value
(96.20 nQOm) was measured at the highest growth rate
(164.12 um/s), while the lowest electrical resistivity
value (72.80 nQm) was observed at the lowest growth
rate (8.28 um/s). In other words, the electrical
conductivity (o = 1/p) of the Zn-3.0% Mg-2.5% Al
(wt.%) eutectic alloy exhibits an inverse relationship
with the growth rates. Furthermore, the equation
obtained from linear regression analysis ( p =
58.70 V®%9(nQm)) indicates that both the
exponential value and the proportionality constant
may reflect differences observed in some studies in
the literature, which could be attributed to the MgZn:
intermetallic phase. The differences arising from the
MgZn: intermetallic phase can be attributed to two
characteristics: (1) the distinct atomic structure and
bonding of the MgZn: intermetallic phase, and (2) the
emergence of more and tighter phase boundaries due
to the increase of grain boundaries, which can hinder
the passage of electrons and thus decrease
conductivity.

The thermophysical properties of the Zn-3.0 Mg-2.5
Al (wt.%) eutectic alloy were determined from the DSC
graph obtained using the PerkinElImer-STA8000 model
device (Tw=618.92 K, AHf=26.69J-g™!, AC,=0.043 J-g~
1.K™1), and the results were compared with Zn-Al based
studies in the literature. It was noted that the presence
of magnesium in the Zn-3.0 Mg-2.5 Al (wt.%) alloy
reduced the overall fusion enthalpy compared to other
Zn-Al based alloys, resulting in a lower melting point.
Additionally, by making a similar comparison with the
ACr value, it was emphasized that magnesium, being a
low-density metal, decreases the overall density of the
alloy, which could lead to a reduction in ACp.
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