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Abstract: Zn—5%Al1-0.2%Bi (mass fraction) alloy was directionally solidified upward at a constant temperature gradient with a wide
range of growth rates using a Bridgman-type directional solidification furnace. The eutectic spacings, microhardness, ultimate tensile
strength and electrical resistivity for directionally solidified Zn—Al-Bi alloy were measured. Dependence of eutectic spacings,
microhardness, ultimate tensile strength and electrical resistivity on growth rates was obtained by linear regression analysis. The
results obtained in the present work for low growth rates (smaller than 450.0 pm/s) are in good agreement with experimental results
obtained in previous work for directional solidified Zn—Al eutectic alloy with a similar growth rate but differs from the
Jackson—Hunt eutectic theory and those obtained in previous experimental works at higher growth rates. The critical growth rate
might be 450.0 um/s for the Zn—Al—Bi eutectic alloy. From the plot of heat flow versus temperature, enthalpy of fusion, specific heat
difference between liquid and solid phases and melting temperature for the Zn—Al—Bi alloy are found to be 112.55 J/g, 0.291 J/(g'K)
and 660.20 K, respectively.
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their potential cost- and energy-effective, and

1 Introduction

Zinc-based alloys have high strength and hardness,
which means that they are the ideal alternative to
machined, pressed, stamped and fabricated items.
Complex net-shaped zinc housings with precise thin
walls give excellent electrical performance and shielding
properties for electronic connectors as well as shields,
chassis and frames for handheld telecommunication and
computing equipment. Zinc-based alloys have been used
in many applications, including mobile phone antennae,
portable computers, disk drives, radiofrequency circuits,
transformer cores, high-quality filters, precision
interlocking gears, and heat sinks, shutter mechanisms in
cameras and many other consumer -electrical and
electronics consumer applications [1—-3]. Zinc—aluminum
(Zn—-Al) alloys are gaining increasing attention due to

environmentally friendly system for substituting several
ferrous and non-ferrous alloys in various engineering
applications [4—6]. They have several advantages over
other commonly used casting alloys based on iron,
aluminum and copper. For example, their machinability
is better than cast iron; they are harder and stronger than
aluminum and much cheaper than copper [7]. As for the
Zn—Al alloy, previous works had been done mainly
focused on directionally solidified near eutectic
composition, dendritic growth [8—12] mechanical and
corrosion properties [12—14].

Interstitial-free (IF) steel is a kind of very important
structural material due to its eminent deep-pressing
capability. It is widely used in making shells of
automobiles and electrical appliances [15]. However, the
erosion resistance of it is not satisfying. And coating IF
steel products with protective materials have become the
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most popular and successful method to extend their
service lifetime. For example, Zn and Zn—Al alloys,
acting as both sacrificial anode and corrosion barrier, are
effectively applied as protective coatings on them,
especially in marine and high-temperature environment
[16—20]. As a commercial coating method of Zn and
Zn-alloys, hot-dipping has been developed by immersing
the steel products into various melted Zn or Zn-alloy
baths, for example, galvanized (Zn, <1% Al), galfan (5%
Al—Zn), and galvalume (55% Al-Zn) [21-23].

Eutectic alloys are the basis of most casting alloys.
Research initially focused on materials for high
temperature structural applications, but it was soon
broadened to non-structural materials for electric,
magnetic, and optical applications [24]. Two important
parameters of eutectic microstructure, which can be
controlled experimentally, are the relative solidification
parameters (temperature gradient and growth rate) and
eutectic ~ spacing.  Solidification = behavior  and
microstructural characteristics of eutectic alloys in many
systems continue to attract interest because of their
influence on the properties and performance of materials
containing eutectic constituents.

Two-phase planar eutectic growth has been
extensively studied since 1960’s for a wide range of
binary alloy systems. Several authors made the extension
to ternary systems, usually to investigate possible three-
phase coupled growth configurations [25—30]. One of the
essential challenges to materials science is to understand
how multiphase microstructures form and how they can
be controlled via deliberate selection of alloy
composition and processing parameters. Multiphase
solidification in multicomponent alloys is pertinent to
many commercial materials and industrial processes,
while also raising challenging questions from a
fundamental point of view. Within the past few years,
research activities have been dedicated to multiphase
solidification of ternary and multicomponent alloys have
experienced considerable amplification. Multiphase
solidification of multicomponent materials attracts
pronounced academic interest as well. The study of the
solidification behavior of multicomponent and multiphase
systems is an important question in understanding the
different properties of these materials [25].

Solidification and melting are the transformations
between the crystallographic and non-crystallographic
states of a metal or alloys. These transformations are
basic to such technological applications as ingot and
continuous casting, and directionally solidification of
composites and single crystals. An understanding of the
mechanism of solidification and how it is affected by
such  parameters as  temperature  distribution,
solidification conditions and alloying, are important in
the control of the mechanical and electrical properties of

cast metals and fusion welds [31].

As can be seen from literatures [8—14,26,32—53],
the experiments on directional solidification were usually
performed in a growth range of 2.0—500.0 pm/s at a
constant low temperature gradient by using a Bridgman-
type growth apparatus and the influence of growth rate
on the microstructure parameters and microhardness
were determined from experimental results. In the
directional growth experiments, the experimental works
with high growth rate (higher than the 500.0 pm/s) are
more difficult.

The aims of present work were to perform
directionally solidification experiments with high growth
rates as well as low growth rates at a constant
temperature and experimentally investigate the
influences of high growth rates (v) as well as low growth
rates on eutectic spacing (4), microhardness (H),
electrical resistivity (p) and ultimate tensile strength (oy)
for directionally solidified ternary Zn—Al-Bi eutectic
alloy.

2 Experimental

In the present work, the experimental procedure
consists of alloy preparation, the microstructure
observation and the measurements of solidification
parameters, eutectic spacings, microhardness, ultimate
tensile strength and electrical resistivity for directionally
solidified ternary Zn—Al-Bi eutectic alloy. The phase
diagram of Zn—Al-Bi ternary alloy was determined by
GROBNER et al [54]. According to the phase diagram of
Zn—Al-Bi ternary alloy, the composition of Zn—Al-Bi
was chosen as Zn—5%Al-0.2%Bi (mass fraction) to
grow eutectic #-Zn (Zn solution) and (Al)'(7-Zn+a(Al))
phases. In present work, the melting point of Zn—5%Al—
0.2%Bi alloy was also detected to be 660.20 K.

2.1 Measurement of temperature gradient G and

growth rates v

The temperature of the Bridgman-type furnace was
controlled by a Pt/Pt—13%Rh thermocouple placed
between the heating element and the alumina tube as
shown Fig. 1. The temperature could be controlled to
about +0.1 K during the run. Throughout the experiment,
the thermocouples were placed into the capillary alumina
tubes (0.8 mm ID, 1.2 mm OD) which were positioned
approx. 20 mm apart and parallel to the heat flow
direction inside the crucible. Temperature distribution
was obtained by measuring the temperature in the sample
during the heating and cooling by five chromel/alumel
thermocouples (type-K) which were placed in the
sample [47]. Accuracy of the thermocouples was
checked by slowly solidifying the Zn—Al-Bi samples
(where thermocouples were placed parallel to the heat
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Fig. 1 Details of Bridgman-type directional solidification furnace: (a) Hot and cold stages of furnace; (b) Details of sample

flow and perpendicular to the heat flow direction). The
measured 7, difference was less than 0.5 K with
differently placed thermocouples. All the thermocouple
leads were taken to an ice/water cold junction, then to a
WPA analog potentiometer and to a Kipp—Zonen chart
recorder capable of recording to 1 pV. Temperatures of
all the thermocouples were recorded during the run.
Temperatures of the second thermocouple at the
solid-liquid interface and then third thermocouple in the
liquid were recorded simultaneously for measurement of
the temperature gradients at the solid/liquid interface in
the liquid. The positions of the thermocouples were
measured after the quenching. Cooling water level (with
the constant temperature) was always kept at the same
position in order to check the furnace temperature. Thus,
the sample temperature was constant. The temperature
gradient can be changed by changing the sample
temperature and/or the distance between the cooling
water level and the hot stage. G can be kept constant
during the run because the temperature of the cooler and
the hotter part of the furnace and the distance between
them were constant. It was found that the pulling speed
was similar to the growth rates; this may be due to the
metal sample holder and the graphite crucible which
have good thermal conductivity. The growth rate was
calculated with two different methods. In the first
method, the values for the growth rate were calculated
from the measurements of the time taken for the
solid/liquid interface to pass the thermocouples separated
by a known distance. In the second method,

solidification time and solidification distance (on the
longitudinal section of the polished sample) were
measured. The ratio of the distance to the time was
measured to obtain the growth rates and these were
similar for both methods.
2.2  Sample production and microstructure

observation

The composition of Zn—Al-Bi ternary alloy was
chosen to be Zn—5%AIl-0.2%Bi to grow the eutectic
phases from ternary liquid. Thus, the Zn—Al-Bi molten
alloy was prepared under the vacuum by using 99.99%
pure zinc, 99.99% pure aluminum and 99.999 % pure
bismuth and poured into graphite crucibles (200 mm in
length, 4 mm in inner diameter and 6.35 mm in outer
diameter), held in a specially constructed casting furnace
(hot filling furnace) at approximately 50 °C above the
melting point of eutectic alloy. The molten alloy was
directionally solidified from bottom to top to ensure that
the crucible was completely full. Then, each sample was
positioned in a Bridgman-type furnace within a graphite
cylinder (300 mm in length, 10 mm in inner diameter and
40 mm in outer diameter). Solidification of the samples
was carried out with different growth rates (v=8.82—
2025.38 pm/s) at a constant temperature gradient
(G=3.42 K/mm) by using different speeded synchronous
motors. In practice, there are six kinds of commercial
synchronous motors (1, 2, 5, 10, 20, 60 r/s). The
maximum growth rate of 500.0 pum/s can be obtained
with 60 r/s synchronous motor at a constant temperature
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gradient. In present work, a driving system was
constructed by using a hand drill’s motor to get high
growth rates (from 212.45 to 2025.38 pum/s) at constant
temperature gradient. Applied voltages versus pulling
rates or pulling rates versus growth rates obtained with
the constructed driving system are given in Table 1. The
details of Bridgman-type directional solidification
furnace and experimental procedures are also given in
Refs. [42,55,56].

Table 1 Voltages versus pulling rates or pulling rates versus
growth rates obtained with constructed driving system

Applied Pulling Growth rate for Zn—5%Al—
voltage/V  rate/(um-s ') 0.2%Bi alloy/(um's ")
1.1 995.13 526.32
2 2067.07 1015.23
29 3042.05 1486.41
3.7 4127.32 2025.38

The quenched sample was removed from the
graphite crucible and cut into lengths typically 15 mm.
The longitudinal and transverse sections were ground flat
with SiC paper (120, 320, 500, 1000, 2000 grit), and
then, ground samples were cold mounted with
epoxy-resin. After polishing, the samples were etched
with a 10% hydrofluoric acid in water enchant for 30—45
s. After metallographic process, the microstructures of
the samples were revealed.

The microstructures of samples were photographed
from both transverse and longitudinal sections with an
Olympus DP12 digital camera placed in conjunction with
an Olympus BHX type light optical microscope and a
LEO scanning electron microscopy (SEM). But the
resolution of optical microscopy was poor to see
microstructure of directionally solidified samples with
high growth rates, thus, the microstructures of samples
were photographed from longitudinal and transverse
sections with a LEO scanning electron microscopy.
Typical SEM images from longitudinal and transverse
sections of directionally solidified Zn—Al-Bi eutectic
samples with high growth rates at a constant temperature
gradient are shown in Fig. 2.

2.3 Measurements of solidification parameters and
eutectic spacing

The temperature in the specimen was measured by
using three K-type 0.25 mm diameter insulated
thermocouples fixed within the sample with spacing of
10—20 mm. The cooling rates were recorded by using the
data-logger via the computer during growth. The
temperature gradient (G=A7/AX) in the liquid phase and
the value of growth rate (V=AX/At) for each sample was
determined by using the measured values of AT, AX and

At. Details of the measurements of A7, AX and Af are
given in Refs. [42,55,56].

The measurements of 1 were made from the
photographs of microstructures with a linear intersection
method [37]. The A values measured on the transverse
section are more reliable than the A values measured on
the longitudinal section of the sample [38,39]. As can be
seen from Fig. 2, the structure of Zn—5%Al-0.2%Bi
samples becomes fine lamellar with increasing the
growth rates.

2.4 Measurement of microhardness

The mechanical properties of any solidified
materials are usually determined with hardness test,
tensile stress test, compressive stress test, ductility test,
etc. Since true tensile stress testing of solidified alloys
gave inconsistent results with a wide scatter due to the
strong dependence on the solidified sample surface
quality, the mechanical properties were monitored by
hardness testing, which is one of the easiest and most
straightforward techniques.

One of the purposes of present work was to reveal
the relationship between the solidification processing
parameters and microhardness for directionally solidified
Zn—Al-Bi eutectic alloy. The Vickers hardness (H) is the
ratio of a load applied to the indenter to the surface area
of the indentation. This is given by

- 2Psin(0/2)

= (1)

where H is the Vickers microhardness in N/mmZ, P is the
applied load (N), d is the mean diagonal of the
indentation (mm), € is the angle between opposite faces
of the diagonal indenter (136°). Microhardness
measurements in the present work were made with a
Future—Tech FM-700 model hardness measuring test
device using a 10 g to 50 g load and dwell time of 10 s,
giving a typical indentation depth of about 40 to 60 pm,
which is significantly smaller than the original solidified
samples. Microhardness is the average of at least 30
measurements on the transverse sections (Hr).

2.5 Measurement of tensile strength

The behavior of material is mainly determined by
various mechanical properties of the material when
subjected to different loading conditions. Such properties
mainly include elastic modulus, various types of strength
of the material, hardness, ductility etc. and are found to
be very important both for design and manufacturing
viewpoint. Three basic types of stresses which are
produced when a material is subjected to various loading
conditions are tensile stress, compressive stress and shear
stress.
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Fig. 2 Typical SEM images from longitudinal and transverse sections of directional solidified Zn—5%AI1—-0.2%Bi eutectic alloy at

constant temperature gradient (G=3.42 K/mm) with low growth rates and high growth rates: (a) Longitudinal section; (b) Transverse

section, v=8.82 pum/s; (c¢) Longitudinal section; (d) Transverse section, v=90.95 pm/s; (¢) Longitudinal section; (f) Transverse section,
v=1015.23 um/s; (g) Longitudinal section; (h) Transverse section, v=2025.38 um/s

Tensile strength is defined as the ability of a
material to support axial load without rupture and is
determined through the tensile test. When equal and
opposite forces are applied simultaneously at both the
ends that pulls the material, it tries to elongate it and the
diameter reduces.

Generally, in design application, the stress—strain
curve is used as there is no expectation of change in
shape due to strain. Stress—strain curve is mainly
illustrated by taking original cross section and original

length.

One of the aims of present work is to measure the
tensile stress. The tests of tensile was performed at room
temperature at a strain rate of 10~ s ' with a Shimadzu
AG-IS universal testing machine. The data collected
from the tensile test can be analyzed using the following
formula to determine the stress (0):

o= )
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where ¢ is the stress in N/mm? (or MPa), F is the
applied force (N), 4 is the original cross sectional area of
the sample.

Strain (¢) at any point is the ratio between changes
in length to the original gage length.

L-L, AL
e=—_0_"20

L1 3)

where ¢ is the strain ( mm/mm), L is the length at any
point during elongation (mm) and L, is the original gage
length (mm).

The round rod tensile samples with the diameter of
4 mm and gauge length of 50 mm were prepared from
directionally solidified rod samples with different
solidification parameters. The tensile axis was chosen
parallel to the growth direction of the sample and the
tests were repeated three times.

2.6 Measurement of electrical resistivity

The electrical resistivity (p) is the main fundamental
properties of materials such as density, melting point,
entropy, enthalpy, resistance, and crystal structure
parameters. Although the value of p for pure metallic
materials was obtained theoretically and experimentally,
there are not enough information and data available
about electrical resistivity (p) of metallic alloys. The
value of p for alloys changes, as in pure materials, not
only with temperature, grain size, and grain boundary
numbers but also with compositions of alloy [57]. The
four-point probe method is the most widely used
technique for electrical profile measurement of materials.
The method has proven to be a convenient tool for the
resistivity measurement.

In present work, the electrical resistivity (p) of
Zn—5%A1-0.2%Bi eutectic alloy, directional solidified
with different high growth rates (8.82—-2025.38 um/s) at
constant temperature gradient (3.42 K/mm) were
measured by the DC four-point probe method at room
temperature to see the dependency of electrical resistivity
at the high growth rates.

2.7 Determination of specific heat and enthalpy

The specific heat difference between liquid and
solid phases (Ac,) and the enthalpy of fusion (AH) of
Zn—Al-Bi eutectic alloy (5-10 mg) were determined
because they are very important parameters for
technological applications. DSC thermal analysis (Perkin
Elmer Diamond model) was performed in the
temperature range from room temperature to 800 K at a
heating rate of 10 K/min under a constant stream of
nitrogen at atmospheric pressure.

We used a reference material (a sapphire disk) in
determining specific heat. These reference data are used
to “correct” sample data at every temperature. The size

of the signal which is used to calculate the specific heat
is proportional to the heating rate, so it follows that faster
heating rates will produce larger signals, which would
give more accurate data. However, if the heating rate is
too high, the temperature gradients in the sample will be
large and this may introduce other errors in the
measurement. It is normal to use heating rates between
5 and 20 K/min. The heating rate in this study was
10 K/min, which is mostly recommended. The difference
between the sample curve and the baseline curve is
measured in milliwatts and converted to specific heat
difference between liquid and solid phases (Ac,). The
DSC curve was obtained for the Zn—Al-Bi eutectic
alloy; then, AH was calculated as the area under the peak
by numerical integration.

3 Results and discussion

3.1 Dependence of eutectic spacings on growth rate

In order to clearly see the effect of low and high
growth rates (v) on eutectic spacings (1) microhardness
(Hr), ultimate tensile strength (oy) and electrical
resistivity (p) at room temperature in Zn—Al—Bi eutectic
system, the samples were unidirectionally solidified with
a wide range of growth rates (8.822025.38 m/s) at
constant temperature gradient (3.42 K/mm) by using a
Bridgman-type growth apparatus.

The solid solubilities of Bi in solid Zn and Al are
0.2% Bi and 0.1% Bi at 527 and 930 K, respectively [58].
According the phase diagram of Zn—Al—Bi ternary alloy
and solid solubility of Bi in solid Zn and Al, the
composition of Zn—Al-Bi was chosen as Zn—5%Al-
0.2%Bi to growth eutectic #-Zn (Zn solution) and (Al)’
(n-Zn+o(Al)) phases. The quantitative chemical
composition analyses of #-Zn matrix and #-Znta(Al)
were carried out by using an energy dispersive X-ray
analyzer (EDX) and the results are given in Fig. 3.
According to EDX results as shown in Fig. 3 and the
solubility of components in each phase, grey and black
phases were identified as Zn solution (#-Zn) matrix
phase and (Al)’ (y-Znto(Al)) Zn-rich phase,
respectively.

For eutectic and near-eutectic composition alloys,
the fluid-flow effect is negligible [40]. Although fluid-
flow does not exist in thin samples (<I mm inner
diameter), its effect is small in the bulk samples. Because
the density of the liquid also depends on the solute
concentration, the rejection of solute modifies the density
field within solute layer. If the solute layer is heavier
than the solvent (as in Zn—Al) then both the solutal and
thermal buoyancy forces are parallel to the gravity vector.
Under this ideal case of no horizontal variation of
temperature, this arrangement is hydrostatically stable
(i.e., fluid motion is negligible), and the transport of
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Fig. 3 Chemical composition analysis of Zn—5.0%Al1-0.2%Bi eutectic alloy by using SEM-EDX (Grey phase is matrix 7-Zn phase

and black phase is #-Zn+a(Al) phase)

solute must be solely due to molecular diffusion along
the growth direction [40]. The inner diameter of crucible
used in present work is 4 mm. So, the fluid-flow effect
on lamellar eutectic is negligible.

As expected, the formations of the microstructures
have varied with the growth rates and as the growth rate
is increased, the eutectic spacings decrease at a constant
temperature gradient. The highest eutectic spacings were
obtained with the minimum growth rate (8.82 pum/s) as
shown in Figs. 2 (a) and (b) while the smallest eutectic
spacing was obtained with the maximum growth rate
(2025.38 um/s) as shown in Figs. 2(g) and (h).

The measured values of eutectic spacings in the
Zn—Al-Bi alloy as a function growth rates at a constant
temperature gradient are given in Fig. 4. A comparison of
present results with the previous experimental results for
binary Zn—Al ecutectic alloy [41] is also given in Fig. 4.
The variation of A versus v is essentially linear on the
logarithmic scale. As can be seen from Fig. 4, the data
form straight lines, the linear regression analysis gives
the proportionality equation as

A =kv™" (for a constant G) 4)

where k& is a constant and »n is an exponent value
of growth rate. The relationships between the
eutectic spacing and growth rates were determined for

5 v A2v=69.05 pm/s [41]
3l 1=921v795 [41]
g [ * - A arv=95.52 um¥/s
I B A or =9.04y7048
N~ LS s n [This work]
en N
£ 1.0f 3
é .....
2 05} "ia-i..i )
3 A P2 ev=370.65 pmd/s 1
a 03r /EH(IR 3.37v7%25 [This work]
- AiLLgrY = 233.09 pm?/s
015 Aaiior=5-16v"3 [This work] %
A10 — Jackson—Hunt eutectic theory [32] )
3 10 30 100 300 1000 3000

Growth rate, v/(um-s™)
Fig. 4 Variation of eutectic spacing with growth rates and
comparison of experimental present results with previous
similar experimental result [41] and predicted value from
Jackson—Hunt eutectic theory for Zn—5.0%Al alloy [32]

directionally solidified Zn—5%Al1-0.2%Bi alloy with low
growth rates (8.82—178.57 nm/s), high growth rates
(526.32—2025.38 um/s) and all growth rates (8.82—
2025.38 um/s), respectively at a constant temperature
gradient (3.42 K/mm) as

Agr =9.04 v % (for low growth rates) (5a)

Micr =3.37v "% (for high growth rates) (5b)
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Aarigr =95-16 v~ 32 ( for all growth rates) (5¢)

A comparison of present result with the Jackson—
Hunt eutectic theory [32] and previous experimental
work [41] for Zn—Al eutectic alloy is also shown in
Fig. 4. ENGIN et al [41] have done similar experimental
work with a range of growth rates (5.32—250.0 pm/s) at a
constant temperature gradient (8.50 K/mm) by using a
Bridgman-type growth apparatus for Zn—Al eutectic
alloy. It can be seen from Fig. 4 that the line of A gr
versus v for low growth rates determined in present work
is slightly higher than the lines of A versus v determined
by ENGIN et al [41] and predicted from Jackson—Hunt
eutectic theory [32]. This small disparity might be due to
the addition of Bi. But the line of Aygr versus v for high
growth rates determined in present work for high growth
rates is fairly above the lines of 1 versus v determined by
ENGIN et al [41] and predicted from Jackson—Hunt
eutectic theory [32]. This large disparity is definite due
to high growth rates rather than the alloying element of
Bi.

The exponent value of 0.48 relating to growth rate
for low growth rates obtained in present work is very
close to the exponent values of 0.53 and 0.5 relating to
growth rate determined by ENGIN et al [41] and
predicted from Jackson—Hunt eutectic theory [32],
respectively. But the exponent value of 0.25 relating to
growth rate for high growth rates obtained in present
work is about two times smaller than the exponent values
of 0.53 and 0.5 relating to growth rate determined by
ENGIN et al [41] and predicted from Jackson—Hunt
eutectic theory [32], respectively. Even if all
measurements of eutectic spacings for all growth rates
are considered together, the exponent value of 0.32
relating to growth rate obtained in present work is close
to half of the exponent values of 0.53 and 0.5 relating to
growth rate determined by ENGIN et al [41] and
predicted from Jackson—Hunt eutectic theory [32],
respectively.

From experimental results, it can be concluded that
the Jackson—Hunt eutectic theory [32] differs from
present experimental results at higher growth rates
(larger than 250.0 pum/s). The Jackson—Hunt eutectic
theory [32] is based on steady state growth. According to
experimental results, the limit of steady state growth rate
is about 450 pm/s for Zn—Al-Bi eutectic alloy. When the
growth rate is above 450 um/s, the growth may be
transient (unsteady state). Thus, the experimental result
for Zn—Al-Bi eutectic alloy differs from the Jackson—
Hunt eutectic theory [32] at high growth rates (higher
than 450.0 pm/s).

In present work, the bulk growth rates for low, high
and all growth rates were also determined to be
Arv=95.52, Xigrv=370.65 and A3 Grv=233.09

um’/s, respectively for Zn—5%Al-0.2%Bi alloy. When
the value of A’grv=95.52 um’/s obtained in present
work is in a good agreement with the values of 69.05 and
72.39 um’/s obtained by ENGIN et al [41] for
Zn—5.0%Al solidified with low growth rates and
predicted from the Jackson—Hunt model [32],
respectively, the values of Ajgzv=370.65 and
JALGrV=233.09 um®/s obtained in present work are
about five and three times larger than the values of 69.05
and 72.39 um’/s obtained by ENGIN et al [41] for
Zn—5.0%Al solidified with low growth rates and
predicted from the Jackson—Hunt model [32],
respectively.

3.2 Dependence of microhardness on growth rate and
eutectic spacing

It is well known that some important solidification
parameters, such as growth rate, significantly affect the
microstructural scale as well as the mechanical properties
of metals. Materials processed via directional
solidification tend to show advantages of refined micro-
structure, reduced microsegregation etc [59,60]. Because
the mechanical properties of a material depend largely on
its microstructure, controlled formation of such
microstructures is essential to develop new materials
with desired properties [61—64].

From HALL [65] and PETCH [66] papers, the grain
size dependence of yield strength can be described by the
equation:

o, =0y + kd™"? (6)

where k is a constant which is the hardness against
deformation and d is the mean grain size or characteristic
length scale, that the grain size dependence is related to
the length of a slip band, and that the maximum slip band
length is determined by the grain size. In the present
work, the lamellar distance (1) is related with the mean
grain size and 4 is the proportional inverse the square
root of growth rate (v) according to the eutectic growth
theory. Thus, the Hall-Petch type relationships between
the microhardness and the microstructure spacing or
growth rate can be expressed as follows:

H=Hy+KA"? @)
H=Hy+K"* (8)

where H, is the initial microhardness of equilibrated
solid phase with liquid at the melting temperature and K,
and K, are constants which depend on kind of materials.
The values of H,, K; and K, can be experimentally
determined.

One of the purposes of present work is to obtain the
dependence of Ht on v and A for directionally solidified
zinc-based alloy (Zn—5%AIl-0.2%Bi) with attractive
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physical and mechanical properties [67—69]. The
variations of microhardness (Hr) as a function of eutectic
spacing and high growth rates (v) at a constant
temperature gradient (G=3.42 K/mm) were plotted in
Figs. 5 and 6. ENGIN et al [41] have done similar
experimental work with a range of growth rates
(5.32—250.0 pm/s) at a constant temperature gradient
(8.50 K/mm) by wusing a Bridgman-type growth
apparatus for same alloy. As can be seen from Fig. 5,
Fig. 6 and Table 2, the value of Hr increases with the
increasing value of v and the decreasing values of 4 at a
constant temperature gradient, G. The relationships
between the microhardness and eutectic spacing and
growth rates were obtained by using linear regression
analyze. From Fig. 5 and Fig. 6, the dependences of Hr
on eutectic spacing, and low, high and all growth rates
for directionally solidified Zn—5%A1-0.2%Bi alloy have
been expressed with linear regression analyze.

In present work, the dependences of Hr on
eutectic spacings and low, high and all growth rates were
obtained as follows:

100
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g
g
en 80F
=
F
_§ 70+
]
=
5
"1 60 L
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Fig. 5 \Variations of Hall-Petch type equations of
microhardness (Ht) as a function of eutectic spacings (1) (a)
and growth rates (v) (b) for directionally solidified Zn—Al-Bi
eutectic alloy with different growth rates (8.82—2025.38 pm/s)
at a constant temperature gradient (G=3.42 K/mm)
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Fig. 6 Variations of microhardness (Ht) as a function of
eutectic spacings (4) (a) and growth rates (v) (b) for
directionally solidified Zn—5.0%Al alloy [41] and Zn—Al-Bi
cutectic alloy with different growth rates (8.82—2025.38 pm/s)
at a constant temperature gradient (G=3.42 K/mm)

Hoy cr = 45.82+0.69/ 0a (9a)
Hrpr = 42.26+0.88/50x (9b)
Hearror = 40.74+0.890,07 or (9¢)
Hoy cr = 46.53+37. 7003 (10a)
Hrpr = 58.80+19.65v0i3% (10b)
Hoyaror =51.99+ 263305 or (10c)

and the dependences of Hy on eutectic spacings and low
growth rates were obtained by ENGIN et al [41] for
directionally solidified Zn—5.0%Al alloy as

Hoppor =38.83+1.272, %7 (11a)

Hyppgr =35.01+88.09)% (11b)

As can be seen from Egs. (9)—(11), the coefficient
values of A gr and v gr (0.69 and 37.70) for Zn—5%Al—
0.2%Bi alloy obtained in present work are about half of
the coefficient values of A gr and vigr (1.27 and 88.09)
for Zn—5.0%Al alloy obtained in previous work [41]
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Table 2 Solidification processing parameters, eutectic spacings, microhardness, ultimate tensile strength and electrical resistivity for
directional solidified Zn—5.0% Al-0.2%Bi eutectic alloy

Solidification parameter Eutectic spacing Microhardness Ultimate tensile strength Electrical resistivity
G/(K-mm™) Vi(um's™) Ar/pm Hy/(kg'mm?) ou/MPa p/(1078Q m)
8.82 3.18 £0.2223 58.49+£1.74 165.93 £4.54 5.49+0.18
46.12 1.45+£0.1054 63.17£1.86 178.18 £4.82 6.35+0.21
90.95 1.01 £0.0997 67.41 £1.91 189.44 £5.26 7.02+0.19
42 178.57 0.76 £ 0.0884 71.27£1.85 197.65 £4.36 7.78 £ 0.24
526.32 0.67 + 0.0765 75.52 +1.77 203.58 +4.90 8.31+0.28
1015.23 0.60 + 0.0659 78.83 £2.02 208.71 £ 3.95 8.86 £ 0.22
1486.41 0.54 + 0.0581 80.19 + 1.81 212.79 +£4.73 9.57+0.25
2025.38 0.47 £ 0.0469 82.38+£1.95 215.81 £ 4.12 10.19 £ 0.29

Ar: The average values of the eutectic spacings measured from the transverse section; Hr: The average values of the microhardness measured from the
transverse section; oy;: The average values of the ultimate tensile strength measured from the longitudinal section; p: The average values of the electrical

resistivity measured from the longitudinal section; Bold values in the table show measured experimental values for high growth rates

but the initial values of H, (45.82 and 46.53) for
Zn—Al-Bi alloy obtained in present work are 25% larger
than the initial values of H, (38.83 and 35.01) for
Zn—5.0%Al alloy obtained in previous work [41]. This
variety is due to solid solution of Bi in matrix phase of
solid Zn.

As can be seen from Figs. 5(a) and (b) and Egs. (9)
and (10), dependence of microhardness on eutectic
spacing is stronger at high growth rates rather than low
growth rates when dependence of microhardness on
growth rate is stronger at low growth rates rather than
high growth rates for directionally solidified
Zn—5%Al1-0.2%Bi alloy.

It can be also seen from Figs. 6(a) and (b) that an
increase in solidification parameters leads to an increase
in the Hr values and an increase in eutectic spacings
leads to a decrease in the Hr values. The dependences of
Hr on growth rate and eutectic spacing was also
determined as an order of growth rate and eutectic
spacing by linear regression analysis and the relationship
between them can be also expressed as

Hy = kp* (12)
Hy =ky AP (13)

where k; and k, are constants and a and b are the
exponent values relating to the growth rate and eutectic
spacing. Figures 6(a) and (b) show the variation of Hr as
a function of v at a constant G and the variation of Hr as
a function of 1 at a constant G, respectively and a
comparison with the previous experimental result for
binary eutectic alloy [41].

The relationships between Hr and v for low, high
and all growth rates were determined as

Hoypgr =50.30 3% (14a)

Hoppor =51.03 0508 (14b)
Hrarior =50.43 VgLOEGR (14¢)

The relationships between Hr and 4 for low, high
and all growth rates were determined as

Hopr =67.61 .03 (15a)
Hoppor =69.18 Apeat (15b)
Hrpprar =69.98 Zaticr (15¢)

The exponent value relating to growth rate (0.06)
for directional solidified Zn—5%Al1-0.2%Bi alloy with
all growth rates is in good agreement with the exponent
values of 0.06 and 0.10 obtained in Refs. [52,70—72].
Also, the exponent value relating to eutectic spacing, A
(0.19) is also in good agreement with the exponent
values of 4 (0.20—0.28) obtained by different researchers
[52,70-72] for different eutectic alloys.

3.3 Dependence of tensile strength on growth rate and
eutectic spacing

Typical stress—strain curves for directionally
solidified Zn—5%A1-0.2%Bi alloy with different growth
rates were plotted and are shown in Fig. 7. According to
stress—strain curves, the value of maximum tensile stress
increases as growth rate increases.

As can be seen from Fig. 8 and Table 2, the value of
oy increases with the increasing value of v and the
decreasing values of 4 at a constant temperature gradient,
G. The relationships between the ultimate tensile
strength and eutectic spacing and growth rates were
obtained by using linear regression analyze. From Fig. §,
the dependences of oy on eutectic spacing and low or
high growth rates for directionally solidified
Zn—5%A1-0.2%Bi alloy have been expressed with linear
regression analysis.
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Fig. 8 Variations of Hall-Petch type equations of ultimate
tensile strength as function of eutectic spacings (1) (a) and
growth rates (v) (b), for directionally solidified Zn—Al-Bi
eutectic alloy with different growth rates (8.82—2025.38 um/s)
at constant temperature gradient (G=3.42 K/mm)

In present work, the dependences of oy on eutectic
spacings and low, high and all growth rates were
obtained as follows:

Ouicr =134.40+1. 73233 (16a)
Ouncr =141.80+1.624503 (16b)
OuarLar =131.60+1.86407 (16¢)
Ouicr =136.30+94.5005 (17a)
Ouncr =172.50+36.2902 (17b)
OuarLGr =156.10+52. 74083 (17¢)

Variation of ultimate tensile strength with growth
rate and eutectic spacing for Zn—Al-Bi eutectic alloy is
plotted in Fig. 9. A comparison of present results with the
experimental result obtained in previous work for
Zn—1.26%Al alloy [73] is also given in Fig. 9. It can be
seen from Fig. 9 and Table 2 that the value of tensile
strength for Zn—Al-Bi eutectic alloy increases from
165.93 to 215.81 MPa with increasing growth rate from
8.82 to 2025.38 um/s and the relationships between oy
and v for low, high and all growth rates were determined
as
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Fig. 9 Variations of ultimate tensile strength as function of
cutectic spacing (a) and growth rates (b) for directionally
solidified Zn—Al [73] and Zn—Al-Bi eutectic alloy with
different growth rates (8.82—-2025.38 pm/s) at constant
temperature gradient (G=3.42 K/mm)
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Ourgr =145.10010%8 (18a)
Ouncr = 154.86viiok (18b)
OuaLLGr = 150500307 cr (18c)

The relationships between oy and A for low, high
and all growth rates were determined as

Ourcr =189.544 087 (19a)
Ouncr = 191.34vpk (19b)
Cuarrar = 192204018 (19¢)

The exponent value of 0.05 for Zn—-Al-Bi eutectic
alloy is five times smaller than that of 0.24 obtained for
Zn—1.26%Al alloy [73] but the coefficient value of
150.50 for Zn—Al-Bi eutectic alloy is slightly larger than
that of 144.00 obtained for Zn—1.26%Al alloy [73]. This
disagreement might be due to high growth rates and
compositional dissimilarities obtained by adding alloying
element of Bi. It appears that the size of the #-Zn and
a(Al) phases governs the properties, and the alignment
of colonies due to unidirectional solidification is masked
by the particle size effect.

3.4 Dependence of electrical resistivity on growth rate

and eutectic spacing

The electrical property, i.c., resistivity (p) of
directional solidified materials also depends on
solidification parameters, i.e., the growth rates (v). The
relationships among the resistivity (p) and lamellar
spacings (1) can be expressed by the Hall-Petch type
relationships as follows:

p=py+ (20)
d

where K is a constant which is the initial resistivity and d
is the mean grain size or characteristic length scale. In
present work, the mean grain size can be the lamellar
distance (1) and 4 is also the proportional inverse the
square root of growth rate (v) according to eutectic
growth theory.

A2v=K,/K, 1)

Thus, the Hall-Petch type relationships between
electrical resistivity and the microstructure spacing or
growth rate can be expressed as follows:

p=potKi (22)
p=potKy'? (23)
where p, is the initial resistivity of equilibrated solid
phase with liquid at the melting temperature and K5 and
K¢ are constants which depend on the kind of materials.

The values of pg, K3 and K, can be experimentally
determined.

The variations of electrical resistivity (p) of
Zn—Al-Bi eutectic alloy (3.42 K/mm) with growth rates
were plotted. From graph of the electrical resistivity (p)
of Zn—Al-Bi eutectic alloy versus growth rates, the
relationship between the electrical resistivity and high
growth rates and low growth rates for Zn—Al-Bi alloy
was obtained by using linear regression analysis in
present work.

As mentioned above, the electrical resistivities of
directionally solidified samples for directionally
solidified Zn—5%AI1-0.2%Bi alloy were measured with
the four-point probe method at room temperature. The
variations of electrical resistivity (p) with the growth rate
(v) and eutectic spacing (4) are plotted in Fig. 10. It can
be seen from Fig. 10 and Table 2 that the increase in the
v and decrease in the A lead to a increase in p values.
Linear regression analysis yields a relationship between
resistivity and eutectic spacing for directionally
solidified Zn—Al—Bi alloy at G=3.42 K/mm as

p=(451+2.6327")x107® (24)
p=(581+0.101"°)x107* (25)
(a s Experimental data
z 100 — p=(4.51+2.63 2")x107% (This work)
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Fig. 10 Variations of Hall-Petch type equations electrical
resistivity as function of eutectic spacing (a) and growth rate (b)
for directionally solidified Zn—Al-Bi eutectic alloy with
different growth rates (8.82—-2025.38 pm/s) at constant
temperature gradient (G=3.42 K/mm)
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Electrical resistivities of pure Al, pure Zn and pure
Bi are about 2.65x10°%, 5.9x10"* and 129x10"° Q'm at
room temperature, respectively. Also, a comparison
of present results with the experimental result
obtained in previous work for Zn—1.26%Al alloy [73] is
given in Fig. 11. It can be seen from Fig. 11 and
Table 2 that the value of electrical resistivity for
Zn-Al-Bi eutectic alloy increases from 5.49x10™° to
10.19x10"* Q'm with increasing growth rate from 8.82 to
2025.38 um/s and the relationship between p and v was
found to be as

p=9.12x1078 0! (26)

The dependence of p on v was obtained by
CADIRLI and SAHIN [73] for directionally solidified
Zn—1.26%Al alloy as

p=10.0x1078,206 (27)

As can be seen from Egs. (26) and (27), the
exponent value of 0.11 for Zn—Al-Bi eutectic alloy is the
twice that of 0.06 obtained for Zn—1.26%Al alloy [73]
but the order of coefficient value obtained for directional
solidified Zn—Al-Bi eutectic alloy is in good agreement
with that obtained in Ref. [73]. A comparison of the
electrical resistivity depends on growth rates for
Zn—Al-Bi eutectic alloy with the electrical resistivity
dependence on growth rates for Zn—1.26%Al alloy is
also shown in Fig. 11. As can be seen from the slope of
the line of wvariation of electrical resistivity with
temperature for Zn—Al-Bi eutectic alloy is bigger than
that with temperature for Zn—1.26%Al eutectic alloy. As
mentioned above, although electrical resistivity of Bi is
higher than electrical resistivities of Zn and Al, this large
disparity is definitely due to high growth rates and
adding alloying element of Bi.
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£ 100} £=9.120*1110 (This work)
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Fig. 11 Variations of electrical resistivity (p) as function of
growth rates (v) for directionally solidified Zn—Al-Bi and
Zn—Al [73] alloys with different growth rates at constant

temperature gradient

3.5 Determination of thermal properties of Zn—Al-Bi
eutectic alloy

Zn—Al-Bi eutectic alloy was heated with a heating
rate of 10 K/min from room temperature to 800 K by
using a Perkin Elmer Diamond model DSC and the heat
flow versus temperature for Zn—Al—-Bi eutectic alloy is
given in Fig. 12. It can be seen from Fig. 12, the melting
temperature of Zn—Al—-Bi eutectic alloy was detected to
be 660.20 K. The value of enthalpy of fusion (AH) and
specific heat difference between liquid and solid phases
(Ac,) for Zn—Al-Bi eutectic alloy were determined to be
112.55 J/g, and 0.291 J/(g'K), respectively, by numerical
integration from area under the peak. The values of AH
and Ac, in this work are in good agreement with the
values 113.37 J/g, 0309 J/(g’K) and 113.4 J/g,
0.294 J/(g'K) obtained by SEVDA et al [41] for Zn—5Al
and CADIRLI and SAHIN [73] for Zn—1.26Al alloy,
respectively. The recommended values of enthalpy of
fusion (AH) and the specific heat difference between
liquid and solid phases (Ac,) are 396.96 J/g and
0.896 J/(g'’K) for pure aluminum and 111.91 J/g and
0.389 J/(g'K) for pure zinc [74], respectively.

20
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Fig. 12 Heat flow curve versus temperature for Zn—Al-Bi
eutectic alloy at a heating rate of 10 K/min

4 Conclusions

1) The values of eutectic spacing decrease as the
values of v increase. The exponent value of v (0.32) for
Zn—5%Al1-0.2%Bi alloy solidified with high growth
rates is different from the exponent values predicted with
the Jackson—Hunt eutectic theory [32] and obtained in
previous experimental works. From experimental result,
it can be concluded that the Jackson—Hunt eutectic
theory [32] differs from present experimental results at
higher growth rates. This critical growth rate might be
450.0 pm/s for the Zn—Al—-Bi eutectic alloy.

2) Dependence of microhardness on growth rates
and eutectic spacings were obtained for low, high and all
growth rates at a constant G=3.42 K/mm. The results
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obtained in present work for low growth rates are in a
good agreement with experimental results obtained in
previous work for directional solidified Zn—Al eutectic
alloy with a similar growth range [41].

3) Dependences of ultimate tensile strength on
growth rates and eutectic spacings were obtained
to be OyaLigr =150.50v2‘£iGR and  OyALLGR =
192.202,0%. by using linear regression analysis for all
growth rates.

4) Dependence of electrical resistivity of
directionally solidified Zn—Al-Bi alloy on growth rates
and eutectic spacing was obtained to be p=
(4.51+2.6327)x10% and p=(5.81+0.10v*3)x107
at room temperature.

5) From the plot of heat flow versus temperature,
enthalpy of fusion, specific heat difference between
liquid and solid phases and melting temperature for
Zn—5.0%A1-0.2%Bi alloy are found to be 112.55 J/g,
0.291 J/(g'K), 660.20 K, respectively.
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