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Abstract

In the present work, microstructure and mechanical
properties of Zn–7Al–3Cu (wt%) ternary alloy are inves-
tigated depending on the temperature gradient and growth
velocity. The alloy was prepared in the designated com-
position in a vacuum melting and casting furnace and then
filled into the graphite sample moulds. The samples were
directional solidified with various temperature gradients
(6.7–10.7 K/mm) at a constant growth velocity (16.4 lm/s)
and with various growth velocities (8.3–166.0 lm/s) at a
constant temperature gradient (10.7 K/mm) in a Bridgman-
type furnace. Microstructural images of solidified samples
were taken with light microscope and scanning electron
microscope. Eutectic spacings were measured from these
images. Microhardness, ultimate tensile strength, yield
strength and modulus elasticity values of each sample

produced at various solidification parameters were also
measured. The effect of temperature gradient and growth
velocity on the eutectic spacing, microhardness, ultimate
tensile strength, yield strength and modulus elasticity was
determined using linear regression analysis. While the
microhardness, ultimate tensile strength, yield strength and
modulus elasticity values increased with increasing tem-
perature gradient and growth velocity values or decreasing
eutectic spacing, the elongation values decreased. Frac-
tographic results show that the type of fracture is brittle.

Keywords: directional solidification, microhardness,
tensile strength, yield strength, modulus of elasticity,
fracture surface analysis

Introduction

Zn–Al alloys show unique physical and structural proper-

ties.1–4 Due to their relatively low melting point (about

400 �C) and good castability,5–7 Zn–Al alloys are common

used for various industrial areas and mostly processed by

some casting methods8,9 like high-pressure die casting

(HPDC).10 More specifically, they are used in production

of both structural and accessory parts for automotive,

electrical and electronic industries as well as machinery

and equipment requiring high manufacturing accuracy.11,12

The zinc-rich alloys are usually based on Zn–Al eutectic,

monotectic or eutectoid compositions. However, Zn–Al

alloys have only limited ductility at room tempera-

tures3,4,13,14 and suffer from a distinct drop in strength at

high temperatures.2,4,15 To overcome these disadvantages,

many attempts have been made to stronger Zn–Al alloys by

the addition of alloying metals, such as Cu, Mg, Ni, Si, Ti

and Zr.16–20 Copper is often used to strengthen these

mechanical properties of Zn–Al alloys21–24 (all composi-

tions are given in wt% unless otherwise noted). The effect

of growth velocity (V) on the microhardness (HV) of Zn–

Al eutectic and Zn–Cu hypoperitectic alloys had been

investigated by some researchers.25,26 It has been shown

that, as the HV of the alloys increase, the eutectic spacing

(k) decreases with increasing V.25,26 With copper addition

up to 2–4 wt%, the mechanical and physical properties are

much improved. Because of the superior casting and

mechanical and physical properties, these copper modified

Zn–Al-based alloys become attractive in manufacturing

industry as structural alloy systems. Unfortunately, scarce

research has been performed on the copper modified Zn–

Al-based alloy.20,25–27 However, based alloys, which are

successfully used in technological applications, have not
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been well understood. More studies are needed to improve

the mechanical and tribological properties for these alloys.

The aim of this work is to investigate the eutectic spacing

(k), microhardness (HV), ultimate tensile strength (rUTS),
yield strength (ry), modulus of elasticity (E) and elongation
(d) of Zn–7Al–3Cu eutectic alloy under various solidifi-

cation conditions (G and V). To achieve this goal, the

effects of G and V on these properties were investigated

and results obtained were examined.

Experimental Details

Sample Preparation and Directional
Solidification

The eutectic temperature (372 �C) of the studied ternary

alloy and the phases formed are shown in the phase dia-

gram28 (Figure 1). The alloys were melted in vacuum

melting furnace using Zn–7Al–3Cu (wt%) master alloys,

99.99% purity Zn (300 g), Al (25 g) and Cu (10 g) metals.

After enough time for homogenization, the molten alloy

was poured into crucibles (175 mm in length 4.0 mm ID

and 6.35 mm OD) held in a casting furnace at approxi-

mately 60–90 �C above the melting point (372 �C) of

studied alloy. The molten alloy was solidified from bottom

to top to ensure that the crucible was completely full.

After casting process, the verified compositions in Table 1

were obtained from the studied alloy system by bulk

chemical analysis performed with direct current plasma

emission spectroscopy (DPES). As given in Table 1, the

composition quantities of Zn, Al, Cu and other impurities

were found to be 89.875%, 6.92%, 3.11% and 0.095%,

respectively.

The directional solidification of the produced alloy was

performed in a Bridgman-type directional solidification

furnace whose schematic diagram is given in Figure 2. For

the directional solidification, the sample was placed into

the sample holder. The sample was placed into the furnace.

After the furnace reached the desired temperature and

thermal stabilization, the sample was withdrawn from the

hot region to the cold region of the furnace with the help of

different speeded synchronous motors. Solidification of the

samples was performed with various G (6.7 K/mm to

10.7 K/mm) at a constant V (16.4 lm/s) and with various

V (8.3 lm/s to 166.0 lm/s) at a constant G (10.7 K/mm) in

the Bridgman-type furnace. After approximately 10 cm

directionally solidification, the samples were quenched into

the water reservoir.

Figure 1. Ternary phase diagram of Zn–Al–Cu alloys
adopted from Ref. 28

Table 1. Composition Analysis Results of the Alloy
Used in This Work (wt%)

Al Cu Mg Ni Ti Others Zn (Bal.)

6.92 3.11 0.02 0.015 0.01 \ 0.05 89.875

Stainless steel
sample holder

Stable water level
Heat shield 

Sample 
(Alloy)

Heating coil

Graphite cylinder

Thermocouples
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Solid-liquid interfaceControl 
thermocouple
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Figure 2. Bridgman-type directional solidification
furnace.
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Measurement of Temperature Gradient
and Growth Velocity

The temperatures in the sample were measured by three

K-type 0.25 mm in diameter insulated thermocouples

which were fixed within the sample with spacing of

10 mm. In this study, a 1.2 mm OD 9 0.8 mm ID alumina

tube was used to insulate the thermocouples from the melt.

All the thermocouple’s ends were then connected the

measurement unit consists of data logger and computer.

The cooling rates were recorded with a data logger via

computer during the growth. When the solid/liquid inter-

face was at the second thermocouple, the temperature

difference between the first and second thermocouples (DT)
was read from data logger record. The temperature gradient

(G = DT/DX) in the liquid phase for each sample was

determined by using the measured value of DT and DX.

Growth velocity (V) was calculated with two different

methods. In the first method, the values of growth velocity

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, the

total solidification time and solidification distance (on the

longitudinal section of the polished sample) were mea-

sured. The ratios of the distances to the times were mea-

sured to obtain the growth velocities and these were similar

for both methods.

Increases in G value in constant V value are provided by

increasing furnace temperature. Similarly, increases in V at

constant G are provided by synchronous motors with dif-

ferent rotational speeds. Since the fluctuations in both

G and V were quite small during the experiment, these

values were considered approximately constant.

Metallographic Examination

The quenched samples were removed from the crucible,

and 1 cm lengths from the top and bottom were cropped off

and discarded. Then the rest of the samples were ground to

observe the solid–liquid interface, and the longitudinal

section including the quenched interface was separated

from the specimen. This part was ground, polished and

etched to reveal the quenched interface. Furthermore, the

ground specimens were mounted in a cold-setting epoxy

resin. The longitudinal and transverse sections were wet-

ground down to 2500 grit and mechanically polished using

6 lm, 3 lm, 1 lm and 0.25 lm diamond pastes. Finally,

the samples were etched in a solution (3 mL HCl-100 mL

distilled water) for 5 s. Following the metallographic pro-

cess, the microstructures of the samples were revealed. The

microstructures of samples were characterized using an

Olympus BX-51 light microscope. The eutectic spacing (k)
was calculated by taking into account the magnification

factor.

Identification of Phases and Measurement
of Eutectic Spacings

EDXanalysis (LEO440model SEM/EDX)was carried out to

determine the components of the phases in the studied alloy.

These analyseswere performed for quenched liquid phase and

solid phase (including eutectic lamellar and primary dendritic

residues). According to EDX spectrums and the amount of

components in each phases as shown in Figure 3, quenched

liquid phase (black rectangular frame), a-Al phase (white

rectangular frame), g-Zn phase (red rectangular frame) and e-
CuZn4 phase (yellow rectangular frame) were identified. The

composition (Zn–6.43Al–2.4Cu) of quenched liquid phase is

close to nominal composition (Zn–7Al–3Cu).

Different methods have been used to measure eutectic

spacings (kL, kT) on the microstructure. These measure-

ments were taken from both the longitudinal (kL) and

transverse section (kT) of the sample. As shown in Fig-

ure 4, the eutectic spacings were measured with a linear

intersection method.29 (kL = kT = X/N) equation has been

used in the process of measuring spacings between the

eutectics, where X is total width of the eutectic spacings

and N is number of the eutectic lamellae or rods.

Measurement of Microhardness and Tensile
Strength

Microhardness measurements were taken by using a Future
Tech FM-700 model microhardness test device. Load

(100 g) was applied to the sample for 15 s during the

testing process. The measurements were taken from the

solid parts nearest to the solid–liquid interface. Average of

40 measurements was taken from longitudinal and trans-

verse sections of the directionally solidified samples, and

the average values were taken for the microhardness value.

Some inevitable errors occurred during the measurements.

These errors arise from factors such as surface quality,

inhomogeneities in the microstructure, defects and micro-

voids on the sample and ambiguity of indenter traces. The

calculated error in the microhardness measurements with

statistical data analysis is about 6%.

Tensile strength measurements were taken at room tem-

perature at a strain rate of 10-3 s-1 with a Shimadzu AG-

IS universal testing machine (all specimens were tested

according to ASTM E4). The test force auto-zero function

ensures immediate testing. The tensile measurements were

taken by means of the extensometer on the calibrated

tensile testing machine. Rod tensile samples (50 mm length

and 4 mm diameter) were prepared from samples direc-

tionally solidified at certain G and V values. The tensile

axis was chosen parallel to the growth direction of the

sample. The tensile tests were repeated two times, and the

average value was taken. It has been found that a standard

deviation was about 8%.
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Results and Discussion

In order to observe the effect of G and V on k and

mechanical properties of directionally solidified Zn–7Al–

3Cu ternary alloy, lamellar eutectic spacing (k), micro-

hardness (HV), tensile strength (rUTS) yield strength (ry)
and modulus of elasticity (E) of studied alloy were

measured.

The Effect of G and V on k

The Zn–7Al–3Cu ternary eutectic alloy was directionally

solidified at a constant V (16.4 lm/s) with different

G (6.7–10.7 K/mm) and at a constant G (10.7 K/mm) with

different V (8.3–166 lm/s). The microstructure of Zn–7Al–

3Cu alloy consisted a-Al, g-Zn and e-CuZn4 phase (Fig-

ure 3). As shown in Figure 5, although the a-Al phase

Figure 3. Chemical composition analysis of the Zn–7Al–3Cu eutectic alloy (EDX), liquid phase, a-Al phase, g-Zn
phase and e-CuZn4 phase.
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(yellow arrows) appears in some regions, the eutectic

lamellar structure is mainly composed of the ordering of

the phases g-Zn (black arrow) and e-CuZn4 (white arrow).

Figures 5 and 6 show that the eutectic structure turns into a

thinner structure according to the increasing G and

V values.

As shown in Figures 7 and 8, when the G was increased

from 6.7 to 10.7 K/mm, the kL value decreased from 3.73

to 2.11 lm and the kT value decreased from 2.65 to

1.73 lm. An increase in the V caused a decrease in the

lamellar eutectic spacings at a constant G (10.7 K/mm).

When the V was increased from 8.3 to 166 lm/s, the kL
value decreased from 3.63 to 0.81 lm and the kT value

decreased from 2.64 to 0.72 lm. Relationships among the

k, G and V were determined by using linear regression

analysis (Table 2). The exponent values of the G parameter

obtained from this study as a function of k are in the range

of 0.93–1.23. Also, the exponent values of the V parameter

are in the range of 0.42–0.49. The average exponent value

of the V parameter (0.45) as a function of k is in good

agreement with the values of 0.44 and 0.51 reported by Fan

et al.30 for Ti–Al–Si ternary eutectic alloy, and Böyük and

Maraşlı31 for Sn–3.5Ag–0.9Cu alloy, respectively.

The Effect of G, V and k on HV

The dependencies of HV on the G, V and k are given in

Figures 9, 10 and 11. As shown in Figure 9, at a constant

V (16.4 lm/s), an increase in the G resulted in increased

HV. When the G was increased from 6.7 to 10.7 K/mm, the

HVL increased from 96.1 to 103.1 kg/mm2 and HVT

increased from 97.2 to 105.3 kg/mm2. At a constant

G (10.7 K/mm), an increase in the V resulted in increased

HV (Figure 10). When the V was increased from 8.3 to 166

lm/s the HVL increased from 100.8 to 108.2 kg/mm2 and

the HVT increased from 102.7 to 109.7 kg/mm2. As evi-

dent from Figure 11, a decrease in the k resulted in

increased HV. When the kL was decreased from 3.63 to

0.81 lm, the HVL increased from 100.8 to 108.2 kg/mm2;

when the kT was decreased from 2.64 to 0.72 lm, the HVT

N

X

λT λT λT

X

X

X
X

(a)                                          (b)
λL=λT=X/N

Figure 4. (a) Measurement of the eutectic spacings;
(b) enlarged view.

Figure 5. Some optical images of microstructures formed in different temperature
gradients for the directionally solidified Zn–7Al–3Cu eutectic alloy at a constant
V (16.4 lm/s): (a) longitudinal section, (b) transverse section (G = 6.7 K/mm),
(c) longitudinal section, (d) transverse section (G = 10.7 K/mm).
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increased from 102.7 to 109.7 kg/mm2. Relationships

among the k, HV, V and G are given in Table 2. The

exponent values of G (0.17 and 0.18) obtained in this study

as a function of the HV (Figure 9) is in good agreement

with values of 0.13, 0.16 and 0.16 reported by Böyük

et al.32 for Al–17.6 Cu–42.2 Ag eutectic alloy, by Fan

et al.33 for Ti–49 at% Al alloy and by Çadırlı et al.34 for

Sn–23Bi–5Zn alloy, respectively. The exponent value of

V (0.02) obtained from this study as a function of HV

(Figure 10) is slightly lower than the values of 0.06, 0.06,

0.07 and 0.09 values reported by Çadırlı et al.34 for Sn–

23Bi–5Zn alloy, by Hu et al.35 for Sn–58Bi eutectic alloy,

by Vnuk et al.36 for Sn–Zn eutectic alloy, and by Böyük

and Maraşlı31 for Sn–3.5Ag–0.9Cu eutectic alloy, respec-

tively. The exponent values of k (0.04 and 0.06) obtained

in this study as a function of the HV (Figure 11) is close to

the value of 0.07 reported by Şahin et al.37 for Sn–36Bi–

22Cu eutectic alloy. There are small differences in these

Figure 6. Some optical images of microstructures formed at different growth
velocities for the directionally solidified Zn–7Al–3Cu eutectic alloy at a constant
G (10.7 K/mm): (a) longitudinal section, (b) transverse section (V = 16.4 lm/s),
(c) longitudinal section, (d) transverse section (V = 166.0 lm/s).

Figure 7. Variation of eutectic spacings with tempera-
ture gradient at constant V (16.4 lm/s) for the direction-
ally solidified Zn–7Al–3Cu eutectic alloy.

Figure 8. Variation of eutectic spacings with growth
velocity at constant G (10.7 K/mm) for the directionally
solidified Zn–7Al–3Cu eutectic alloy.
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exponential values obtained by different researchers. This

situation may be due to the microstructural properties of

the alloys.

The Effect of G and V on rUTS and ry

The typical strength–strain curves of studied alloy under

different G at a constant V (16.4 lm/s) and strain rate

(10-3 s-1) are shown in Figure 12. Using the curves

obtained in Figure 12, the ultimate tensile strength (rUTS)
was determined as the peak value of the curve. The yield

strength (ry) is defined as the strength value at the limit of

the elastic region on each curve shown in Figure 12.

Elongation (d) is the amount of per cent extension up to

fracture point of the test sample, which is the end point of

the curves shown in Figure 12. These measurements were

taken by means of the extensometer on the calibrated

tensile test device.

The changes of rUTS, ry and d values with respect to G is

shown in Figure 13. As seen from this figure, it is found

that when increasing G from 6.7 to 10.7 K/mm, rUTS and

ry increases from 131.1 to 165.8 MPa and from 53.1 to

86.5 MPa, respectively. In addition, the value of d
decreased from 1.57 to 1.15%. The rUTS and ry increased

Table 2. Experimental Relationships Among k, G, V, HV, rUTS, ry and E Obtained by Binary Regression Analysis

Relationships Experimental constants (k) Correlation coefficients (r)

kL = k1G
-1.23 k1 = 0.008 (lm-0.23�C1.23) r1 = - 0.991

kT = k2G
-0.93 k2 = 0.020 (lm0.07�C0.93) r2 = - 0.974

kL = k3V
-0.49 k3 = 8.9 (lm1.49 s-0.49) r3 = - 0.980

kT = k4V
-0.42 k4 = 5.9 (lm1.42 s-0.42) r4 = - 0.993

HVL = k5G
0.17 k5 = 69.6 (kg �C-0.17 mm-1.83) r5 = 0.970

HVT = k6G
0.18 k6 = 68.8 (kg �C-0.18 mm-1.82) r6 = 0.990

HVL = k7V
0.02 k7 = 110.6 (kg mm-2.02 s0.02) r7 = 0.987

HVT = k8V
0.02 k8 = 111.9 (kg mm-2.02 s0.02) r8 = 0.963

HVL = k9kL
-0.04 k9 = 78.8 (kg mm-1.96) r9 = - 0.904

HVT = k10kT
-0.06 k10 = 72.3 (kg mm-1.94) r10 = - 0.904

rUTS = k11G
0.55 k11 = 45.2 (MPa �C-0.55 mm0.55) r11 = 0.964

ry = k12G
1.03 k12 = 7.7 (MPa �C-1.03 mm1.03) r12 = 0.994

rUTS = k13V
0.14 k13 = 110.9 (MPa lm-0.14 s0.14) r13 = 0.997

ry = k14V
0.28 k14 = 38.5 (MPa lm-0.28 s0.28) r14 = 0.985

E = k15V
0.32 k15 = 10.9 (GPa lm-0.32 s0.32) r15 = 0.995

Figure 9. Variation of microhardness with temperature
gradient for the directionally solidified Zn–7Al–3Cu
eutectic alloy.

Figure 10. Variation of microhardness with growth
velocity for the directionally solidified Zn–7Al–3Cu
eutectic alloy.
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26% and 63%, respectively. However, the d value

decreased by 23%. The values of the exponent relating to G

are equal to 0.55 and 1.03 for rUTS and ry, respectively.

Typical strength–strain curves of studied alloy are shown

in Figure 14 for different V at a constant G for strain rate

(10-3 s-1). As shown in Figure 14, while the increasing V,
the values of rUTS and ry increased, but the values of d
decreased. Figure 15 shows the variation of rUTS, ry and d
as a function of V. It is found that the rUTS and ry increase
from 148 to 227.6 MPa and from 69.6 to 168.1 MPa, when

growth velocity increasing from 8.3 to 166 lm/s, respec-

tively. But the values of d decreased from 1.45 to 0.87%. In

other words, rUTS and ry values increased approximately

by 54% and 140%, respectively, but d value decreased by

60%.

As shown in Figures 12 and 14, the start of the strength–

strain curve for each sample did not start at the same time.

Figure 11. Variation of microhardness with eutectic
spacings for the directionally solidified Zn–7Al–3Cu
eutectic alloy.

Figure 12. Tensile strength–strain curves for Zn–7Al–
3Cu eutectic alloy at different temperature gradients.

Figure 13. Variation of tensile properties with tempera-
ture gradient for Zn–7Al–3Cu eutectic alloy.

Figure 14. Tensile strength–strain curves for Zn–7Al–
3Cu eutectic alloy at different growth velocities.

Figure 15. Variation of tensile properties with growth
velocity for Zn–7Al–3Cu eutectic alloy.
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This may be due to casting defects and inadequate homo-

geneity in the tested sample. Furthermore, it should also be

taken into account that experimental and systematic errors

may occur during the application of this test. Relationships

among the rUTS, ry, V and G are given in Table 2. As

evident from these equations, the exponent values of V is

equal to 0.14 and 0.28 for rUTS and ry, respectively. The
exponent value of V (0.14) for rUTS obtained in this study

is very close to the values of 0.14, 0.15 and 0.16 reported

by Lapin et al.,38 Fan et al.39 and Fan et al.33 for different

alloys, respectively. Also, exponent value (0.14) of the

V for the rUTS is slightly lower than 0.08, 0.08 and 0.11

values of obtained by Hu et al.40 for Sn–0.7Cu–0.7Bi alloy,

by Hosch and Napolitano41 for Al–12Si alloy and by

Çadırlı et al.42 for Sn–40.5Pb–2.6Sb ternary eutectic alloy,

respectively.

The Effect of G and V on Modulus of Elasticity
(E)

Modulus of elasticity (or Young’s modulus, E) can be

experimentally determined from the slope of a strength–

strain curve created during tensile tests conducted on a

sample of the material. As shown in Figure 14, the mod-

ulus of elasticity was calculated from the linear part of the

each strength–strain curves (initial portion of curve until

the first bend). The variation of modulus of elasticity in

terms of V is presented in Figure 16. The modulus of

Figure 16. Variation of modulus of elasticity with growth
velocity for Zn–7Al–3Cu eutectic alloy.

Figure 17. SEM fractographs taken from the fracture surfaces of Zn–7Al–3Cu samples at a constant
V (16.4 lm/s) (a) G = 6.7 K/mm (lowest value) (b) G = 10.7 K/mm (highest value).
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elasticity of the studied alloy gradually increases with

increasing V. Measured values of E, ranging from 22.1 to

56.1 GPa, have been achieved. As can be seen from the

equation on this graph, the exponent value of V is equal to

0.32. Growth velocity has a quite large influence on

modulus of elasticity. The changes in elastic constants of

ternary, quaternary or more component alloys can be rather

complex, since they can be effected by a few factors, such

as matrix microstructure (i.e., grain size, shape and com-

position of the different constituent phases), presence of

precipitates (composition, distribution, volume fraction,

shape and size of the particles), interface effects (i.e.,

interactions between dislocations generated in the matrix

and the numerous existing interfaces) and metallurgical

issues, like texture, porosity and cracks.43

Fracture Surface Analysis

Figures 17 and 18 show the fracture surfaces of samples

deformed at room temperature, where the alloys show very

limited elongation to fracture (less than 1.5%). The fracture

surfaces in these micrographs exhibit large and smooth

cleavage facets (Figure 18b), which is a typical feature of

intragranular brittle fracture. The cleavage plane extends

not only throughout the primary g-Zn grains, but also into

the eutectic/eutectoid regions (Figure 18b). While most

fracture surfaces after deformation at room temperature are

dominated by cleavage facets, some microcrack (Fig-

ure 17a) and microvoid (Figure 18a) are also observed

indicating locally failure, probably in the eutectic and

eutectoid regions. Many microcracks begin with these

microvoids and these defects contribute to brittle fracture.

Some of the most important factors that cause brittle

fracture are grain size, grain shape and intermetallic for-

mations. As grains get smaller in a material, the fracture

becomes more brittle. These factors have significantly

reduced the amount of elongation. In order to improve

mechanical properties, these issues should be taken into

consideration sometimes during solidification, sometimes

after solidification.

Conclusions

In current work, the microstructural (kL, kT) and the

mechanical properties (HVL, HVT, rUTS, ry, d and E) of
the directionally solidified Zn–7Al–3Cu ternary alloy for

Figure 18. SEM fractographs taken from the surfaces of Zn–7Al–3Cu samples at a constant
G (10.7 K/mm) (a) V = 8.3 lm/s (lowest value) (b) V = 166 lm/s (highest value).
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different solidification conditions were investigated. The

results are summarized as follows:

1. The lamellar eutectic spacings (kL, kT) decreased
with increasing G and V values. The relationships

among the k, G and V were obtained by linear

regression analysis as (kL = 0.008G-1.23,

kT = 0.02G-0.93, kL = 8.9V-0.49, kT = 5.9

V-0.42).

2. The experimental results show that HV values of

studied alloys increasewith increasingG andV. The
establishment of the relationships between HV and

(G and V) can be given as (HVL = 69.6G0.18,

HVT = 68.8G0.17, HVL = 110.6V0.02, HVT =

111.9V0.02,HVL = 78.8kL
-0.04,HVT = 72.3kT

-0.06).

3. As the G and V increase, rUTS, ry and E in-

creased. However, increasing G and V values and

d values decreased by 23% and 60%, respec-

tively. This shows that the effect of V on d is

more dominant than G. For this reason, samples

produced at high V values show more brittle

properties. The relationships between (G and

V) and (rUTS, ry and E) can be given as

(rUTS = 45.2G0.55, ry = 7.7G1.03, rUTS = 110.9

V0.14, ry = 38.5V0.28, E = 10.9V0.32).

Acknowledgements

This project was supported by the Niğde Ömer Halis-
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