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Relationships between secondary dendrite
arm spacing and mechanical properties
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Three ternary monotectoid-based Zn-40Al-(1, 2, 3%) Cu alloys were produced by
permanent mould casting at different pouring and mould temperatures. The average
cooling rate for each alloy was determined. Structure of the alloys was examined using
optical and electron microscopes and their hardness, tensile strength, percentage
elongation and impact energy were measured. As a result of these investigations the
relationships between structure and mechanical properties of the alloys were determined.

It was observed that the secondary dendrite arm spacing of the alloys decreased with
increasing cooling rate and their hardness, tensile strength, percentage elongation and
impact energy increased. Correlation of experimental results showed that the hardness,
tensile strength, percentage elongation and impact energy of the alloys could be related to
their secondary dendrite arm spacing using straight line equations. C© 2003 Kluwer
Academic Publishers

1. Introduction
It is known that zinc-based commercial alloys have
good mechanical and tribological properties and there-
fore they have been used in many engineering applica-
tions [1–6]. It is also known [7–10] that the mechani-
cal properties of these alloys may be further improved
by controlling their microstructure. Cooling rate was
found to be one of the effective parameters to con-
trol the microstructure of the as-cast alloys [10, 11].
It was observed that as the cooling rate increased the
secondary dendrite arm spacing of the alloys decreased.
Decreasing the secondary dendrite arm spacing resulted
in an increase in tensile strength of the alloys [10, 12].
Skenazi et al. [13] found a relationship between ten-
sile strength and secondary dendrite arm spacing of
zinc-based commercial alloys. However his work was
carried out only on the eutectic and eutectoid-based
ZA-8, ZA-12 and ZA-27 commercial alloys produced
by sand casting and the relationships between structure
and other mechanical properties of these alloys were
not included. On the other hand the monotectoid-based
Zn Al alloys have been found to have higher strength
and wear resistance than either eutectic or eutectoid-
based alloys [11, 14, 15] As a result of this most of the
research work on Zn Al alloys has been concentrated
on the monotectoid composition [16–24]. However
the relationships between structure and properties of
these alloys have not been fully established. It is there-
fore the purpose of this work to determine the rela-
tionships between secondary dendrite arm spacing and
mechanical properties of Zn-40Al-Cu alloys produced
by permanent mould casting.

2. Experimental procedure
2.1. Production and testing of alloys
High purity zinc (%99.9), electrolytic copper (%99.9)
and commercially pure aluminium were used to pro-
duce the alloys. The alloys were melted in an elec-
trical resistance type furnace using a silicon carbide
crucible and poured from different melting tempera-
tures ranging from 600◦C to 700◦C into a permanent
mould. The mould was kept at different temperatures
between 0◦C and 300◦C. The mould was produced
from mild steel and the shape and size of it is given
in Fig. 1. The cooling curves of the alloys were plot-
ted during casting using chromel-alumel type thermo-
couples placed at fixed distances along the sideline of
the ingots and an analogue-digital converter in a com-
puter. The average cooling rates for the ingots of each
alloy were determined by taking the slope of the cool-
ing curves between liquidus and solidus temperatures.
The liquidus temperature of the alloys was determined
from the binary Zn Al and the ternary Zn Al Cu
phase diagrams as 525◦C, and their solidus temper-
ature was taken as 375◦C according to the literature
[25–28].

Chemical compositions of the alloys were deter-
mined by atomic absorption analysis. Samples for
structural examination were prepared using standard
metallographic techniques and etched in 10% Nital.
The samples were then examined using both a light mi-
croscope and a scanning electron microscope (SEM).
Secondary dendrite arm spacing of the alloys was mea-
sured using line intercept method and at least thirty
readings were taken to determine the average value of
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Figure 1 Shape and size of the mould.

it. The percentage porosity of the alloys was determined
using an equation given in the literature [9]. This equa-
tion is given below.

Percentage porosity (%) = (ρf −ρm)/ρf ×100 (1)

where ρf is the full density and ρm is the measured
density of the alloys.

Tensile tests were carried out on round specimens
with a diameter of 10 mm and a gauge length of 50 mm
using a tensile test machine at a strain rate of 0.006 s−1.
Brinell hardness of the alloys was measured using a
load of 31.25 kg and a 2.5 mm diameter ball as an
indenter. The hardness of the alloys was determined
by taking the average of five hardness readings. Im-
pact tests were carried out on these alloys using un-
notched Charpy specimens which have the dimensions
of 10 × 10 × 55 mm. The impact energy of the al-
loys was determined by taking the average of two
readings.

3. Results
3.1. Chemical compositions, cooling rates

and secondary dendrite arm spacing
Chemical compositions of the alloys are given in Ta-
ble I. Typical examples of the cooling curves obtained
from three different points of the Zn-40Al-2Cu casting
are given in Figs 2 and 3. In these figures Tp and Tm

TABLE I Chemical composition of the alloys

Chemical composition (wt%)

Alloy Zn Al Cu

Zn-40Al-1Cu 59.2 39.7 1.1
Zn-40Al-2Cu 57.9 40.0 2.1
Zn-40Al-3Cu 58.0 39.0 3.0

Figure 2 Cooling curves for three points of Zn-40Al-1Cu alloy pro-
duced by pouring from 600◦C into a mould at 100◦C.

Figure 3 Cooling curves for three points of Zn-40Al-2Cu alloy pro-
duced by pouring from 700◦C into a mould at 300◦C.

show the pouring and the mould temperatures respec-
tively.

The microstructure of the alloys produced at dif-
ferent cooling rates consisted of aluminium-rich α

dendrites, zinc-rich η and copper-rich T′ phases in
the interdendritic regions. This can be seen on the
micrographs obtained from Zn-40Al-1Cu, Zn-40Al-
2Cu and Zn-40Al-3Cu alloys, Figs 4a, b, 5a, b, 6a
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Figure 4 (a) Microstructure of Zn-40Al-1Cu alloy produced at a cooling rate of 1.23◦C/s. (b) Microstructure of Zn-40Al-1Cu alloy produced at a
cooling rate of 4.56◦C/s.

and b respectively. These micrographs show that as
the cooling rate increases the primary dendrite size
of the alloys decreases. The secondary dendrite arm
spacing of the alloys was also decreased with in-
creasing cooling rate. The cooling rates and the sec-
ondary dendrite arm spacing of the alloys produced
are given in Table II. The effect of cooling rate on
the dendrite arm spacing is shown in Fig. 7. It can
be seen from this figure that as the cooling rate in-
creases the secondary dendrite arm spacing of the alloys
decreases.

3.2. Relationships between secondary
dendrite arm spacing and mechanical
properties of the alloys

The secondary dendrite arm spacing and the mechan-
ical test results obtained from the alloys are given in
Table III. The curves of the hardness, tensile strength,
percentage elongation and impact energy of the al-
loys versus secondary dendrite arm spacing are shown
in Figs 8–11 respectively. It can be seen from these
curves that the hardness, tensile strength, percentage
elongation and impact energy of the alloys increase
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Figure 5 (a) Microstructure of Zn-40Al-2Cu alloy produced at a cooling rate of 0.33◦C/s. (b) Microstructure of Zn-40Al-2Cu alloy produced at a
cooling rate of 4.46◦C/s.

with decreasing secondary dendrite arm spacing. It was
found that the hardness (H ), tensile strength (σTS),
percentage elongation (ε%) and impact energy (E) of
the alloys can be related to their secondary dendrite
arm spacing (d) using straight line equations given
below.

H = Ad + B (2)

σTS = Ad + B (3)

ε(%) = Ad + B (4)

E = Ad + B (5)

where A and B are constants. These constants and
correlation coefficients for the alloys are given in Ta-
bles IV–VII respectively.

4. Discussion
In this work, it was found that the secondary dendrite
arm spacing of the alloys decreased with increasing
cooling rate. As the cooling rate decreases there is
enough time for small dendrite arms to melt and disap-
pear [29]. This occurs as a result of their high surface
area to volume ratio that increases their total energy per
unit volume. As the small dendrite arms disappear the
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Figure 6 (a) Microstructure of Zn-40Al-3Cu alloy produced at a cooling rate of 1.15◦C/s. (b) Microstructure of Zn-40Al-3Cu alloy produced at a
cooling rate of 4.51◦C/s.

secondary dendrite arm spacing of the alloys increases
[30].

It was also found that the hardness, tensile strength,
percentage elongation and impact energy of the alloys
increased with decreasing secondary dendrite arm spac-
ing, Figs 8–11. This observation may be explained in
terms of microstructure and soundness of the alloys. It
was observed that percentage porosity of the alloys de-
creased with decreasing secondary dendrite arm spac-
ing, Fig. 12. This means that as the secondary den-
drite arm spacing decreased the alloys became sounder.
Hence as the soundness of the alloys increased their
hardness, strength and elongation increased.

It was also found that when the copper content ex-
ceeded 2%, tensile strength of these alloys decreased.
This may be related to the microstructure of the copper
containing alloys. It is known [31] that when the copper
content of the Zn Al Cu alloys exceeds 2% copper-
rich intermetallic T′ and θ phases form in the interden-
dritic regions. Formation of copper-rich intermetallic
phases decreases the copper content of aluminium and
zinc rich dendrites and hence reduces the effect of the
solid solution strengthening.

Comparison of the relationships obtained between
the mechanical properties and the secondary den-
drite arm spacing showed that the impact energy and
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T ABL E I I Secondary dendrite arm spacing (d) of the alloys obtained
at different cooling rates (R)

Alloy R (◦C/s) d (µm)

Zn-40Al-1Cu 4.56 21
2.89 27
2.28 37
1.23 46

Zn-40Al-2Cu 4.46 22
3.15 30
2.64 37
2.32 39
0.91 49
0.33 54

Zn-40Al-3Cu 4.51 20
3.35 26
2.46 34
1.15 42

T ABL E I I I Hardness (H ), tensile strength (σTS), percentage elonga-
tion (ε%) and impact energy (E) of the alloys corresponding to different
secondary dendrite arm spacing (d)

Alloy d (µm) H (BHN) σTS (MPa) ε(%) E (J )

Zn-40Al-1Cu 21 116 371 9 45
27 114 366 8 40
37 111 361 7 34
46 108 353 6 31

Zn-40Al-2Cu 22 121 390 9 40
30 119 384 8 34
37 116 380 8 30
39 116 377 7 29
49 112 373 6 23
54 111 368 5 19

Zn-40Al-3Cu 20 125 389 5 35
26 121 383 4 31
34 119 375 3 26
42 117 370 3 17

percentage elongation of the alloys are more sensitive
to the change in the secondary dendrite arm spacing
compared to hardness and tensile strength, Tables IV–
VII and Figs 8–11. This observation may be explained
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Figure 7 Curves showing the effect of cooling rate on the secondary
dendrite arm spacing (d) of the alloys.
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Figure 8 Curves showing the effect of secondary dendrite arm spacing
(d) on the hardness of the alloys.
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Figure 9 Curves showing the effect of secondary dendrite arm spacing
(d) on the tensile strength of the alloys.

in terms of porosity in the alloys. It is known that as
the secondary dendrite arm spacing decreases the num-
ber of pores in these alloys decreases [9, 10]. It is
also known that the hardness and tensile strength of
the alloys are not as sensitive as their impact energy
and percentage elongation to the change in the percent-
age porosity [9]. This may be related to the measuring
techniques of these parameters. For example surface
porosity is expected to be effective on the measured
hardness of the alloys compared to internal porosity;
however both surface and internal porosity may affect
impact energy and elongation. On the other hand poros-
ity is more effective during necking of the alloys, which
takes place after the maximum tensile stress is reached.
Furthermore, necking may not occur in the alloys con-
taining high percentage porosity and the test pieces may

2644



d (µm)

10 20 30 40 50 60 70

P
er

ce
nt

ag
e 

el
on

ga
ti

on
 (

%
)

0

2

4

6

8

10

12

14
Zn-40Al-1Cu
Zn-40Al-2Cu
Zn-40Al-3Cu

Figure 10 Curves showing the effect of secondary dendrite arm spacing
(d) on the percentage elongation of the alloys.
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Figure 11 Curves showing the effect of secondary dendrite arm spacing
(d) on the impact energy of the alloys.

fracture when or before the maximum tensile stress is
reached. This is probably why the tensile strength of the
alloys is not as sensitive as their elongation to porosity
and hence to the change in the secondary dendrite arm
spacing. On the other hand pores may act as notches
during impact loading and greatly reduce the impact

T ABL E IV Values of A and B constants and correlation coefficient
(k) for Equation (2), which shows the relationship between hardness (H )
and secondary dendrite arm spacing (d) of the alloys

Alloy A B k

Zn-40Al-1Cu −0.32 123 0.99
Zn-40Al-2Cu −0.32 128 0.99
Zn-40Al-3Cu −0.35 131 0.97

TABLE V Values of A and B constants and correlation coefficient (k)
for Equation (3), which shows the relationship between tensile strength
(σTS) and secondary dendrite arm spacing (d) of the alloys

Alloy A B k

Zn-40Al-1Cu −0.69 385 0.99
Zn-40Al-2Cu −0.66 404 0.99
Zn-40Al-3Cu −0.84 405 0.99

TABLE VI Constants (A and B) and correlation coefficient (k) for
Equation (4) which shows the relationship between percentage elonga-
tion (ε%) and secondary dendrite arm spacing (d) of the alloys

Alloy A B k

Zn-40Al-1Cu −0.12 11 0.99
Zn-40Al-2Cu −0.12 12 0.98
Zn-40Al-3Cu −0.09 7 0.92

TABLE VII Constants (A and B) and correlation coefficient (k) for
Equation (5) which shows the relationship between the impact energy
(E) and secondary dendrite arm spacing (d) of the alloys

Alloy A B k

Zn-40Al-1Cu −0.56 56 0.99
Zn-40Al-2Cu −0.63 54 0.99
Zn-40Al-3Cu −0.78 51 0.99
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Figure 12 Curves showing effect of secondary dendrite arm spacing (d)
on the percentage porosity of the alloys.

energy of the alloys. This is because notches are more
effective on the mechanical behaviour of alloys under
dynamic loading than they are under static loading [32,
33].

5. Conclusions
1. Secondary dendrite arm spacing of Zn-40Al-Cu al-
loys decreases with increasing cooling rate during so-
lidification. As the secondary dendrite arm spacing
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decreases the hardness, tensile strength, percentage
elongation and impact energy of these alloys increase.

2. The hardness, tensile strength, percentage elon-
gation and impact energy of Zn-40Al-Cu alloys in the
as-cast condition can be related to their secondary den-
drite arm spacing using straight line equations.

3. Secondary dendrite arm spacing strongly affects
the impact energy and elongation of Zn-40Al-Cu alloys
but has less effect on their hardness and tensile strength.
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