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Abstract

Zn-1.5wt.%Cu peritectic alloy was prepared in a graphite crucible under a vacuum atmo-
sphere. Unidirectional solidification of Zn-1.5wt.%Cu peritectic alloy was carried out with the
Bridgman method by using metals of 99.99 % purity under the argon atmosphere and two
different conditions; with a temperature gradient (G) range of 1.99-7.81 K mm ™! at constant
growth rate (V) and a growth rate range of 8.41-661.11 um s~ ' at a constant temperature
gradient. The microstructures of the directionally solidified Zn-1.5wt.%Cu peritectic samples
were observed to be cellular. From both transverse and longitudinal sections of the samples,
cellular spacing (\), and cell tip radius (R) were measured and expressed as functions of solidi-
fication processing parameters (G and V') using a linear regression analysis. The experimental
results were also compared with values calculated according to the current theoretical and
numerical models, and similar previous experimental results.
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1. Introduction

Solidification and melting are transformations
between crystallographic and non-crystallographic
states of a metal or alloy. These transformations are of
course basic to such technological applications as in-
got casting, foundry casting, continuous casting, single
crystal and growth directional solidification of com-
posite alloys. An understanding of the mechanism of
solidification and how it is affected by such paramet-
ers as temperature distribution, solidification condi-
tions and alloying, is important in the control of mech-
anical properties of the cast metals and fusion welds
[1].

Peritectic alloys occupy an outstanding position
among the engineering materials. Many technically
important alloy systems such as steels, Cu alloys, rare
earth permanent magnets and high Tc superconduct-
ors display peritectic reactions where phase and mi-
crostructure selection plays an important role for the
processing and the properties of the material [2]. Des-

pite the practical importance of peritectic alloys, the
variety of complex solidification microstructures that
can form in these alloys has drawn the recent attention
of researches to this field [3].

Peritectic microstructures are characterized by the
growth competition between 7 primary and a peri-
tectic € phase, which can both coexist with the liquid
at the peritectic temperature T,. When peritectic al-
loy is directionally solidified under planar growth con-
ditions, the rejection of solute in the liquid leads to
the formation of a solute boundary layer [4]. The com-
position in the liquid at the interface increases as the
single-phase solidification and the interface temper-
ature decrease with time until a steady-state growth
conditions are achieved at the solidus temperature of
the alloy. The three phase peritectic reaction (L + ¢
— 1) cannot occur at T, but must occur below Tj,.
However, below T},, n can also form directly by crys-
tallization from liquid and unless the temperature is
maintained constant, all the n can be produced this
way [5].
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The Zn-Cu alloy system, which is the typical peri-
tectic alloy with cellular structure, has recently attrac-
ted much attention. Therefore the Zn-Cu system was
selected as a model system to investigate the cellular
structure in peritectic alloys. Moreover, Zn-Cu alloy
is an excellent alloy system to study coupled growth
for three main reasons: firstly, Zn-Cu is a typical bin-
ary peritectic system in which four peritectic reactions
occur over the whole composition range, secondly, in
contrast to many other peritectic systems, the mushy
zone range is small (~ 3 K), which makes it convenient
to carry out experiments, thirdly, all necessary phys-
ical parameters related to the Zn-Cu system are well
known.

1.1. Theoretical models for cellular spacing

In directional solidification experiments, the so-
lidification processing parameters, temperature gradi-
ent (G) and growth rate (V) can be independ-
ently controlled so that one may study the depend-
ence of microstructure parameter (\) on either G
at constant V or V at constant G for the con-
stant initial solute composition (C,). Most experi-
mental studies have shown that the microstructural
parameters decrease as solidification processing para-
meters (G and V) increase, for the constant C,.
A literature survey shows several theoretical mod-
els [6-8] and numerical models [9-11] used to ex-
amine the influence of solidification processing para-
meters (G, V, C,) on the microstructure para-
meter.

Hunt [6], Kurz and Fisher [7] and Trivedi [8] have
derived cellular/dendritic spacing formulas, which ap-
ply for steady-state conditions, as a function of G,
V and C,. Hunt and Lu [9] and Kurz, Giovan-
ola and Trivedi [10, 11] have proposed numerical
models to characterize cells and primary dendrite
spacing during steady-state growth conditions, as
a function of V and C,. The theoretical and nu-
merical models for determination of cellular spacing
proposed by these authors are given by Egs. (1)-

(5):

A = 2.83[[m(k, — 1)CoD]*?° G=0-5y ~0:25

(Hunt model [6]), (1)
Tr(ko = 1)CoD1™* o5 —0.95

Y TS,

(Kurz-Fisher model [7]), (2)

A =283 [LT'm(k, — 1)C,D]* % G025y 0%

(Trivedi model [8]), (3)

Tk 0.41
_ —0.745 ° 0.597,—0.59
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(Hunt-Lu model [9]), (4)

Dk, 05
A=Ar | ——F———— :

m {mC’O(k‘O - 1)} v
(Kurz-Giovanola-Trivedi model [10, 11]), (5)

where I' is the Gibbs-Thomson coefficient, m is
the liquidus line slope, k, is the partition coef-
ficient, C, is the initial alloy composition, D is
the diffusion coefficient in the liquid, L is in the
range of 10-28 that depends on harmonic perturba-
tions.

1.2. Dendritic/cellular tip radius

As mentioned in the previous section, the Hunt [6],
Kurz-Fisher [7] and Trivedi [8] models have been ap-
plied to find the relationships between R as a function
of Vand C,. According to the Hunt model [6],

=

according to the Kurz-Fisher model [7],
R =27 {7

and according to the Trivedi model [§],

(8)

0.5
_ [2KDCDL]™ o
m(k, —1) ’

As can be seen from Egs. (6)—(8), the theoretical mod-
els for dendritic/cellular tip radius, R are also very
similar and the difference among them is a constant
only.

In this work, the theoretical models for high growth
rate were chosen because the experiments were car-
ried out for high growth rates (V > Vi, where Vi
is the critical velocity at which the planar interface
becomes unstable), and the experimental results were
compared to the results obtained by the theoretical
and numerical models. Also several experimental stud-
ies in the literature [12-25] were compared with these
theoretical predictions under steady-state growth con-
ditions, for alloys of different systems: Zn-Cu [12, 13],
Zn-Al[14, 15], Al-Cu [16, 17], Al-Si [18], Fe-Si [19], Fe-
-Cr [20], Pb-Bi [21], Ni-Al [14, 22], Zn-Ag [23], NaCl
[24], and Pivalic acid-ethanol [25] and an agreement
between theory and experiment is generally reported.

Thus, the purpose of the present work is to exper-
imentally investigate the effect of solidification pro-
cessing parameters on the microstructure parameters
in the Zn-Cu peritectic alloy and to compare the res-
ults with the current theoretical and numerical models
and similar previous experimental results.
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Fig. 1. (a) Block diagram of the experimental setup, (b) the details of the Bridgman type directional solidification furnace.

2. Experimental apparatus and procedure
2.1. Sample preparation and solidification

Zn-Cu peritectic alloy was prepared by using
metals of 99.99 % purity. Weighed amounts of Zn
and Cu metals were melted in a graphite crucible,
which was placed into a vacuum-melting furnace.
After allowing time for melt homogenisation, the mol-
ten alloy was poured into the prepared 13 graphite
crucibles (200mm in length 4 mm ID and 6.35 mm
OD) held in a hot filling furnace. Then each speci-
men was positioned in a graphite cylinder (300 mm
in length, 10 mm ID and 40 mm OD) in a Bridgman
type furnace. After stabilizing the thermal conditions
in the furnace under an argon atmosphere, the spe-
cimen was grown by pulling it downwards at vari-
ous solidification conditions by means of synchron-
ous motors. Specimens were solidified under steady
state conditions with different G (1.99-7.81 K mm™1!)
at a constant V (16.44 ums™!) and with different V
(8.41-661.11 um s~ 1) at a constant G (7.81 Kmm™1).
After 10-12 cm steady-state growth, the samples were
quenched by rapidly pulling it down into the water
reservoir. The temperature of water in the reservoir
was kept at approximately 300 K to an accuracy of
+0.1K using a Poly Science digital 9102 model heat-
ing/refrigerating circulating bath and the temperature
in the sample was controlled to an accuracy of 0.1 K

by using a Furotherm 2604 type controller. The block
diagram of the experimental set-up and details of the
Bridgman type directional solidification furnace are
shown in Fig. 1.

2.2. Measurements of temperature gradient
and growth rate

The temperature of the Bridgman type furnace was
controlled to about +0.1K with a Furotherm 2604
type temperature controller. Throughout the experi-
ment, temperature distribution was obtained by meas-
uring the temperatures in the sample by three ther-
mocouples (type-K), which were placed within the
samples. The thermocouples were placed into capil-
lary alumina tubes (0.8 mm ID, 1.2mm OD) which
were positioned approximately 10 mm apart and par-
allel to the heat flow direction inside the crucible. All
thermocouples were connected by coaxial cables to a
data-logger interfaced with a computer, and the tem-
perature data were acquired automatically. When the
second thermocouple was at the solid-liquid interface
and the third thermocouple in the liquid, their tem-
peratures were used to determine G values. The tem-
perature gradient (G = AT/AX) for each sample was
determined using the measured values of AT and the
known value of AX.

The time taken for the solid-liquid interface to pass
through the thermocouples separated by known dis-
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Table 1. The experimental results and relationships between the cellular spacing and solidification parameters for the
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Zn-Cu peritectic alloy

Solidification parameters

Microstructure parameters

G v AT AL Am Anr R
(Kmm™)  (ums™) (wm) (wm) (nm) (wm) (wm)

1.99 16.44 23220 + 876  213.53 £11.0  173.04 &+ 10.25  264.99 & 12.34  70.72 + 3.20
3.33 16.44 167.47 +8.39  155.52 + 7.76  130.75 + 6.71 200.50 + 8.93 63.91 + 2.64
4.64 16.44 147.31 + 7.51  130.38 + 8.89  116.56 + 6.41 166.38 4+ 9.17 51.94 + 1.82
6.50 16.44 115.23 + 6.17  103.99 + 6.70 90.91 + 5.18 135.48 4 7.26 46.64 &+ 1.73
7.81 16.44 106.03 + 5.16  95.58 + 4.51 80.53 4 3.49 122.60 & 5.33 41.59 + 1.62
7.81 8.41 159.92 + 5.05  99.45 + 4.63 78.08 + 3.59 128.94 4 5.38 52.43 + 1.81
7.81 16.44 106.03 + 5.16  95.58 + 4.51 80.53 4 3.49 122.60 + 5.33 41.59 + 1.62
7.81 40.42 100.87 4 4.52  72.25 + 4.06 53.38 & 3.42 89.21 & 5.08 28.74 + 1.74
7.81 75.75 77.82 £3.23  53.94 + 3.07 42.07 4+ 2.35 68.03 + 3.34 19.73 + 0.87
7.81 165.27 62.96 + 1.97  45.44 + 2.11 33.13 4+ 1.77 56.05 + 2.41 12.72 + 0.69
7.81 661.11 46.99 + 1.13  32.47 &+ 1.03 22.77 + 0.85 41.05 4 1.22 6.34 + 0.41
Relationships Constant (k) Correlation constant (12)

At = k G057 k1 = 341.97 (um%*3 KO 57) % = —0.992

Ar = ko V026 k2 = 255.04 (um*2¢ s 3 = —0.970

AL = k3G9 ks = 323.59 (um®*! KO 59 % = -0.996

AL = ky V027 ky = 189.67 (um** s 73 = —0.978

Am = ks G055 ks = 123.87 (um%*5 KO 55 72 = —0.986

Am = keV 7030 ke = 165.57 (um'3° s 2 = —0.972

v = kG056 k7 = 257.04 (um®* KO 56) 7% = —0.998

Av = kgV 028 ks = 246.61 (um*2® 73 = —0.980

R = koGO3 ko = 95.49 (um 057 KO 13 75 = —0.988

R =k oV 046 ko = 162.18 (um1‘46 57 0-16) %o = —0.998

At — average values of cellular spacing measured from the transverse section of the samples by area counting and triangle

methods,

AL — the values of the cellular spacing measured from the longitudinal section,

Am — the minimum values of the cellular spacing measured from the longitudinal section,
AMm — the maximum values of the cellular spacing measured from the longitudinal section,
R — the values of the cell tip radius measured from the longitudinal section.

tances was read from the data-logger record. Thus, the
value of growth rate (V = AX/At) for each sample
was determined using the measured values of At and
AX. The calculated values of G and V are given in
Table 1.

2.3. Metallographic analysis

The unidirectionally grown quenched samples were
removed from the graphite crucible, then ground to
observe the solid-liquid interface, and longitudinal
(parallel to the growth direction) section, which in-
cluded the quenched interface, was separated from the
sample. The longitudinal and transverse sections of
ground samples were then cold mounted with epoxy-
resin. The longitudinal and transverse sections were
ground flat with 180, 500, 1000, 2500 grit SiC papers,
and polished with 6 pm, 3 um, 1 pum, 0.25 um and
0.05 pm diamond paste. After polishing, the samples
were etched in a solution (20 g CrOsz plus 3 g NaySOy

in 100 ml distilled water) for 5 s. After metallographic
preparation, the microstructures of the samples were
revealed. The microstructures were characterized from
both transverse and longitudinal sections of samples
using an Olympus BX-51 optical microscopy. Typical
images of growth morphologies of directionally solidi-
fied Zn-1.5wt.%Cu alloy are shown in Fig. 2.

The quantitative chemical composition analysis of
solid phases in the sample was carried out by a LEO
scanning electron microscopy (SEM) equipped with an
energy dispersive X-ray (EDX) spectrometer as well
as a computer controlled image system. At peritectic
temperature (697 K), the solid solubility of Cu in Zn
and the solid solubility of Zn in Cu are 2.7 weight pct
Zn and 39 weight pct Cu, respectively [26]. According
to EDX results (Fig. 3) and the solid solubility of all
phases, the dark phase is Cu-based solid solution (Cu-
39wt.%Zn), the grey phase is ) phase (Zn-2.7wt.%Cu)
and the composition of the peritectic liquid is about
0.4 wt.% Cu.
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Fig. 2. Typical optical images of the growth morphologies of directionally solidified Zn-1.5wt.%Cu alloy: (a) longitudinal

section, (b) transverse section (G = 1.99 Kmm™, V = 16.44 ums™'), (c) longitudinal section, (d) transverse section

(G = 781 Kmm™', V = 1644ums™'), (e) longitudinal section, (f) transverse section (G = 7.81 Kmm™',
V =8.41ums™"), (g) longitudinal section, (h) transverse section (G = 7.81 Kmm™", V = 661.11 pms™ ).
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Fig. 3. (a) The chemical composition analysis of the Zn-1.5wt.%Cu alloy by using SEM and EDX, (b) quenched liquid
phase, (c) grey phase (Zn-based solid solution), (d) dark phase (Cu-rich phase).

2.4. Measurements of cellular spacing and cell
tip radius

The major mechanisms by which the adjustment
in cellular spacing occurs are well documented in the
literature [27]. The regimes of unstable primary spa-
cing for cellular structures were determined. In this
case, cellular elimination occurred when the local spa-
cing was smaller than the stable spacing. In contrast,
if the local primary spacing is larger than the stable
spacing, then a new cell is created by the mechanism
of tip-splitting. As in the case of the cellular structure,
the unstable ranges of spacing were characterized by
measuring the largest spacing, Ay ax, at which dendrite
elimination occurred, and the smallest spacing Amin,
at which tip splitting occurred.

The measurements of the cellular spacing Ay, (min-
imum), Ay (maximum) and A;, (average values of Ay,
and Ay), which are the distance between nearest two
cell tips, were made on the longitudinal sections of the
samples. As can be seen from Table 1, the relationship
between the values of A\r,, Ay and Ay, for the steady
growth were obtained to be A\, < AL < Am.

Two different methods were used for measurement
of the cellular spacing on the transverse sections. The
first method is the triangle method [28]. The triangle
is occurred by joining the centres of the three neigh-
bouring cells (Fig. 4b), and sides of the triangle corres-
ponded to A¢;. The second method is the area counting
method [29]. In this method, the average cellular spa-
cing values (Fig. 4c), Ay, were calculated from

w2 (8) )

where B (1.075 for hexagonal structures) is correction
factor, M is the magnification factor, A (A = a x b)
is the total specimen cross-section area and N is the
number of cell on the cross-section. The value of At is
the average of \,; and Ay, given in Table 1.

The dendrite tip radius, defined in Fig. 4d, was
measured by fitting a suitable circle to the cell tip
side. These measurements were repeated at least 30—
40 times on the cells for each G and V.
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Fig. 4. Schematic illustration of the cellular spacing measurements on transverse and longitudinal sections: (a) schematic
illustration of the microstructure, (b) triangle method for measuring that cellular spacing, (c) area counting method for
measuring that cellular spacing, (d) schematic illustration of cell tip radius.

3. Results and discussion

3.1. Influence of the temperature gradient on
the cellular spacing and cell tip radius

A series of experiments were carried out with
different G (1.99-7.81 Kmm™1!) at a constant V
(16.44 ums~!) and also with different V (8.41-
661.11 um s~ ') at a constant G (7.81 Kmm~™1!) for
the Zn-1.5wt.%Cu peritectic alloy. Figure 2 shows the
views of cellular spacing from longitudinal and trans-
verse sections of the specimen to investigate the in-
fluence of solidification processing parameters on the
cellular spacing. As expected, the formation of the mi-
crostructure has varied with the temperature gradient
(G) at a constant growth rate (V). As the values of
G were increased, the cellular spacing A; (A1, AL, Am,
Am) and cell tip radius (R) decreased. The highest
values for A and R were obtained at the minimum
value of G (1.99 Kmm™!), as shown in Fig. 2a and
Table 1. A high temperature gradient allows more in-
tense atomic diffusion. Thus, the highest values of A
and R are attributed to the more intense cooperative
growth and to a higher diffusion length.

The variation of A and R versus G is essentially
linear on the logarithmic scale. As can be seen from

Table 1 and Fig. 5a, the data form straight lines,
the linear regression analysis gives the proportional-
ity equation for constant V as:

A = kG2,
R=kG™Y,

where \; represents the values of A, AL, Am, Ay and
k is a constant, a and b are exponent values relating
to the temperature gradients for )\; and R, respect-
ively. The relationships between the cellular spacing
and temperature gradient were determined by linear
regression analysis and are given in Table 1. As can
be seen from Fig. 5a and Table 1, the exponent values
relating to the temperature gradient (G) for Ar, Ap,
Am and Ay were found to be —0.57, —0.59, —0.55, and
—0.56, respectively. The exponent value relating to the
temperature gradient (G) for R was found to be —0.43.

The influence of temperature gradient (G) on the
cellular spacing A and dendrite tip radius R cannot be
ignored. The influence of temperature gradient on the
values of G and R was investigated by several authors
[18, 19] for different binary alloys. The exponents re-
lating to the temperature gradient (G) for A obtained
in the present work are in a good agreement with the



124 U. Boyiik et al. / Kovove Mater. 48 2010 117-126

400 V= 16.44 um/s (constant) ® G
v -G
= [y c]
g - k;-G
£ 200 L Re
5]
g \\\\
s M
o
o 100
2 80
Q
A
g 40
(@)
20 :
2 3 4 5 6 7 8 910
Temperature gradient G (K/mm)

200 G=7.81 K/mm (constant) : ;I\\;
~ | |
=

.

<100+ a
5
Q
§ 50
<
a
[
3 20
Q
g
17
£
= o o

5 10 20 50 100 200 500 1000
Growth rate V (um/s)

Fig. 5. (a) Variation of A as a function of G at a constant
V (16.44 um s~ 1), (b) variation of \ as a function of V at
a constant G (7.81 K mm™') for Zn-1.5wt.%Cu alloy.

exponent values relating to the temperature gradient
(G) for A obtained in the range from —0.45 to —0.60 by
various researchers [18-25] for different alloy systems.

Table 1 and Fig. 5b show variations of X\; (A,
AL, Am, AM) and R with V at the constant G
(7.81 K mm™1!) for the Zn-1.5wt.%Cu alloy. The vari-
ation of A\ versus the growth rate was plotted on the
logarithmic scales and it is essentially linear. A linear
regression analysis gives the proportionality equations
between the growth rate (V) and solidification para-
meters (A and R) as

A= kVe, (12)
R=kV™9, (13)

where ¢ and d are exponent values relating to the
growth rate for \; and R. Figure 5b shows clearly that
an increase in V produces a decrease in A\; and R. The
exponent values relating to the growth rate for A, Ap,
Am and Ay were found to be —0.26, —0.27, —0.30, and
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Fig. 6. (a) Comparison of cellular spacing, A, obtained in
the present experimental work with predicted values of A
by the theoretical models [6-8] for Zn-1.5wt.%Cu alloy, (b)
comparison of cellular spacing, A\, obtained in the present
experimental work with predicted values of A by the nu-
merical models [9-11] for Zn-1.5wt.%Cu alloy.

—0.28, respectively. The exponent value relating to the
growth rate for R was found to be 0.46. The exponent
values of V (-0.26, —0.27, —0.30, and —0.28) obtained
in this work are in good agreement with the range ex-
ponent values of V (from —0.24 to —0.33) obtained by
various researchers [18-25] for different alloy systems.
And also, the exponent value of R for Zn-1.5wt.%Cu
alloy obtained in the present work is mostly in a good
agreement with the exponent values of R obtained in
previous work [20-25] for different alloy systems.
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Fig. 7. Comparison of cell tip radius, R, obtained in the
present experimental work with predicted values of R by
the theoretical models [6-8] for Zn-1.5wt.%Cu alloy.

3.2. Comparison of the experimental results
with theoretical models

The comparison of the experimentally obtained A
and R values in the present work with the A and R val-
ues calculated by the Hunt [6], Kurz-Fisher [7], Trivedi
[8], Hunt-Lu [9] and the Kurz-Giovanola-Trivedi [10,
11] models are given in Figs. 6 and 7. The thermo-
physical parameters of the Zn-1.5wt.%Cu alloy [30,
31] used in the A and R calculations of the theoret-
ical models are given in Appendix A. As can be seen
from Fig. 6a, the calculated values of A using Hunt [6]
and Kurz-Fisher [7] models are in a good agreement
with the experimental At and Ap, values, but the cal-
culated values of A with the Trivedi [8] model give
slightly higher values than the experimental ones.

The comparison of our experimental values of A
with the calculated values of A by the Hunt-Lu [9]
and Kurz-Giovanola-Trivedi [10, 11] numerical mod-
els is given in Fig. 6b. As can be seen in Fig. 6b, our
experimental results generally do not agree with the
calculated values of A by the Hunt-Lu [9] and Kurz-
-Giovanola-Trivedi [10, 11] models. This might be due
to the fact that the theoretically exponent values of
V according to the Hunt-Lu [9] and Kurz-Giovanola-
-Trivedi [10, 11] numerical models are (-0.59 and
—0.50, respectively) are about twice that of our ex-
perimentally determined exponent value of V (-0.26).

Figure 7 shows the comparison of the experiment-
ally obtained R values as a function of (C, V)79 at
a constant G with the values of R calculated by the
Hunt [6], Kurz-Fisher [7] and Trivedi [8] models. It

can be seen from Fig. 7, the calculated values of R by
Kurz-Fisher [7] and Trivedi [8] models are in a good
agreement with our experimental values. The calcu-
lated values of R by the Hunt [6] model are much
smaller than our experimental values.

4. Summary and conclusions

The principal results of the present work can be
summarized as follows:

1. The values of microstructure parameters (Ar,
AL, Am, Am and R) decrease as the values of G and V
increase. The exponent values relating to the temper-
ature gradient (from —0.55 to —0.59) for cellular spa-
cing agree well with the previous experimental results.

2. The experimental A values are very close to those
predicted by the Hunt [6] and Kurz-Fisher [7] models
but are higher than the values predicted by the Trivedi
model [8] and are higher than our experimental \ val-
ues. On the other hand, the experimental A values
disagree with the values obtained by Hunt-Lu [9] and
Kurz-Giovanola-Trivedi [10, 11] numerical models.

3. The values of R measured in the present work
are in a good agreement with the calculated values
according to Hunt [6], Kurz-Fisher [7] and Trivedi [8]
models.

Acknowledgements

This research was financially supported by the The
Scientific and Technical Research Council of Turkey
(TUBITAK under Contract No: 107T095). The authors
are grateful to TUBITAK for their financial support.

References

[1] PORTER, D. A—EASTERLING, K. E.. Phase
Transformations in Metals and Alloys. Second Edition.
Cheltenham, UK, CRC Press 1992, p. 185.

[2] HUNZIKER, O.—VANDYOUSSEFI, M.—KURZ,
W.: Acta Mater., 46, 1998, p. 6325.
doi:10.1016/51359-6454(98)00336-X

[3] KERR, HW.—KURZ, W.: Inter. Mater. Rev., 41,
1996, p. 29.

[4] TRIVEDI, R.—PARK, J. S.: J. Cryst. Growth, 235,
2002, p. 572. doi:10.1016/50022-0248(01)01803-6

[5]) ST JOHN, D. H.: Acta Metall., 38, 1990, p. 631.
doi:10.1016/0956-7151(90)90218-6

[6] HUNT, J. D.: Solidification of Casting of Metals. Lon-
don, Metals Society 1979.

[7] KURZ, W.—FISHER, D. J.: Acta Metall., 29, 1981,
p. 11. doi:10.1016/0001-6160(81)90082-1

[8] TRIVEDI, R.: Metall. Trans., 15A, 1984, p. 977.

[9] HUNT, J. D.—LU, S. Z.: Metall.Trans., 27A, 1996, p.
611.

[10) KURZ, W.—GIVANOLA, B.—TRIVEDI, R.: Acta
Metall., 34, 1986, p. 823.
doi:10.1016/0001-6160(86)90056-8



http://dx.doi.org/10.1016/S1359-6454(98)00336-X
http://dx.doi.org/10.1016/S0022-0248(01)01803-6
http://dx.doi.org/10.1016/0956-7151(90)90218-6
http://dx.doi.org/10.1016/0001-6160(81)90082-1
http://dx.doi.org/10.1016/0001-6160(86)90056-8

126 U. Boyiik et al. / Kovove Mater. 48 2010 117-126
[11] KURZ, W.—GIVANOLA, B.—TRIVEDI, R.: J. [21] TOKIEDA, K.—YASUDA, H—OHNAKA, I.: Mat.
Cryst. Growth, 91, 1988, p. 123. Sci. Eng. A, 262, 1999, p. 238.
doi:10.1016/0022-0248(88)90376-4 doi:10.1016/50921-5093(98)01005-3
[12] LI, Y. NG, S. C._MA, D. JONES, H.: Scripta  [22] LEE, J._ VERHOEVEN, J. D.. J. Cryst. Growth,
Metall., 39, 1998, p. 7. 144, 1994, p. 353. doi:10.1016/0022-0248(94)90477-4
doi:10.1016/51359-6462(98)00112-2 [23] XU, W—FENG, Y. P.—LI, Y..—ZANG, G. D.—LI,
[13] MA, D.—LI, Y—NG, S. C—JONES, H.: Sci. Tech- Z.Y.: Acta Materalia, 50, 2002, p. 83.
nol. Adv. Mat., 2, 2001, p. 127. [24] GORBUNOV, A. V.: Acta Metall., 40, 1992, p. 513.
doi:10.1016/51468-6996(01)00038-9 [25] TRIVEDI, R—MASON, J. T.: Metal. Mat. Trans. A,
[14] COOKSEY, D. J.—MONSON, D.—WILKINSON, M. 22,1991, p. 235.
P—HELLAWELL, A.: Met. Trans. Soc. AIME, 218, [26] CHOU, K.—ZHOU, G.—CHEN, W.: Fundamentals
1964, p. 745. of Structural Chemistry. Singapore, World Scientific
[15] TUNCA, H—SMITH, R. W.: J. Mater. Sci., 23, 1988, Publishing Co. 1993.
p. 111. doi:10.1007/BF01174041 [27) WALKER, D. J—MULLIS, A. M.: J. Mat. Sci., 36,
[16] YOUNG, K. P.—KIRKWOOD, D. H.: Metal. Mat. 2001, p. 865. doi:10.1023/A:1004882614044
Trans., 6A, 1975, p. 197. [28] GANESAN, S.—CHAN, C. L.—POIRIER, D. R.: Ma-
[17) SHARP, R. M.—HELLAWELL, A.: J. Cryst. Growth, ter. Sci. Eng. A, 151, 1992, p. 97.
6, 1970, p. 253. doi:10.1016/0022-0248(70)90076-X doi:10.1016/0921-5093(92)90186-5
[18] PRATT, R. A—GRUGEL, R. N.: Mater. Charac., 31, [29] BHAT, M. S.—POIRIER, D. R—HEINRICH, J. C.:
1993, p. 225. doi:10.1016/1044-5803(93)90066-5 Metall. Trans. B, 26, 1995, p. 1049.
[19] ALBERNY, R.—SERRA, J—TURPIN, M.: Trans. doi:10.1007/BF02654107
Met. Soc. AIME, 245, 1969, p. 55. [30] MASSALSKI, T. B.: Binary Alloy Phase Diagrams.
[20] LEE, J. H—KIM, H. C—JO, C. Y—KIM, S. K— Materials Park, OH, American Society for Metals
SHIN, J. H—LIU, S—TRIVEDI, R.: Mat. Sci. Eng. 1986.
A, 413-414, 2005, p. 306. [31] LIU, H. Y.—JONES, H.: Acta Metall., 40, 1992, p.
doi:10.1016/j.msea.2005.09.021 229. doi:10.1016/0956-7151(92)90298-5S
Appendix A
Thermophysical parameters of Zn-Cu peritectic alloy
Property Symbol Unit Value References
Melting point of Zn T K 692.73 [30]
Melting point of Cu T K 1358.02 [30]
Liquidus temperature Zn-Cu alloy T, K 699.37 [30]
Peritectic temperature of Zn-Cu alloy Tp K 696.58 [30]
Composition Co wt.% 1.5 [30]
Slope of liquid line mL K wt. % * 3.19 [30]
Gibbs-Thomson coefficient r pm K 0.11 [31]
Diffusion coefficient (liq.) Dy, um? 571 2040 [31]
Distribution coefficient k - 1.62 [31]
The harmonic perturbations L mJ m~? 10 8]
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