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Abstract—The present investigation was undertaken to
investigate the directional solidification of Zinc-Aluminum alloys
with  addition of Silicon and Copper, specifically
Zn-20%Al-10%Si-3%Cu alloys (weight percent) under different
conditions of heat transfer at the metal/mould interface. The
columnar-to-equiaxed transition, CET, was observed and related
to the solidification thermal parameters such as cooling rates,
interphase velocities, thermal gradients and recalescence values
which were determined from the temperature versus time curves.
The results indicate that there is an increase in the velocity of the
liquidus front faster than the solidus front, which increases the
size of the mushy zone. The observations indicate that the
transition is the result of a competition between columnar grains
and finer equiaxed grains.

Index Terms—Solidification, Zinc-base alloys, thermal

parameters, columnar-to-equiaxed transition.

I. INTRODUCTION

Solidification of metallic alloys, which begins in the outer
equiaxed region (chill) resulting in two main and basic types
of structures in the same alloy: columnar and equiaxed,
indicating the presence of the phenomenon of the columnar to
equiaxed transition (CET) [1-5]. The study of the CET is of
immense technological interest for the evaluation and design
of mechanical properties of the solidification products. To
this end it is necessary to understand the mechanisms by
which it is produced. As found in many previous studies
[1-15], the CET occurs by competition between columnar and
equiaxed growth. It is mainly controlled by the casting
parameters, such as alloy composition, density of nuclei
present in the liquid, ability to cooling the metal / mold
interface, and convection in the liquid [5-15].

In own experiments carried out previously in low melting
point alloys (Lead - Tin) [5-7]and taking into account several
factors such as, cooling rate, velocities of liquid interphases,
v, and solid, vs, alloy composition, gradients and fluid
temperature below the interphase liquid, experimental
evidence was obtained that suggest that the CET feature
occurs when a combination of factors in thermal and
dynamics conditions; such as the movement in the liquid, heat
transfer, the solidification process and the change of structure
[5-15].

This study determined the conditions under which the
transition from columnar to equiaxed during directional
growth of alloys Zn-20% Al-10% Si-3% Cu (% by weight)
occurs, and compared the results of this research with
previously obtained in Pb-Sn alloys [5-7], Al-Cu [7, 9],
Zn-Al [8, 10-15].

Il. EXPERIMENTAL PROCEDURE

The directional solidification was performed in a
directional solidification furnace, comprising a heating unit
and a control and acquisition systems of temperatures to
which a system of directional heat extraction was added
[4-12]. A total of five experiences of directional growth with
Zn-20%  Al-10%Si-3%Cu  alloy were  conducted.
Temperatures were measured at regular intervals of 0.2
seconds, using a set of six type K thermocouples calibrated,
(see Figure 1).

Tthermocouples were precoated with refractory ceramic
and were introduced in holes with a depth of 0.7 cm, which
coincide with the center of the diameter of the sample. The
distance between thermocouples used in the test samples was
2 cm approximately. Figure 1 shows a sketch of the
experimental set-up.

After the directional solidification process,
Zn-20%Al-10%Si-3%Cu alloys samples were cut in
longitudinal direction were polished with sandpaper of
different grits (#60 to #1500). In order to reveal the
macrostructure the samples were chemically attacked with
concentrated hydrochloric acid, during approximately 3
seconds, at room temperature, followed by the removal and
cleaning of the tank blacks. The CET position was located by
visual observation and optical microscopy, and the distance
from the base of the samples was measured with a ruler
[10-15]. Figure 2 shows one macrograph directionally
solidified of Zn-20%AlI-10%Si-3%Cu alloy. For the CET the
columnar growth front needs to be arrested by equiaxed
grains.
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Fig. 1: Schematic of experimental setup.
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Fig. 2: Macrograph of Zn-20%AI-10%Si-3%Cu alioy. ‘

1. RESULTS

The liquidus and solidus temperatures for each alloy were
determined by Differential Thermal Analysis (DTA) using the
NETZSCH STA 449 C Standard system, with calibrated cell
as with pure elements. These measurements involved the
pre-cast of 200 milligrams of samples in alumina crucibles.
For analysis, the samples were heated and cooled at a rate of
10 °C/min under Argon atmosphere [7, 9]. Multiple cycles
were performed to ensure reproducibility of results. The
liquidus temperature, T,, was obtained from the cooling
curves. The determined values can be observed in Figure 3.
The results are consistent with which is predicted in the phase
diagram [16].

Cooling rates of alloys in liquid state were determined on
the average values of the slopes of temperature versus time
curves for each thermocouple position. Figure 3 shows the
temperature versus time variation recorded for each
thermocouple during the experiments.

A summary of the cooling rates calculated in different
experiments and the average length of columnar regions,
measured from the base of the samples, for each one of the
experiments are presented in Table 1. Comparing the values
of cooling rates in the liquid and the maximum and minimum
lengths of the CET for each experiment, with the same alloy
concentration, it can be appreciated that as increasing the
cooling rates in the liquid increases the length of the columnar
Zones.
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Fig. 3: Temperature versus time curve of
Zn-20%AlI-10%Si-3%Cu alloy.

In the temperature versus time curves for each experiment
was possible identify a period of a cooling of liquid, a second
period of solidification and a final period of cooling of solid
to room temperature. In some cases it was possible to identify
a short period of recalescence at the position of the
thermocouple where the CET occurs [7, 9, 10-15]. The
necessary overheating for restored the heat flow between the
equiaxed nuclei formed was measured. The mean values
obtained for each experiment are listed in Table 1.

The equiaxed nuclei start to grow adjacent to the solidus
interphase, but separated from there. These nuclei are
overheated and the liquid is cooled. The reheating continue
when solidifying small equiaxed grains and the liquid is also
overheats. When the whole zone is overheat due to latent heat
accumulated evenly and more extent that in the solidus
interphase can produce the recalescence, reaching a positive
AT [7,9, 10-15].

This thermal condition causes a larger number of small
nuclei that grow adjacent to the solid interphase and some
nuclei disappear at higher distances of this interphase,
producing the growth of equiaxed nuclei at larger distances of
the solid interphase, as it can be seen in the macrograph of
Figure 2.

The positions of the solidification fronts versus time were
determined at the beginning and the end of the solidification
of each thermocouple and correspond to the liquidus and
solidus temperatures, respectively. Both points were detected
by the changes in the slopes of the cooling curves at the
beginning and end of solidification.
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The velocities of the solidification fronts were calculated as
the relation between the distance of thermocouples and the
time taken for any of the liquidus or solidus temperatures to
move from the lower to the upper thermocouple. These
velocities are called velocity of the liquidus interphase, V|,
and the velocity of the solidus interphase, Vs, respectively.
Furthermore, the velocities of the liquidus interphase at the
instant of the CET are called “critical liquidus interphase
velocity”, Vi c. This critical velocity is detailed in Table 2 for
different experiments (grey values in Table 2).

Table 1. Liquid cooling rates (TUQ.) and solid cooling rates

(TSOL. ),minimum CET (CET ), and maximum CET position

(CETmax), critical temperature gradients (G¢), i.e. at the time
that the CET occurs; and values of recalescence (REC.),
obtained from the temperature versus time curves of the

Zn-20% Al-10% Si-3% Cu alloys.

# Tuo. Tsor. CETyiv.  CETyax. G, REC.

(°C/S) (°C/S) (cm) (ecm) (°C/em) (°C)
1 2.28 1.38 4.9 5.2 1.18 1.74
2 1.98 1.29 28 4.1 -1.52 2.21
3 2.09 1.24 3.6 4.8 -0.66 2.53
4 2.33 1.41 5.2 19 -2.40 3.12
5 2.38 1.78 6.8 8.2 1.25 1.58

A typical results of the position of the liquidus and solidus
fronts as a function of time is represented in Figure 4 for
Zn-20%Al-10%Si-3%Cu alloy. In the particular case of
Figure 4 (b), it can be noted that after 180 seconds, the
liquidus front advances rapidly. The solidus front moves
behind the liquidus front at a velocity that after the CET is
similar to the liquidus velocity, but it accelerates less than
after the transition. The position of the liquidus interphase can
be represented by a potential function.

Table 2. Velocities of liquid, V| and solid, Vs interphase

velocities.
# Liquid Interphase Velocity, V| Solid Interphase Velocity, Vg
(em/S) (em/S)

Vil V2 Vi3 Vi4 Vsl Vs2 Vs3 Vsd
I 015 019 027 043 0.06 0.09 012 0.17
2 016 0.20 026 034 0.09 0.13 017 0.22
3 011 019 0.25 038 0.08 0.12 0.15 0.18
4 014 021 030 041 0.05 0.08 0.11  0.14
5 012 021 027 032 0.07 0.13 016 020

The rate can be derivative of this potential function,
depending on the time or position. For example, for
Zn-20%Al-10%Si-3%Cu  alloy sample, the liquidus
interphase velocity can be represented by the function
expressed in Figure 5. One can see in Figure 5 that the
velocity of solidus front remains lower. As a result, the mushy
zone increases very quickly. Furthermore, a specific direction
of movement of the interphases, which is upward, indicating
that heat extraction, is from the base and that the nucleation of
new equiaxed grains ahead of the columnar front is in
cascaded.
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This behavior has been observed in other experiments with
different concentrations. The numerical values of both
velocities of interphases for different experiences can be seen
in Table 2. Grey values of V| in this table are the values of
liquidus interphase velocity, V¢, this is when the CET occur,
the values are greater than those obtained in Pb- Sn alloys
[2-5], which were around 0.01 cm/s [1-5] and the values
obtained in the present research are the same order of
magnitude as those obtained in Al-Cu alloys [12], Al-Si-Cu
[13] and Zn -Al [14, 15].
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Fig. 4: Positions of liquidus and solidus interphases, I, and I,
versus time. (a) The period of solidification time in each
thermocouple position. (b) Liquidus and solidus interphases.
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Temperature gradients for each pair of adjacent
thermocouples were calculated as the relation between the
temperature difference at the unlike distances between
thermocouples (2-5). Figure 6 shows the graph of gradient
variation with time for one experiment with
Zn-20%Al-10%Si-3%Cu alloy. It is observed that when the
CET occurs, the temperature gradient ahead of the interphase
reaches a minimum and critical value of 1.28 °C/cm. In Table
1 are presented the critical temperature gradients values of all
experiments. These results agree with those obtained
previously in other alloy systems (Pb-Sn [5-7], Al-Cu [7, 9],
Zn-Al [8, 10-15] and those obtained by Gandin in Al-Si
alloys [4]).
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Fig. 6: Temperature gradient versus time.
Zn-20%AI-10%Si-3%Cu alloy.

IV. CONCLUSIONS

In summary, the main results of the present research can state
as follows:

1. The transition occurs in a region of the order of 1 cm or
greater, where both types of grains, columnar and equiaxed
COexists.

2. When the CET occurs, the temperature gradient ahead of
the interphase reaches the minimum values between -0.66
°Cl/cmand 1.25 °C/cm for the Zn-20%Al-10%Si-3%Cu alloy.
3. The length of the columnar zone increases with cooling
rate.

288

4. The velocity of the interphases reaches critical values that
are on the order of 0.20 to 0.27 cm/s.

5. In the experiments noted the effect of recalescence in the
positions of the thermocouples located in the CET and
equiaxed zones of the samples. The values are in the range
between 1.58 °C to 3.12 °C.

6. The results are consistent with those found previously in
other alloy systems (Zn-Al, Pb-Sn, Al-Cu).
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