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ABSTRACT

Circular section rods of Zn-22AI-2Cu (weight %) alloy were prepared by rapid solidification
(10® K/s); a semi-continuous vertical cast device with mould cooled with water was used. Rods
microstructure consisted of two-phase dendritic cells surrounded by lamellar eutectic and, it is
found that cell size depends on the growth rate. Starting from an overheated melt at 540°C and a
rod growth rate of 0.23 cm sec™ a fine microstructure is obtained. From X-Ray Diffraction and
Energy Dispersive Spectroscopy studies, alternating lamellas of o’ and n’g phases are conforming
the cells and inter dendritic zone. Rod samples were prepared and tested in tension, offset yield
strength of 395 MPa, modulus of elasticity of E = 197.5 GPa, tensile strength of 497 MPa and a
percentage elongation of 20 to 28 % were measured. These values are higher than those obtained
from pieces prepared by permanent mould casting using the same alloy.

Key words: Semi-continuous vertical cast; Equi-axed grains; Equi-axed dendrites,
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INTRODUCTION

The technological development is
sustained by the continuous innovation of
materials, where the use of these materials will
depend on their properties. In metallic materials it
has been found that the preparation way, i.e., the
process to lead to the solid state the liquid mass
determines an entire group of characteristics which
promote its application. Nowadays, a great number
of solidification processes exists, since the
conventional one as the permanent-mould casting
until processes producing amorphous solids. In
consequence, the importance of the metallurgy
resides in the adequate combination of metallic
elements and the selected process of consolidation.

Considering the Zn-22AI-2Cu (wt. %) alloy,
improvements in the mechanical properties of this
alloy can be obtained by using a semi-continuous
casting solidification process'®. Grain refinement

and more homogeneous distribution of the alloy
elements (because of the high cooling rate of the
melt) are the known causes of such improvements.
A laboratory device to study this way of solidification,
using Zn-Al based alloys, has been developed. As
a result of the experiments, circular rods of the Zn-
22Al-2Cu alloy were obtained*.

The aim of this work is to report the
microstructure, properties in tension, hardness and
fracture studies in Zn-22AI-2Cu alloy bars obtained
by the semi-continuous casting process.

MATERIALS AND METHODS

Circular bars of Zn-22AI-2Cu (wt. %) alloy
30 mm in diameter with a length of 1.5 m were
prepared by using the semi-continuous vertical
casting process*. An aluminium mould cooled with
circulating water having a cylindrical cavity was
used. The melt was poured into the cavity and the
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solidifying material was mechanically extracted by
the inferior part of this cavity. A second cooling stage
was needed directly on the leaving rod by using
water dew. Table 1 shows the optimal values,
experimentally determined, of the cast parameters.

In order to avoid the presence of possible
defects (porosity, heterogeneity in the solute
content, etc.) in the bar extremes, analysis of the
bar were performed in samples obtained far from
the ends (steady-state solidification). The density
of each sample was determined by the liquid
displacement method (Arquimedes principle)®®.
Next, on the cross and longitudinal sections,
hardness measures were carried out (Rockwell,
scale B).

Tension tests were performed on
cylindrical test specimens, 20 mm in diameter and
60 mm of gage-length, extracted directly from bars.
The values of modulus and yield strength were
obtained by using the output signal of two strain-
gages mounted on the opposite sides of the tension
specimens. For tests of tension, an Instron model
1125 was used.

For microscopic examination, small
cylinders (diameter 25 mm, height 10 mm) were
extracted along the bar. After the mechanical
polishing of one cylinder face, the face was etched
using solution 1 containing 200 g CrO,, 15 g
Na,SO,, 1000 ml water; immediately, the etched
face was rinsed with solution 2 containing 200 g
CrO,, 1000 ml water; finally, the etched face was
washed in water, dipped in alcohol, and dried with
clean air’®.

X-ray diffraction using a wavelength of
1.5406 A was utilized. The analysed spectrum was
in between 35 to 46° (26) with a scanning rate of
0.1° min'. A D-5000 Siemens machine was
employed. Punctual elementary analysis was

performed with the aid of an EG & G Ortec System
5000 of 15 kV device.

RESULTS

In the surface of the bar, ring protuberances
appeared to each 4.5 mm in the solidification
direction. These protuberances are commonly
called “cold shuts”. The cold shuts are a
consequence of premature solidification caused by
excessive heat removal by the mould. The first solid
layer that is formed between the liquid and the
mould is partially re-melted, such a remelts is a
consequence of the thermal isolation of this layer
when it is separated of the wall of the mould because
of “shrinkage” °. On the other hand, if part of the bar
surface exceeds the “solidus” temperature, low
melting point metal can either re-melts at the surface
or flow through interdendritic channels in the surface
resulting in liquation. The semi continuous vertical
casting process was performed at two different
casting speeds: 0.23 cm/s at T, = 540°C; 0.03 cm/s
atT_=515°C (T_liquidus temperature).

Hardness measures were carried out in
the longitudinal and radial directions on each bar.
The obtained values did not show any difference
among the directions; however, the mean value of
Rg =71 + 3 corresponds to test bars that were cast
at high speed, while, the mean value of R, = 63 +
10 corresponds to test bars that were cast at low
speed. As it will be seen later on, the dispersion in
the obtained values are associated to the difference
of microstructures, principally.

Tension test were performed at room
temperature (17°C). A strain rate of e = 0.1 sec”
was established. For test bars having fine structure
(i.e., cast at high speed) offset yield strength of G,
=395 MPa, modulus of elasticity of E = 197.5 GPa,
tensile strength of 6, = 497 MPa and a percent
elongation of ¢ = 20 to 28 % were determined, while,

Table 1: Conditions of operation of the semi continuous vertical cast device.

Cross section of mould
cavity (cm?) (K)

Casting temperature

Water temperature Growth velocity
(K) (cm/s)

7.07 813

293 0.23
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Fig. 1: Optical micrograph obtained from the bar
cast with a growth rate of 2.3 x 10" cm/s. The
image shows an equi-axed dendritic structure

43 pm

Fig. 3: Scanning electron micrograph.The image
shows a two-phase lamellar eutectic in the inter-
granular zone. This structure is present in all bars

100 pm

Fig. 2: Scanning electron micrograph obtained
from the bar cast at a growth rate of 3 x 102 cm/
s.The image shows dendrites in rosette shape

Fig. 4. Scanning electron micrograph. The image
shows eutectoid cells (grey grains) partially
transformed, since, inside the cells, a lamellar
microstructure can be viewed in some areas. At
the same time, the structure of the inter-granular
zone can be seen
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Fig. 5. X-ray diffraction spectrum. The analysis showed the presence of the primary crystalline

phases o', n’, (Al-Zn system). The
transformations at solidification

"» M'p € (Cu-Zn system) phases are the result of thermal
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for test bars cast at low speed 6,,= 333 MPa, E =
166.5 GPa, 6 = 429 MPa and ¢ = 4 to 10 % were
measured'®. The differences in values in both groups
of test bars can be attributed to several factors: grain
size; grain microstructure; phase transformations;
among others. There is evidence that in this alloy,
the different phases present are susceptible of
modifying its cell parameters under stress. The

cellular reaction (r — e, +17,, + v and the four

phase transformation '+ ?;-‘; S ﬂir.ar + '5'.;.4 had

been observed'.

Low porosity in bars that were cast at high
speed was observed. By applying the Arquimedes
principle, a density value of 5.41 g/cm® was
determined for this group of test bars. On the
contrary, a reduction in the density in bars that were
cast to a low speed was observed (4.04 g/cm?®). The
microscopic examination showed a formation of
higher porosity in this last case. The viscosity of the
liguid mass at T, = 515°C, limited its flow through
the inter-dendritic channels leaving holes in these
sites. The average size of the pores was 20 pm for
the test bars of high density and 250 to 300 pm for
the test bars of low density.

In the cross section of the bars, optical
microscopy allowed to observe that bars are
conformed by zones with different structure. For the
bars cast at high speed, three zones were seen: i) a
central zone with an average diameter of 24.8 mm
(that it represents 68% of the traverse section); ii) a
tin circular ring with a average width of 1.1 mm; iii)
an exterior circular ring of a average width of 1.5
mm. The central zone is constituted by equi-axed
dendrites of 7.5 pm of average width with an
average length of 30 um (Figure 1). This central
zone is the last one that solidifies, then, a vigorous
convection should cause the breaking of the
dendrites and their orientation loss [12]. The
intermediate ring has a columnar structure radially
oriented, which indicates that the heat flow was
normal to the wall of the mould. The exterior ring is
the first solid formed, equi-axed grains with sizes in
between 11 to 75 pm conforms this layer. For the
bars cast at low speed, only two zones were seen:
i) a central zone with an average diameter of 25.4
mm (that it represents 72.8 % of the traverse
section); ii) an exterior circular ring of an average

width of 2.3 mm. In this second group of bars, the
grain shape in the bar core is made of dendrites in
rosette shape (Figure 2) with a rosette diameter of
165 pm and, in the exterior ring, there is an irregular
mix of dendrites, pieces of dendrite and equi-axed
grains, these last ones with sizes between 15 to 45
pm. Lastly, in the inter-granular zone of the
mentioned structures, a two-phase lamellar eutectic
was observed (Figure 3). Finally, with the aid of
scanning electron microscope, it was found that
the dendrites are in fact eutectoid cells (Figure 4) ™.
In addition, in detail, the lamellar spacing inside
the eutectoid cells is finer than the one observed in
the inter-granular zone.

DISCUSSION

As can be seen, the structure evolution of
the bars, starting from the wall of mould, can be
explained if the “general constitutional super
cooling criterion” is taken into account; that is, the
liquid immediately in front of the interface is super
cooled giving a dendritic structure as a result.

As much the equi-axed grains as the
dendrites are conformed by alternated lamellas of
o’,andn’, phases, i.e., all grains are eutectoid cells.
The o’  phase is an aluminium rich phase, while,
the n’, phase is a zinc rich phase (Al-Zn system,
according to Presnyakov et al and modified by
Goldak and Parr) (Figure 5); both phases are
metastable solid solutions. From equilibrium phase
diagrams, the zinc is more soluble in the aluminium
than the copper, consequently the o’ phase it
would be only reinforced by precipitates of zinc'* 5.
Then, in the solidification process, the copper would
be rejected to the inter-dendritic zone, just as it has
been observed.

The increase in the mechanical strength
is consequence of the grain refinement and a best
distribution of the alloy elements. The ductility of
the solids prepared by the semi-continuous vertical
cast technique is highest than that obtained by other
techniques. This fact is explained by considering
that the deformation occurs, principally, through the
mechanism of grain boundary sliding before
fracture.

Finally, as it is known, the metallic materials
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have a critical fissure size'®. So, when the material
is being deformed, the existent pores grow until
reaching the critical size that starts the catastrophic
fracture. In the metallic materials the critical fissure
size is of the order of tens of micrometers. The bars
cast at low speed have pores with sizes in the range
of 250 to 300 pm, which means that their pores are
closer to the critical size than the pores of the bars
cast at high speed (20 pm); therefore, the bars cast
at high speed will resist bigger deformations without
breaking.

CONCLUSIONS

By using the semi-continuous vertical cast
technique, a lot of bars of Zn-22AI-2Cu alloy were
obtained, and, the applied technique produced
dendritic structures in the cast material.

A more homogeneous distribution of the
alloy elements was attained, avoiding in this way
the formation of second phases.

At interior of grains and dendrites a
lamellar microstructure conformed by the o’ and
n’, phases was observed (eutectoid cells). In the
inter-dendritic zone, a two-phase lamellar eutectic
was viewed. The lamellas of eutectoid cells are finer
than the lamellas of the inter-dendritic eutectic.

Size and shape of grain can be controlled
by changing the cast parameters.

The mechanical properties such as: offset
yield strength; modulus of elasticity; tensile strength;
ductility, they were substantially improved.
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