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Transient directional solidification experiments have been carried out with Zn-Mg hypoeutectic
alloys under an extensive range of cooling rates with a view to analyzing the evolution of
microstructure. It is shown that the microstructure is formed by a Zn-rich matrix of different
morphologies and competitive eutectic mixtures (Zn-Zn;;Mg, and Zn-Zn,Mg). For 0.3 wt-pct
Mg and 0.5 wt-pct Mg alloys, the Zn-rich matrix is shown to be characterized by high-cooling
rates plate-like cells (cooling rates >9.5 and 24 K/s, respectively), followed by a granular—den-
dritic morphological transition for lower cooling rates. In contrast, a directionally solidified
Znl.2 wt-pct Mg alloy casting is shown to have the Zn-rich matrix formed only by dendritic
equiaxed grains. Experimental growth laws are proposed relating the plate-like cellular
interphase, the secondary dendritic arm spacing, and the eutectic interphase spacings to
solidification thermal parameters, i.e., cooling rate and growth rate. The experimental law for
the growth of secondary dendritic spacings under unsteady-state solidifications is also shown to
encompass results of hypoeutectic Zn-Mg alloys subjected to steady-state Bridgman growth.
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I. INTRODUCTION

THE addition of Mg to improve corrosion stability
of Zn coatings is a technologically common practice for
corrosion protection of products of use in the civil and
automotive industries.' ® Despite the fact that Mg is
less noble than Zn, the role of Zn-Mg intermetallics on
the corrosion performance has been the subject of a
number of recent studies in the literature with a view to
investigating specific mechanisms, which have not yet
been explained.”

Vlot et al. examined the corrosion behavior of Zn-Mg
alloys in the range of compositions 1.5-2.0 wt-pct Mg,
characterized by microstructures formed by Zn grains
surrounded by a ecutectic mixture of Zn/MgZn, and
reported a period of roast formation up to 20 times
higher than that of a reference hot dip galvanized
coating.!! Dutta er al. carried out hot dip experiments
with Zn-0.5 wt-pct Mg and Zn-2.5 wt-pct Mg alloys and
reported that both hardness of the top surface of the
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coatings and the resulting corrosion resistance were
higher than those attained in a pure Zn bath.””! Yao
et al. conducted an experimental study with Zn-Mg
coatings having from 1 to 4 wt-pct Mg and reported
improved anticorrosion properties of the Zn-3 wt-pct
Mg coatings when compared with a pure Zn coating, as
well as with a significant increase in hardness.”)

Zn and Mg are also considered potential elements
regarding biodegradable bone-implant applications. Mg
alloys have mechanical properties close to those of bone;
however, corrosion rates accompanied by hydrogen
release are conducive to high degradation rates. Zn is a
biologically tolerable element even when alloyed to Mg
(up to 50 pct Mg), which makes Zn-Mg alloys potential
alternatives as biodegradable materials. Furthermore,
Zn has a much lower corrosion rate in physiological
solutions when compared with Mg. Despite the lack of
systematic studies concerning the behavior of Zn-rich
Zn-Mg alloys in biological environments, it is known
that such alloys have other important characteristics
such as lower melting points and better machinability
when compared with Mg '3 24

It is well known that microstructural features play a
significant role on mechanical and corrosion properties
of metallic alloys.”> ¥ Despite the potential of appli-
cations of Zn-Mg alloys, the literature is scarce on
studies of microstructural characterization of these
alloys, mainly with focus on structure—properties corre-
lations. Liu and Jones carried out an extensive study on
solidification microstructure selection of Zn-Mg alloys
(alloys from 1.08 to 5.04 wt-pct Mg) by controlled
growth of samples from the melt, using a Bridgman-type
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Fig. 1-—Schematic vertical upward directional solidification casting assembly and mold details.
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Fig. 2—Partial Zn-Mg phase diagram with indications of alloys ana-
lyzed in the present study.

steady-state solidification apparatus.*>*%) They used a

constant thermal gradient of 15 K/mm and growth rates
varying from 0.001 to 1 mmy/s. These authors carried out
also experiments with samples that were cast into a
wedge-section copper mold and solidified at growth
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rates from 1 to 8 mmy/s. They reported the occurrence of
a dendritic primary Zn-rich phase and a wide range of
eutectic morphologies (rod-like, spherulitic, spiral). Yao
et al®* examined experimentally the effects of Mg on
the microstructure of Zn-Mg alloys (1-5 wt-pct Mg) by
pouring the alloys samples from the melt in a permanent
mold, under argon atmosphere. The cooling parameters
were not quantified, and only a qualitative description
of the resulting microstructures is reported. Krieg
et al" characterized the microstructures of Zn-Mg
alloys, with Mg content varying from 1 to 3 wt pct,
from samples cooled down from the melt by exposure to
room temperature. The only quantitative parameter
associated with each sample was the solidification time,
which varied from 1 to 8 minutes. They evaluated the
corrosion resistance based on the alloy Mg content and
on the fineness of the microstructure, and concluded
that the Mg content is not the main parameter enhanc-
ing the corrosion behavior, but rather the main role was
shown to be exerted by the fineness of the microstruc-
ture. However, despite the important role that the scale
of the microstructure plays on the corrosion resistance
of Zn-Mg alloys, the literature is scarce in systematic
investigations relating microstructural parameters to
thermal parameters of transient solidification, which is
typical of industrial casting processes where both the
thermal gradient and growth rate are interdependent
and vary freely with time.?”4¢!
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Table I. Chemical Composition (Wt Pct) of Metals Used to Prepare the Alloys

Element Zn Mg Mn Cr Fe Al Pb Si
Zn balance — — — 0.015 — 0.012 0.003

Mg 0.01 balance 0.01 0.01 0.01 0.11 — —
18 : . . . . . . . indicated in the partial Zn-Mg phase diagram calculated
= Zn-03wt-% Mg by the Thermo-Calc software and depicted in Figure 2.
164| © Zn-0.5wt-% Mg A The chemical compositions of metals used to prepare

A Zn-1.2wt-% Mg R these alloys are shown in Table I.
1'4f 4 i The alloys were prepared using alloying elements in a
12 N . i fixed proportion, which were melted in a refractory
o A 4 “ crucible in a muffle furnace heated by Kanthal Al
50 1.09 A 1 heating elements, under argon atmosphere. Zn was
0 084 a ] melted first and then elemental Mg pieces were added to
Rl the melt. Both metal components were mixed well and
0.6 R o 0 o allowed remelt further for three times to guarantee
1 0o %0 0o 0 ° © homogenization. The molten alloy was then poured into
s O T T T N the casting chamber of the directional solidification
o2 r " " 4 apparatus, which was subjected to a forced argon gas
r flow to avoid oxidation and loss of Zn and Mg. The
00— T T T T hypoeutectic Zn-Mg alloys were melted in situ by
0 10 20 30 40 50 60 70 80

Position (mm)

Fig. 3—Mg profiles along the DS castings length.

The present study aims to contribute to a quantitative
characterization of thermal and structural features in the
transient solidification of hypoeutectic Zn-Mg alloys.
Taking into account the previous studies on Zn-Mg
alloys from the literature, the present investigation aims
to complement the existing results focusing on dilute
Zn-Mg alloys with a view to analyzing macrostructure
and microstructure evolution. A water-cooled direc-
tional solidification apparatus will be used, which
permits a wide range of operational growth rates and
cooling rates to be examined along the entire length of
the directionally solidified (DS) casting. This will permit
to evaluate the development of the phases forming the
alloy microstructures and eventual morphological tran-
sitions, and to establish correlations between quantita-
tive parameters, such as interphase spacings and local
solidification thermal parameters.

II. EXPERIMENTAL PROCEDURE

A directional solidification setup (shown schemati-
cally in Figure 1) was used so that heat was directionally
extracted only through a water-cooled bottom made of
low carbon steel promoting vertical upward transient
directional solidification. Details about the solidification
apparatus used in the Present study have been described
in previous studies.’***”*¥] The experiments were carried
out with hypoeutectic Zn-Mg alloys having the
following nominal compositions: Zn-0.3 wt-pct Mg;
Zn-0.5 wt-pct Mg and Zn-1.2 wt-pct Mg alloys, as
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controlling the power of the radial electrical wiring.
Three solidification experiments were carried out with
each alloy composition with a view to verifying the
reproducibility of the directional solidification system,
permitting a triplicate analysis on the evolution of
cooling curves along the length of the DS castings to be
carried out. More details on the solidification experi-
ment and temperature measurements can be found in a
recent study on Mg-Zn alloys.*”!

An etching solution (Nital 10 pct reagent) applied
during 7 seconds was used to reveal the microstructures.
The optical microscopy was performed using an Olym-
pus Inverted Metallurgical Microscope (model 41GX).
The cellular (A4) and secondary dendritic arm (/,)
spacings were measured from the optical images of the
solidified samples on longitudinal sections of the cast-
ings (about 40 independent readings for each selected
position, with the average taken to be the local spacing).
Microstructural characterization was complemented by
the use of a ZEISS scanning electron microscope—SEM
(ZEISS-EVO-MALS5), equipped with an energy disper-
sive spectroscope—EDS (OXFORD-X-MAX). The
interlamellar spacing of the eutectic mixture was mea-
sured from SEM images.

Some samples of each DS alloy casting were selected
and subjected to X-ray diffraction (XRD) analyses.
The patterns were obtained by a XRD diffractometer
with a 2-theta range from 10 deg to 90 deg, Cu-Kuo
radiation with a wavelength, 4, of 0.15406 nm, with a
view to determining all the phases forming the
microstructures.

Samples for segregation analysis were extracted along
different positions from the cooled surface of the casting
and measured by a fluorescence spectrometer (FRX),
Shimadzu EDX-720 model, to estimate local average
concentrations through an area of 100 mm? probe.
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Fig. 4—Experimental cooling curves for different positions in the DS castings: (a) Zn-0.3 wt-pct Mg; (b) Zn-0.5 wt-pct Mg; and (¢) Zn-1.2 wt-pct

Mg.

III. RESULTS AND DISCUSSION

A. Chemical Analysis and Solidification Thermal
Parameters

Figure 3 shows the experimental Mg-concentration
profiles, determined along the length of DS castings as a
function of position (P) from the cooled surface of the
casting (P = 0). For any alloy examined, the observed
trend is that of a normal segregation profile for a
distribution coefficient (k) < 1. Mg is rejected at the
solid/liquid interface during the evolution of solidifica-
tion enriching the molten liquid. Since Mg is much less
dense than Zn, this Mg-rich liquid would tend to move
toward the open liquid in the DS casting (opposite path
with respect to the gravity vector), while the solidification
progresses vertically upwards. This effect is noticeable
only for the higher Mg content alloy (Zn-1.2 wt-pct Mg).

Figure 4 depicts the experimental cooling curves
collected from thermocouples placed in different posi-
tions along the geometrical center of the cylindrical
mold cavity, for each alloy examined. These cooling
curves have been used to generate plots of position (P) in
casting (from the cooled bottom of the casting) vs the
time associated with the passage of the /iguidus isotherm
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by each thermocouple, as shown in Figure 5(a). The
derivatives of these functions with respect to time gave
values for the growth rate (V), as shown in Figure 5(b).
It can be seen that the same experimental growth law
can represent the kinetics of solidification of the
Zn0.3 wt-pct Mg and Zn0.5 wt-pct Mg alloys. The
cooling rate (7) was determined along the castings
lengths, by considering the thermal data recorded
immediately after the passage of the liquidus isotherm
by each thermocouple. The resulting experimental 7
values are shown in Figure 5(c), where a large spectrum
of cooling rates can be observed. The thermal gradient,
G, is shown in Figure 5(d) as a function of (P) from the
cooled bottom of the DS casting. It has been obtained
from the relationship between the cooling rate (7) and
the growth rate (V), namely 7 = G.V. It can be seen
that the G profile is lower for the 1.2 wt-pct Mg alloy
when compared with that of the dilute alloys (0.3 wt-pct
Mg/0.5 wt-pct Mg). However, an opposite behavior is
shown in Figure 5(b) regarding the experimental
V = f(P) profiles, i.e., the lower V profile is that of
the dilute alloys. This has led to a constant experimental
cooling rate profile as shown in Figure 5(c), where a
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Fig. 5—(a) Position in casting (P) from the cooled bottom vs time associated with the passage of the liguidus isotherm; (b) growth rate as func-
tion of P; (¢) cooling rate as a function of P; (d) thermal gradient as a function of P.

same experimental 7 = f{P) law applies to all the three
alloys examined.

B. Macrostructure and Microstructure

A Zn-rich matrix of different morphologies charac-
terizes the microstructures along the DS casting for the
three alloys examined. The secondary phases were
identified by XRD analysis and are shown in Figure 6,
and include the following intermetallic compounds
(IMCs): Zn;Mg,, and Zn,Mg, which were also
expected according to the simulated phase diagram
shown in Figure 2. Very similar 20 peaks associated
with the phases are shown in Figure 6. These IMCs are
present in the binary eutectic mixture, and Zn-rich
Zn-Mg system is known to exhibit two kinds of
competitive eutectic mixture,® ie., Zn-Zn; Mg, and
Zn-Zn,Mg that can be observed concurrently all along
the DS castings.

Complementarily to the XRD analysis, EDS mea-
surements were performed in some positions (P = 15
and 50 mm) of the DS Zn-0.5 wt-pct Mg and
Zn-1.2 wt-pct Mg alloys castings (Figure 7). The
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Zn-0.3 wt-pct Mg alloy was not subjected to EDS
because its Mg content is close to that of the
Zn-0.5 wt-pct Mg alloy. In the EDS analysis, the
stoichiometry of (Zn;;Mg,) phase was not an exact
5.5:1 ratio between Zn and Mg atoms, because of
interferences due to unavoidable interactions between
the X-ray beam and the bulk Zn matrix. However, the
identification of the (Zn;;Mg,) phase in this study has
been confirmed by the approximate ratio between Mg
and Zn atoms shown in the results presented in Table II.
A similar argument could be extended to the identifica-
tion of the (Zn,Mg) phase, i.e., by the 2:1 ratio between
the Mg and Zn atoms also shown in Table II.

In Figure 8 (Zn0.3 wt-pct Mg alloy) and Figure 9
(Zn-0.5 wt-pct Mg alloy), it can be seen that the
resulting DS macrostructures are characterized by fine
columnar grains aligned with the heat flow direction
close to the bottom of the casting, followed by fine
equiaxed grains up to the top of the castings. The
columnar to equiaxed transitions (CET) occurred at
about 9.5 and 24 K/s for the Zn-0.3 wt-pct Mg and
Zn-0.5 wt-pct Mg alloys, respectively. No evidence of a
single critical cooling rate determining the CET for

METALLURGICAL AND MATERIALS TRANSACTIONS A
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different cooling rates along the DS castings length.

hypoeutectic alloys, as suggested in the literature for
hypoeutectic Sn-Pb and Al-Cu alloys,”® could be found.
The literature also reports that high cooling rates favor
the formation of columnar macrostructures.'”'>? How-
ever, the macrostructure of the Znl1.2 wt-pct Mg alloy is
entirely formed by fine equiaxed grains, as shown in
Figure 10, even for regions close to the cooled surface of
the casting that are associated with higher cooling rates.
It seems that despite the slight increase in the alloy Mg,
the nucleation frequency is positively favored inducing a
copious nucleation ahead the solidification front pro-
moting the growth of equiaxed grains along the entire
length of the DS casting. According to a recent study,>”
Zn,Mg particles act as potent heterogeneous nucleation
sites. Even with slight increase in the Mg content, the
grain refiner effect of the MgZn, particles associated
with the solute effect of Mg on restricting grain growth
makes both cooperative factors responsible for the
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dominant equiaxed morphology in the Zn-Mg DS
castings.

A particular Zn-rich plate-like cellular microstructure
is associated with the columnar regions of both DS
Zn0.3 wt-pct Mg and Zn0.5 wt-pct Mg castings. Despite
the non-equilibrium solidification conditions, these
plate-like cells seem to grow side by side and in a
coupled way with the eutectic mixture during the
directional growth, resembling a eutectic-like lamellar
growth. Actually, these cells can be classified as
high-cooling rate cells, as similarly reported in a recent
study on the microstructural evolution of an Al-Mg-Si
alloy.® The morphology of the solidification front
changes from planar to cellular and then to dendritic
with the increase in V, defining a direct effect of
solidification thermal parameters on the microstructural
morphology. Further increase in V" changes the dendritic
front back to cellular and planar front, defining a

VOLUME 47A, JUNE 2016—3057
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Mg and Zn-1.2 wt pct Mg) showing some locations of EDS analysis.

Table II. Composition of the Intermetallic Phases Obtained by EDS in a SEM for Zn-0.5 Wt-Pct Mg and Zn-1.2 Wt-Pct Mg

Alloys
Measurement Position Mg (At. Pct) Zn (At. Pct) Phase Identification
1 0 100 Zn
2 14.54 85.46 anlMgZ
3 0 100 Zn
4 17.44 82.56 Zl’lllMgQ
5 0 100 Zn
6 28.04 71.96 Zn,Mg
7 0.96 99.04 Zn
8 16.76 83.74 Zn Mg,

reverse transition that gives rise to the so-called high-ve-
locity cells (or high-cooling rate cells for transient
solidification conditions) and a planar solid/liquid
interface associated with the limit of absolute stabil-
ity.’571 Despite the wide range of microstructural
eutectic morphologies reported in the study by Liu and
Jones™! on Zn-Mg alloys, no mention was made of the
occurrence of Zn-rich plate-like cellular microstructures,
with the Zn-rich matrix being reported as having
a dendritic morphology. However, a number of

3058—VOLUME 47A, JUNE 2016

investigations on Zn-based alloys®* " reported the

occurrence of high-velocity plate-like cells in steady-
state Bridgman-grown samples, which were shown to be
associated with rapid solidification conditions of dilute
Zn-Cul®®>! and Zn-Ag alloys.[**®!"! For unsteady-state
solidification conditions plate-like cells were shown to
occur for a Zn 2.2 wt-pct Cu alloy only for 7> 16 K/
5,1 for a Zn 0.8 wt-pct Ag alloy!® for 7> 10 K/s, and
for Zn-10 wt-pct Sn and Zn-20 wt-pct Sn solder alloys
in a range of cooling rates from 0.3 to 45 K/s.[64%%
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Fig. 9—Macrostructure and typical microstructures along the DS Zn-0.5 wt-pct Mg casting.

In the present study, after the columnar to equiaxed
transition in the Zn0.3Mg and Zn0.5 wt-pct Mg DS
castings, the Zn-rich equiaxed grains change gradually
from a granular aspect to a more complex morphology
with the onset of lateral instabilities typical of secondary
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dendritic branches, as shown in the longitudinal section
of Figure 9 (defining a morphological transition region
along the castings length). In contrast, in the
Znl1.2 wt-pct Mg DS casting, the Zn-rich matrix has a
clear dendritic morphology from the bottom to the top

VOLUME 47A, JUNE 2016—3059
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of the casting, as shown in Figure 10. However, the
eutectic morphology is always lamellar along the entire
range of experimental cooling rates, no matter the
Zn-Mg alloy examined, as can be seen in the SEM
images of Figures 8, 9, and 10.

C. Cooling Rate, Growth Rate, and Microstructural
Spacings

The interphase spacing (1) measured from the plate-
like cells of the columnar zones of both Zn0.3 wt-pct
Mg and Zn0.5 wt-pct Mg castings are plotted in
Figure 11 as a function of cooling rate (a) and growth
rate (b) with the error bars corresponding to the range of
minimum and maximum experimental values. Since this
morphology is associated with a higher solidification
kinetics regime, Figure 11 also indicates from which V'
and T values such morphology occurs. The growth laws
exponents in Figure 11 were found to be —1/2 and —1/4
for ¥ and T, respectively, i.e., the A vs V correlation is in
agreement with the classical Jackson and Hunt equation
for the lamellar growth of eutectics: 1 >V = constant.[*®
The —1/4 exponent associated with the 4 vs T correla-
tion (Figure 11(a)) is supported by an analytical heat
flow model, which relates V' to T, where 7'is shown to be
given by a constant x F? for unidirectional transient
solidification conditions of pure metals and binary
alloys.l7%8 It is also curious to remark that the growth
law derived in the present study for the growth of
plate-like cells of Zn-Mg alloys (A = 39 T7-/4) is the
same experimentally determined for the growth of
plate-like cells of Zn-10 wt pct Sn and Zn-20 wt-pct
Sn alloys.[®*® The same numerical multiplier in the
growth law for the alloys of two different alloy systems
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(Zn-Mg and Zn-Sn) can be considered an experimental
coincidence. However, the —1/4 exponent seems to be
associated, for these alloys of both systems, with the
well-organized microstructures characterized by a cou-
pled growth of alternate Zn-rich plate-like cells/eutectic
mixtures, resembling a eutectic-like lamellar growth.
Indeed, it was shown, for Zn-Sn alloys that the increase
in the solute content to 30 and 40 wt pct Sn led to a
transition in the cellular pattern. This has consequential
effects in the growth laws, which were shown to have

experimental dependences with 7" related to a —1/2
exponent that are typically associated with the growth of
dendrites and regular cells of binary alloys.!®

As mentioned before, along the equiaxed zone of both
Zn-0.3 wt-pct Mg and Zn-0.5 wt-pct Mg castings, a
gradual morphological microstructural transition takes
place (granular Zn-rich matrix > dendritic branches),
and no systematic measurements of the microstructure
scale can be made. However, the Zn-1.2 wt-pct Mg alloy
casting has the Zn-rich matrix formed by equiaxed
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Fig. 12—Secondary dendritic arm spacing: (@) vs cooling rate; (b)
vs growth rate. R? is the coefficient of determination.
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dendritic grains along the entire DS casting. The
evolution of the scale of these secondary branches along
the casting length is shown in Figure 12, associated with
the range of experimental cooling rates and growth
rates. It can be seen that —1/3 and —2/3 exponents are
related to 7 and V, respectively. Similar exponents have
also been reported for the transient dendritic growth of
a number of binary alloys.[”

For comparison purposes, results from the literature
concerning the evolution of secondary dendrite arm
spacing of hypoeutectic Zn-Mg alloys are plotted in
Figure 13 with the experimental growth law proposed in
Figure 128;1). These results are from studies by Liu and
Jones®>3¢ and refer to both steady-state Bridgman
growth of Zn-Mg alloy samples at a temperature
gradient of 15 K/mm (0.1 < T'< 50 K/s) and at a higher
temperature gradient of 95 K/mm achieved by tungsten
inert gas (TIG) weld at traverse speeds from 10 to

40 mm/s (950 < T < 3800 K/s). It can be seen that the
experimental points generally conform to the trend of
the experimental growth law derived in the present
investigation. This reinforces the proper application of
the exponent —1/3 in order to correlate the evolution of
J» with T for both steady-state and unsteady-state
solidification conditions. A similar conclusion has been
recently reported in a comparative study on steady and
unsteadg—state solidification of hypoperitectic Pb-Bi
alloys.l”")

The evolutions of the eutectic interphase spacing
(interlamellar spacing) as a function of cooling rate and
growth rate are depicted in Figure 14. It can be seen that
the Aey vs V results conform to the classical Jackson and
Hunt equation for the lamellar growth of eutectics:
J 2V = constant.[®® Considering the microstructures
associated with the equiaxed zones of the DS castings, it
can be seen that A, does not exhibit any significant
variation with the alloy Mg content, i.e., similar /ey vs V'
and ey vs T, correlations are established, despite the
slight trend of higher A., associated with the
Zn-1.2 wt-pct Mg alloy. Liu and Jones™ reported a
similar conclusion for the steady-state growth of Zn-Mg
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Fig. 13—Secondary dendritic arm spacing as function of cooling
rate: growth law derived in the present study for unsteady solidifica-
tion compared with steady-state experimental results.
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alloys in the range 2.45 to 3.48 wt-pct Mg. However,
when analyzing the evolution of /., in the columnar
region of the 0.3 wt-pct Mg casting, it can be seen that
Aeut 18 significantly lower when compared with values
measured along the equiaxed zone. It is important to
remark that the heat transfer mechanisms associated
with growth of an equiaxed nucleus and those of a
columnar one are quite different, i.e., differences in the

3062—VOLUME 47A, JUNE 2016

growth laws associated with these two solidification
regimes are expected to occur.

IV. CONCLUSIONS

The following conclusions can be drawn from the
present experimental investigation:
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1. The macrostructures of the DS Zn-Mg castings
varied according to the alloy Mg content. The
Zn0.3 wt-pct Mg and Zn0.5 wt-pct Mg alloys
exhibited columnar zones for cooling rates higher
than 9.5 and 24 K/s, respectively. In contrast, the
entire DS casting of the Zn-1.2 wt-pct Mg alloy
exhibited an equiaxed macrostructure.

2. The typical microstructure of the Zn-Mg DS
castings was shown to be formed by a Zn-rich
matrix and two kinds of competitive ecutectic
mixture (Zn-Zn; Mg, and Zn-Zn,Mg), which can
be observed concurrently all along the DS castings.
The morphology of the Zn-rich matrix for the
0.3 wt-pct Mg and 0.5 wt-pct Mg alloys was shown
to vary from high-cooling rate plate-like cells
(associated with the columnar zones), followed by
a microstructural transition along the equiaxed
zone, characterized by a granular phase that was
progressively being transformed into dendritic-like
equiaxed grains. The Zn-1.2 wt-pct Mg DS casting
was shown to have a Zn-rich matrix of equiaxed
dendritic grains along the entire casting length.

3. Experimental growth laws were proposed relating
the plate-like cells interphase spacing (1), the
secondary dendritic arm spacing (4;), and the
eutectic interphase spacing (Zey) to solidification
thermal parameters (cooling rate, 7" and growth
rate, V). It was shown that both A.y vs Vand A vs V'
results conform to the classical Jackson and Hunt
equation for the lamellar growth of eutectics (4
Z.V = constant). The experimental growth law A, vs
T derived in the present study for unsteady solid-
ification was shown to encompass also a wide range
of cooling rates and secondary dendrite arm spac-
ings of steady-state solidification of hypoeutectic
Zn-Mg alloys.
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