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Abstract: Biodegradable Zn-based alloys, particularly Zn—Mg alloys with the addition of alloying elements, have been
intensively investigated aiming to improve both mechanical properties and corrosion behavior. Since such properties are
strongly dependent on the alloy microstructure, any evaluation should commence on understanding the conditions
influencing its formation. In this study, the effect of the solidification cooling rate on the microstructural evolution of
Zn—1wt.%Mg—(0.5wt.%Ca, 0.5wt.%Mn) alloys during transient solidification was investigated. The results show that
the microstructures of both alloys have three phases in common: #-Zn dendritic matrix, intermetallic compounds (IMCs)
Zn;;Mg,, and Zn,Mg in the eutectic mixture. MnZny and two Ca-bearing phases (CaZn;; and CaZn;;) are associated
with Mn and Ca additions, respectively. These additions are shown to refine the dendritic matrix and the eutectic
mixture as compared to the Zn—1wt.%Mg alloy. A correlation between cooling rate, dendritic or eutectic spacings was
developed, thus permitting experimental growth laws to be proposed. Additionally, hardness tests were performed to
evaluate the effects of additions of Ca and Mn. Experimental correlations between Vickers microhardness and
secondary dendritic spacings were proposed, showing that the microstructural refinement and characteristic Ca and Mn
based IMCs induce an increase in hardness as compared to the binary alloy.
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render Zn—Mg alloys interesting options to the

1 Introduction

Zn and Mg are considered prospective metals
with a view to applications in biodegradable bone
implants. Mg alloys are considered to have
mechanical strength near that of bone but, in
contrast, the corrosion behavior is related to high
degradation rates. On the other hand, Zn has a
much higher corrosion resistance in physiological
solutions as contrasted to Mg. The combined
mechanical and corrosion characteristics of Zn—Mg
alloys associated with the fact that Zn is a
biologically acceptable element even alloyed to Mg,

manufacture of bioabsorbable devices [1-3].

YAO et al [4] examined the effects of alloy
solute content on microstructure, microhardness
and corrosion properties of Zn—Mg alloys prepared
by a melting/casting process in a range of Mg from
1 to 5 wt.%. They reported a microstructure formed
mainly by Zn, and the intermetallic compounds
Mg,Zn;; and MgZn,, with the increase in the
eutectic fraction for alloys of higher Mg content.
The addition of Mg to Zn was shown to give more
positive corrosion properties as compared to those
of pure Zn and the best corrosion properties were
related to the Zn—3wt.%Mg alloy, which presented
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a Vickers microhardness of about 165 HV as
compared to 43.4 HV for Zn. VIDA et al [5] used
a transient directional solidification technique to
examine the effects of solidification thermal
parameters on microstructural features and the
length scale of the representative phases of the
as-solidified microstructure of Zn—Mg alloys
having 0.3—1.2 wt.% Mg. They reported micro-
structures composed of a Zn-rich matrix
characterized by plate-like cells for high cooling
rates and by a granular/dendritic transition
with the decrease in the cooling rate for
0.3 and 0.5wt.% Mg alloys. In contrast, the
Zn—1.2wt.%Mg alloy presented a completely
dendritic microstructure along a range of cooling
rates from 2 to 20 K/s. The eutectic was formed
by a competitive mixture of Zn—Zn;;Mg, and
Zn—Zn,Mg phases of lamellar morphology for any
cooling rate and Zn—Mg alloy examined.

It is known that microstructural features of
alloys in large measure determine the resulting
mechanical strength and chemical properties. In
terms of as-solidified microstructures many factors
affecting the resulting properties are linked to alloy
composition, local solidification thermal parameters
such as the growth rate (V) and the cooling rate
(), competition between equilibrium and
non-equilibrium phases, and morphology and
length scales of the representative phases.
Techniques of controlled solidification have been
shown to permit appropriate mechanical and
corrosion properties to be achieved by an adequate
design of microstructural patterns based on the
control of ¥ and 7 . The vertical upward transient
directional solidification technique, in devices using
a water-cooled bottom mold, has been reported as a
useful technique to encompass in just one as-cast
sample, with a wide range of ¥ and 7 from
bottom to top of the directionally solidified
casting [6,7]. A number of recent studies have
reported correlations between parametric features
of the as-solidified microstructure and the
resulting hardness [8,9], tensile strength [10],
machinability [11], wear resistance [12], electrical
properties [9,13] and corrosion resistance [14].

Other elements can also be added to Zn—Mg
alloys with a view to the improved mechanical
strength and corrosion properties; however, when
intended for biomedical applications care should be
exercised with respect to their toxicity. According to

HERNANDEZ-ESCOBAR et al [15] appropriate
alloying elements include nutrient elements such as
Ca and Sr and essential elements for physiological
actions, for example Cu and Mn. Considering the
existing literatures [1—4,15] with respect to
Zn—Mg—(Ca, Mn) alloys, experimental studies
focusing on the evolution of different phases
forming these alloys microstructures with the
solidification cooling rate remain scarce. The
present study aims to provide an improved
comprehension on the interrelation of growth
characteristics, morphology and length scales of the
phases forming  the  microstructure  of
Zn—1wt.%Mg—(0.5wt.%Ca, 0.5wt.%Mn) alloys
with variable experimental T values. A transient
directional solidification technique is used, which is
able to provide a wide range of 7' along the length
of the alloy casting in a single experiment.
Moreover, with a view to examining the connection
between microstructure and mechanical properties,
the length scale of a representative phase of
microstructures in these alloys was correlated to the
microhardness along the length of the experimental
castings.

2 Experimental

The Zn—1wt.%Mg—0.5wt.%Mn and Zn-—
1wt.%Mg—0.5wt.%Ca alloys were prepared using
commercially pure metals. The metals used to
prepare these alloys were supplied by TED Metals
Industry Trade and Sigma—Aldrich, and their
compositions are shown in Table 1. The metals
were melted in a silicon refractory crucible (coated
with an alumina layer to avoid contamination) using
an electric resistance furnace. Firstly, Zn was
melted at a temperature of 650°C, after
stoichiometric amounts of Mg and Mn or Ca were
added to the molten Zn. Subsequently, the molten
metal was stirred with a stainless steel bar, coated
with refractory cement, and oxides were removed
from the molten metal. The alloy was poured into
the stainless steel mold positioned in the directional
solidification apparatus, which was previously
coated with alumina, and subjected to forced argon
gas flow to avoid both oxidation and loss of metal.

The solidification experiments were carried
out in a water-cooled apparatus, which was
designed to promote directional solidification
under transient heat flow conditions. The details of
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Table 1 Chemical compositions of metals used to prepare alloys (wt.%)
Element Zn Mg Mn Ca Cr Fe Al Pb Si S P Others
Zn Bal. - - - - <0.1 - <0.1 <0.01 - - <0.3
Mg <0.1 Bal. 0.0l - 0.01 0.01 o0.11 - - - - <0.3
Mn - - Bal. - - 0.01 - - - <0.1 <0.1 -
Ca* - - - Bal. - - - - - - - <1%
* Ca, 99%, Sigma—Aldrich
experimental casting apparatus, melting and with SiC papers up to 1200 grit, polished with

solidification procedures were described in a
previous study [5]. The alloys were remelted in situ
and the lateral electric heaters, as shown in Fig. 1(a),
had their power controlled in order to achieve a
desired melt superheat prior to solidification. The
temperatures during solidification were recorded
using K-type thermocouples with stainless steel
sheaths (1.6 mm in diameter), connected to a Lynx
data logger system. When the melt temperature
reached 12.5% above the alloy liquidus temperature,
the external heaters were disconnected and the
water flow at the bottom of the container started,
thus permitting the onset of solidification (Fig. 1(a)).
Although the thermal gradient ahead the dendrite’s
tip (G) and the growth rate (V) are sometimes
analyzed independently mainly in steady-state
solidification studies [16—18], the cooling rate (7',
given by 7 =GV, has been preferably applied
for microstructural growth correlations in unsteady-
state solidification studies [5—8,10,11], since it
synthetizes the effects of both thermal parameters.
In this sense, the use of different melt superheats
may shift the occurrence of determined cooling rate
to another position in the casting, which is not
relevant for the present work, since the goal is to
correlate the length scale of a representative phase
of the alloy microstructure to the cooling rate.

The macrostructures of the alloys’ castings
analysed in the present work are essentially formed
by equiaxed grains along the Ilength of the
directionally solidified (DS) castings, similar to that
of a previous study by some of the present authors
concerning a Zn—1wt.%Mg alloy [5]. Therefore,
either transverse or longitudinal (parallel to the
growth direction) sections would permit the same
visualization of the microstructural pattern. In this
work, selected transverse (perpendicular to the
growth direction) samples were extracted from the
DS castings at different positions from the
metal/mold interface (Figs. 1(b) and (c)), ground

diamond paste (3 and 1 um) and then finely etched
with an acid solution (10% nital) for 7 s to reveal
the microstructure. The microstructures
analyzed by optical microscopy, using an Olympus
inverted metallurgical microscope (model 41GX).
Additional microstructural characterization was
carried out by scanning electron microscopy
(SEM, ZEISS-EVO-MAI15) equipped with an
energy-dispersive  X-ray  spectrometer (EDS,
OXFORD-X-MAX). The secondary dendrite arm
and interlamellar spacings (4, and ., respectively)
were measured on transverse sections of the
castings, with /., measured from SEM images
(Fig. 1(d)). The intercept method [19] was
employed to measure both 4, and Ay, in which a
straight line of length L was divided by a number
(n) of secondary dendrite arms or eutectic fibers.

Three samples, covering the entire range of
cooling rates of each alloy casting were selected
and subjected to X-ray diffraction (XRD) analyses.
XRD was used to determine all the phases
presented in the microstructure, by comparing the
XRD patterns with crystallographic data from the
Inorganic Crystal Structure Database (ICSD) [20].
A Panalytical X'pert Pro MRD XL diffractometer
with a 26 range from 20° to 90°, and Cuk,
radiation with a wavelength of 1=0.15406 nm, was
used to determine all the phases forming the
microstructures. The samples used for segregation
analyses were the same used for microstructure
analyses. Such analyses were performed in a
fluorescence spectrometer (XRF), model Rigaku
RIX-3100 in order to estimate local average solute
concentrations through an area of 100 mm? probe.

Vickers microhardness was tested according to
the ASTM E92—16 standard [21], on the cross-
sections of the samples using a load of 4.9 N and a
dwell time of 15 s. The adopted hardness value of a
representative position was the average of at least
20 measurements on each sample.

Wwere
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Fig. 1 Schematics of directional solidification (DS) apparatus (a), DS casting (b), representation of samples extracted

along length of DS casting for further microstructure characterization and hardness tests (c) and representative scheme

of technique used to quantify secondary dendritic arm (4,) and eutectic fiber (4,) spacings (d)

3 Results and discussion

3.1 Solidification paths, microstructural phases

and growth and cooling rates along length of

DS castings

The pseudo binary Zn—1wt.%Mg—0.5wt.%Mn
and Zn—1wt.%Mg—0.5wt.%Ca partial diagrams
of Fig.2(a) were calculated by the Thermo-Calc
software, using the SSOL6 database, where the
Zn—1wt.%Mg—0.5wt.%Mn (called Zn—1Mg—0.5Mn)
and Zn—1wt.%Mg—-0.5wt.%Ca (called Zn—1Mg—
0.5Ca) alloys examined in the present study are
indicated by vertical dotted lines. Based on the
isopleths (Figs.2(a) and (b)), the average
compositions of the alloys were located, and from

this, the transformation temperatures were obtained.
The temperatures at which the cooling rates were
determined are: #-Zn liquidus (71,-zn)) and eutectic
(Tew) for the Zn—1Mg—0.5Mn alloy; #-Zn liquidus
(Ti(y-zny) and eutectic (Tey) for the Zn—1Mg—0.5Ca
alloy and additionally, Tcazn,, due to the growth of
primary crystals of the CaZn,; phase. The binary
systems Zn—Mn [22,23] and Zn—Ca [24] present
eutectic reactions for solute contents below 1 wt.%.
In the Zn—Mn system this invariant reaction L—
Zn+MnZng occurs at 413.2 °C for a content of Mn
about 0.92 wt.%. The MnZny phase has a density
of p=7.09 g/cm’, and an average Mn content of
8.53 wt.%; its Pearson symbol is ~P2 and the space
group is P63/mmc [20]. For the Zn—Ca system, the
eutectic reaction L—Zn+CaZn;; occurs at 419.5 °C
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Fig. 2 Partial Zn—0.5(Mn, Ca)—xMg pseudo binary phase diagrams (vertical dotted lines indicate alloys compositions

examined in the present investigation) (a,b) and equilibrium phase fractions of Zn—1Mg—0.5Mn (c) and
Zn—1Mg—0.5Ca (d) alloys as function of temperature, computed using SSOL6 database of Thermo-Calc software

and at 0.0032 wt.% Ca. The CaZn,; phase is lighter
than Zn, presenting p=6.47 g/cm’ (pz,=7.14 g/cm’),
having a Ca content of about 4.5 wt.%; Pearson
symbol is cF112 and the space group is
Fm3c [25]. Figures 2(c) and (d) show the phases
in equilibrium at a constant concentration, and
predict the molar amount of all phases, with
significant amounts of MnZny and CaZn;; phases.
Therefore, these graphs are also proved to be
suitable for the analyses of Scheil-Gulliver
simulation. These curves show the solidification
evolution in equilibrium conditions and corroborate
the first analyses from the equilibrium phase
diagram.

Figure 3 shows Scheil-Gulliver simulations
and the corresponding experimental validation for
both examined alloys. It allows the prediction of the
growth sequence of each phase from the liquid
(solidification path). In the Zn—1Mg—0.5Mn alloy

(Fig. 3(a)) at 400 °C the #-Zn phase started to grow
as the primary phase; shortly after at 396.6 °C the
MnZny phase grew from the liquid (concomitantly
with the Zn phase); at 366.5 °C, a 38% eutectic
fraction was obtained. For the Zn—1Mg—0.5Ca
alloy (Fig. 3(b)), the primary phase started to grow
at about 600 °C, i.e. the CaZn,; phase was observed
to occur first, with a molar fraction of 11% both
under and out equilibrium conditions; then at
400 °C the #-Zn phase started to grow, and at
367 °C all the solute-enriched liquid will give rise
to a 37% eutectic fraction. Figures 3(c) and (d) were
obtained through slow cooling from the melt, with
300 g of alloy, and the cooling rate at each stage
of solidification was indicated by the light gray
arrows. The microstructures in Figs. 3(c) and (d)
show the constituent phases of alloys. These
cooling curves figured out experimentally the onset
temperatures of transformation and corroborated
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Fig. 3 Solidification paths of Zn—1Mg—0.5Mn (a) and Zn—1Mg—0.5Ca (b) alloys simulated by Thermo-Calc software
based on non-equilibrium Scheil-Gulliver model (continuous line) and considering equilibrium conditions (dotted line)
showing precipitation of phases during solidification, and experimental cooling curves under slow cooling rate and
respective microstructural morphology of Zn—1Mg—0.5Mn (c¢) and Zn—1Mg—0.5Ca (d) alloys

those predicted by the Scheil-Gulliver simulations.
These onset temperatures of transformation were
used in the experimental calculation of cooling rates,
as shown in Fig. 4.

The cooling curves of Figs. 4(a) and (b) were
recorded using a data logger instrumented by
K-type thermocouples. Plots of thermocoples
location along the length of the casting (P) as a
function of time of passage (¢) of the liquidus (L)
and eutectic (E) isotherms by each thermocouple,

yield expression of the form: P(f)=axt’, where a and
b are constants. The derivatives of these functions
with respect to time gave values for the growth
rates V1 and Ve, respectively. Figures 4(c) and (d)
show the experimental values of growth rate (V) for
both examined alloys together with the fitted
evolutions.

The experimental cooling curves also allowed
the determination of the evolution of cooling rates
along the entire DS castings (Figs. 4(e) and (f)).
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Fig. 4 Experimental cooling curves obtained from different thermocouple positions along length of DS castings of
Zn—1Mg—0.5Mn (a) and Zn—1Mg—0.5Ca (b) alloys, growth rates of Zn—1Mg—0.5Mn (c) and Zn—1Mg—0.5Ca (d) alloys,
and cooling rates of Zn—1Mg—0.5Mn (e) and Zn—1Mg—0.5Ca (f) alloy as function of position from cooling interface

The time of passage of the transformation isotherms The cooling rate (7) was obtained through the
was determined by the crossing and intersection derivative of this function with respect to ¢, where ¢
between each cooling curve and the isotherms is the advance time of the transformation isotherm.
indicated in Figs. 4(a) and (b). A set of scatter The set of pairs 7 and position of the thermocouple
temperatures within a range of 30 °C above and (P) was used to establish fitted functions T =f(P).
below of the transformation isotherms were fitted Considering the transformation isotherm of the
by a second degree polynomial function, T=£t). n-Zn phase as representative of higher volumetric
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fraction (Fig. 2) for both alloys, it can be seen that
the occurrence of a quite expressive range of
cooling rates varies from about 40 K/s for positions
close to the cooled surface to less than 1 K/s near
the top of the DS castings. Such significant range of
cooling rates in a single casting experiment is
expected to be associated with the corresponding
expressive variation in the length scale of
representative phases of the microstructure along
the entire DS castings.

The advancement of the Ti(.z, liquidus
isotherm will be considered as a standard in a
comparative analysis between the two studied
alloys. The addition of Ca decreased the mean
cooling rate values as compared to the cooling rate
profile of the Zn—1Mg alloy [5], also in Figs. 4(e)
and (f) for comparison purposes. This could be
caused by differences in the alloy thermophysical
properties induced by the addition of Ca,
particularly in the thermal and volumetric
contraction accompanying solidification, which will
be reflected in the alloy/mold heat transfer
coefficient (/). A decrease in & will be accompanied
by a corresponding decrease in the cooling rate
profile [26]. However, the determination of /4 is
beyond the scope of the present investigation. In
contrast, the addition of Mn seems to have no
influence on this parameter. In the alloy containing
Ca, the primary growth of the CaZn,; phase gave
rise to a first mushy zone (MZ), with a
solidification interval of 200 °C. This first MZ
changed the heat flow mode of the liquid to the
environment, and also changed the time of latent
heat release from the #-Zn phase. This change in the
behavior of the heat flow may be related to the
influence of the viscosity of the liquid on the
velocity of heat extraction by conduction along
the dendritic channels (Fig. 3(d)) of the CaZny;
phase [27]. After the beginning growth of the #-Zn
phase, a dendritic coherence was achieved and a
solid fixed network was formed (as will be seen
later), causing variation in the cooling rate profiles
for the three analyzed isotherms.

The effect of the addition of Ca to the Zn—Mg
system allowed a more detailed analysis to be
carried out on the influence of composition and
thermal solidification parameters on the final
arrangement of the microstructure of the Zn—
1Mg—0.5Ca alloy. According to Figs. 2(b) and 3(b),

such alloy has a solidification interval of about
240 °C. The solutes Ca and Mg are not soluble in
the #-Zn phase [28], and both are lighter than the
solvent (Zn). The densities of the Mg, Ca and Zn
are respectively 1.74, 1.54 and 7.10 g/cm’ [28].
When the molten alloy during cooling reaches a
temperature of 600 °C, each Ca atom will react
with others 13 Zn atoms and nucleation of a
CaZn,; phase embryo will occur. As observed by
VIDA et al [5] for DS Zn—Mg alloys, direct
macrosegregation of Mg occurs along the length of
the present alloy casting, and such solute movement
can also occur with Ca, by the same principles.
Such movement of solute will give rise to a
supercooled liquid ahead the CaZn;; isotherm,
which will allow the growth of the Ca-bearing
phase. These premises have allowed a scheme to
predict the formation of the microstructural
arrangement of this alloy to be drawn.

Figure 5 was developed based on the afore-
mentioned premises, showing four instants of
time resulting from the solidification of the
Zn—1Mg-0.5Ca alloy: 0, 10, 100, and 500 s. Each
frame presents a prediction of what is supposed to
happen and its effect on the final arrangement of the
microstructure for that condition. These predictions
can be corroborated or confronted ahead in the
discussion to follow, although for now they are
important to outline how the concomitant growth of
two primary phases, CaZn;; and #-Zn, can occur.
For =0 s it is possible to observe the tendency of
the solutes to float (red and white arrows), this
upward movement can
convection in the liquid (black arrow). For =10 s
the CaZn,; isotherm is at 20 mm from the cooling
interface, and the eutectic isotherm has already
reached a position at about 5 mm from the bottom
of the DS casting; the small particles represent the
primary CaZn;; phase, the dendrites (black)
represent the #-Zn phase and the gray background
represents the eutectic compound. After 100 s of the
start of solidification, the CaZn;; isotherm advanced
60 mm, and the first 20 mm of the DS casting was
already solid; from this point on, there were
conditions for the growth of the CaZn,; phase with
a dendritic equiaxed morphology. Finally, after
500 s it is possible to have a complete overview
of the microstructural result of the unsteady state
solidification of the Zn—1Mg—0.5Ca alloy.

induce thermosolutal
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3.2 Phases morphologies, microstructural
spacings and growth laws

Figure 6 shows the experimental micro-
structural arrangements of the two analyzed alloys.
An essentially dendritic morphology was shown to
characterize the #-Zn phase (matrix) along the
length of both alloys castings. The MnZn, and
CaZn,; phases were observed in the respective
alloys, and the eutectic mixture (in the inter-
dendritic regions) completed the microstructural
arrangement. In a previous work [5] with a binary
Zn—1Mg alloy, the growth of equiaxed grains was
observed to occur along the entire range of
experimental cooling rates analyzed, with a
microstructure composed essentially of a Zn-rich
(n-Zn phase) dendritic matrix plus a complex
eutectic ~ mixture (stable Zn+Mg,Zn;; and
metastable Zn+MgZn,). The variation in both
microstructural morphology and length scale is
associated with the cooling rate range varying
between 45 and 0.2 K/s [5].

The addition of Mn to the Zn—1Mg alloy
generated microstructures with a more refined
dendritic morphology as compared to that of the
binary alloy [5]. Zn,Mg particles act as potent

heterogeneous nucleation sites in Zn alloys [29].
However, BEDNARCZYK et al [30] have shown
that among the solutes Cu, Ag and Mn, the latter
acts as the most efficient grain refiner of Zn alloys,
providing increased mechanical strength without
considerable loss of ductility. The Zn—1Mg—0.5Mn
alloy casting (Fig. 6(a;)) with P=5 mm presents thin
Zn dendrites with high incidence of secondary arms;
the sample with P=70 mm shows that the
morphology of the primary dendritic trunk follows
the same morphological aspect of that observed in
the previous study with the Zn—1Mg alloy [5], but
with greater refinement of secondary arms. The
MnZng particles have an idiomorphic morphology
and are distributed throughout the interdendritic
branches.

Figure 2(b) showed that the phase diagram of
the Zn—1Mg—0.5Ca alloy is quite distinct from that
of the binary Zn—Mg alloy system [5]. Figure 3(b)
and (d) indicated that, for the Zn—1Mg—0.5Ca alloy,
the CaZn;; phase would grow first and reach a mole
fraction of about 11%. However, the micrographs
in Figs. 6(b;—bs) showed a microstructural
arrangement that depends on the magnitude of the
cooling rate, which is different from that shown in
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(a3) _

Eutectic

Eutectic
compound

Fig. 6 Typical optical microstructures Zn—1Mg—0.5Mn (a;—a;) and Zn—1Mg—0.5Ca (b,;—b;) alloys at three different
positions (P) from cooled bottom of DS casting: (a;, b;) P=70 mm; (a,, b,) P=30 mm; (a3, b;) P=5 mm

Fig. 3(d) (sample solidified under a low cooling
rate). Stable growth of the Ca-rich phase was
observed to occur only for cooling rates (T I
below 1.8 K/s. For higher cooling rates the CannB
phase grew with orthogonal dendritic morphology
(growth where the secondary branches are
orthogonal to the primary trunks) and aligned with
the direction of heat extraction.

The addition of either Mn or Ca modified the
morphology of the eutectic mixture present in the
interdendritic regions, as shown in Fig. 7. A recent
research [14] has shown that in hypoeutectic
Zn—Mg alloys, the morphology of the eutectic
mixture is composed of regular lamellae,
degenerate lamellae and spiral lamellae. VIDA

et al [14] classified the lamellar morphology into
two categories: coarse lamella and refined lamella.
In the Zn—1Mg—0.5Mn alloy, the addition of Mn
prevented the formation of spiral lamellae.
According to FULLMAN and WOOD [31], for this
type of morphology to be able to grow, one or both
of the phases should have anisotropic growth rates,
so that the alpha (a) phase grows faster than the
beta (f) phase in one direction or more slowly in
other. The addition of Ca to the Zn—1Mg alloy
modified the morphology of the lamellar eutectic to
rod-like eutectic, in the presence of a minor fraction
of lamellar morphology. However, different
lamellae were observed to occur as compared to
those reported for binary Zn—1Mg alloys. In this
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case, the lamellar morphology was preferably
observed at the edges of the #-Zn phase (Figs. 7(b;)
and (b,)).

Figure 8(a) shows experimental growth laws
relating the secondary dendritic arm spacing (1) to
cooling rate (T;y—Zn)‘ This plot has been figured out
from the experimental A, results measured along the
DS Zn—1Mg—0.5Mn and Zn—1Mg—-0.5Ca alloy
castings. Power functions with an exponent of —1/3
characterize the evolution of 4, with 7;7_Zn. Recent

1041

studies on equiaxed directional solidification of
hypoeutectic Zn—Mg [5,14] alloys have reported
this same exponent, and these results are also
inserted in Fig. 8(a) for comparison purposes. This
exponent also agrees with those reported for
secondary dendritic growth during transient
directional solidification of Al and Zn-based ternary
alloys [32—34]. Figure 8(b) shows the experimental
scatters and growth laws relating eutectic spacings
(Aew) to T for both experimentally examined Zn-

Fig. 7 SEM-BSE images of eutectic mixture for samples with P=30 mm: (a;, a;) Zn—1Mg—0.5Mn alloy, in which
arrows indicate regions of lamellar morphology; (b;, by) Zn—1Mg—0.5Ca alloy, in which arrows indicate regions with

rod-like and lamellar morphologies
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Fig. 8 Secondary dendritic arm spacing as function of solidification cooling rate, 4, vs T (a), and eutectic spacing as

function of solidification cooling rate, A, vs T (b)
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based alloys. It can be seen that a —1/4 exponent
characterizes the present experimental power laws.

The alloy with Ca solidified under an average
profile of cooling rate lower than that of the binary
alloy Zn—1Mg. However, Fig. 8 depicted a smaller
dispersion in the values of the microstructural
parameters standardized by A, and Ao and
corroborated by the growth laws. The liquid in
contact with the solid/liquid interface (S/L) has
become richer in solute due to solute rejection in
front of this interface. Mg, Mn or Ca solutes have
no solubility in the #-Zn phase, and regardless of
the upward flow of the solutes (Ca and Mg) or their
accumulation just in front of the S/L (Mn) interface,
there will be a local composition that will differ
from the concentration of the open liquid. This
gradient of solute concentration will cause the
formation of a thermal gradient in the liquid, and in
the regions close to the S/L interface the formation
of a constitutional supercooling (CS) will be
observed. The CS level has a strong influence on
the morphology of the S/L interface and is directly
proportional to the C; (C, is the alloy nominal
composition) level. Several studies have shown the
influence of CS on the rate of nucleation and
microstructural refining [35—38]. VIDA et al [14]
proposed that a growth law of type 1,=15.37
would be more adequate than the model proposed
by BOUCHARD and KIRKALDY [35] for
predicting the growth of secondary dendritic
spacing of hypoeutectic Zn—Mg alloys solidified in
steady state and unsteady state conditions. The
same was obtained for the evolution of the growth
of eutectic spacings [14], as shown by the dotted
curves in Fig. 8(b).

For Zn—Mg based alloys subjected to the
directional solidification technique used in the
present study, the growth from the melt progresses
vertically upwards, and since Zn is much denser
than Mg, Mg can float (by gravity effects) ahead of
the solidification front, thus enriching the molten
alloy with Mg. This is typical of Zn—Mg alloys, as
reported by VIDA et al [5] in a study on directional
solidification of Zn—(0.3—1.2)wt.%Mg alloys, for
which normal macrosegregation Mg profiles
were reported to occur. Figure 9(a) shows the
experimental  solute  concentration  profiles
determined along the length of the Zn—1Mg—0.5Mn
DS casting. It can be seen that the experimental
solute profiles for Mn and Mg are essentially

constants along the entire casting. At this point, the
Mg concentration profile along the entire casting
behaved differently from that observed for binary
Zn—(0.3—-1.2)wt.%Mg alloys [5]. The presence of
Mn seems to have altered the rejection and
redistribution mechanism of Mg ahead the
solid/liquid interface. The growth of the MnZng
phase appears to have created a type of barrier that
prevented the Mg-rich liquid (less dense) from
floating upwards.

In contrast, a rising Ca profile can be observed
characterizing the occurrence of normal macro-
segregation in Fig. 9(b). According to the Zn—Ca
binary phase diagram [24], Ca is not soluble in the
n-Zn phase. According to Figs. 2 and 3 for the
Zn—1Mg—0.5Ca alloy, the CaZn;; phase grows,
which is lighter than the open liquid and has a wide
solidification interval, that may have
contributed to upward displacement of this phase.
Therefore, the lower Ca content for regions closer
to the cooled bottom of the casting can be related to
two features. Firstly, these regions are associated
with high cooling rates, which seem to suppress
the formation of the Ca-bearing phase (fact
corroborated by the presence of Ca dissolved in the
eutectic mixture). Secondly, the Ca-bearing phase is
lighter than the open liquid, and thus it can float.
For j;y-Zn<1'8 K/s, there are conditions for the
growth of the CaZn,; phase, and from this point the
fraction of this phase becomes greater, which is
associated with the increasing Ca profile of
Fig. 9(b).

Figure 9(c) and (d) show the results of X-ray
diffraction (XRD) analysis. The Zn—Mg system is
known to exhibit two competitive types of eutectic
mixtures. In this way, three phases common to the
two analyzed alloys were identified: #-Zn, and the
intermetallic compounds Zn;;Mg, and Zn,Mg
(present in the eutectic mixture). The MnZny phase
has been identified along the entire range of
experimental cooling rates of the DS Zn—-1Mg—
0.5Mn alloy casting. In this case, the peaks with 26
angles of 38.9°, 43.01° and 82.15°, common to the
three tested samples, indicate the occurrence of the
Mn-bearing phase also for regions with higher
cooling rates. In the Zn—1Mg—0.5Ca alloy casting,
two Ca-bearing phases have been identified, i.e. the
CaZn;; and the CaZn; phases. According to the
isopleth of Fig. 2(b), the CaZn;; phase should
not occur for this level of Ca content. Figure 9(d)

factors
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shows that this phase occurs mainly in the sample
with P=5 mm (T - >10K/s), indicating that the
magnitude of the cooling rate under non-
equilibrium solidification conditions affects the
growth of the phases, forming the microstructure of
these alloys. LI et al [39] analyzed a Zn—1Mg—1Ca
alloy in conditions such as cast and hot-rolled, and
they have not observed the presence of CaZn;; in
these conditions. Other studies that examined the
addition of Ca to hypoeutectic Zn—Mg alloys, also
do not report the presence of CaZn,; [40,41].
Figures 10(a;—a;) and (b;—bs) show the results
of SEM/energy dispersive X-ray spectroscopy
(EDS) analysis with the mass fraction of each of the
phases at different positions along the length of
the Zn—1Mg—0.5Mn and Zn—1Mg-0.5Ca alloys
castings, respectively. Next to each image there is a
table with the punctual results of the analyses with
the mass fraction of the elements. The analyses
were performed at different positions in each alloy

casting, seeking to verify the influence of the
cooling rate on the formed phases. The alloy
containing Mn appears in both the #-Zn matrix and
the Zn phase of the eutectic mixture with an
average Mn content of about 0.3 wt.%, suggesting
the presence of a supersaturated metastable #-Zn
phase. The dark phase (of lamellar morphology)
present in the eutectic region of the microstructure
is formed by Mg-bearing phases (Zn;;Mg, and
Zn,Mg). It is worth mentioning that the EDS
analysis presents a certain discrepancy when
measuring thin phases, mainly with thicknesses
smaller than that of the EDS beam (the X-ray beam
of the equipment used has a diameter of about
1 um). Thus, for the more refined regions of the
samples, the analysis may not include the values
provided in the literature for the composition of
each phase. In this sense, this reinforces the need
for X-ray diffraction (XRD) analyses, which were
carried out to give more reliability to the results.
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Fig. 10 SEM/EDS results of areas inside dendritic and interdendritic regions for different positions in Zn—1Mg—0.5Mn
(a;—a;) and Zn—1Mg—0.5Ca (b,—bs) alloy castings: (a;, b;) P=5 mm; (a,, bo) P=30 mm; (a3, b3) P=70 mm

As shown in Fig. 6(b;) for the sample with
P=70 mm, the Ca-bearing phase could be better
observed in samples solidified under T oy
1.8 K/s. It can be seen in Fig. 9(d) that there was a
higher incidence of 26 peaks associated with the
CaZn,; phase, thus, it can be inferred that the phase
with dendritic morphology dispersed in the #-Zn
matrix is the CaZn;; phase. Figures 10(b;—bs) also
indicate the absence of Ca in the #-Zn phase, and

some Ca solubility in the eutectic region [41].

3.3 Vickers microhardness

The addition of Mn and Ca to the Zn—1Mg
alloy contributed to a substantial increase in Vickers
hardness (HV) values as compared to the binary
alloy, as shown in Fig. 11. The Zn—1Mg—0.5Mn

alloy showed a behavior dependent on the length
scale of the dendritic microstructure, following a
classic Hall-Petch relationship, with higher Vickers
hardness values associated with lower values of A,
and an average increase of 30% in the Vickers
hardness values in relation to the binary alloy. The
Zn—1Mg—0.5Ca alloy casting showed two different
evolution profiles in Vickers hardness. An inflection
point occurred in the sample with P=25 mm (with
Tz, = 5-6K/s and T, , = 1.8K/s); 1,=15.2 um
(or A;'?=0.257 um™"?), for which the lowest
hardness value of 94 HV can be observed. The
sample with P=5mm and A=7.9um (or
23 2=0.354 pm™"?) presented a hardness of 105 HV,
and the sample with P=80 mm and 4,=24.1 pm (or
25 2=0.203 pm"?) a hardness of 125 HV.
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The microstructural arrangement of the sample
with P=5mm is essentially constituted by a
dendritic #-Zn matrix and the eutectic mixture
(Fig. 6(b;—bs)). In this case, the increase in hardness
as compared to that of the Zn—1Mg alloy is
probably caused by (I) the greater refinement
of the eutectic compound (Fig. 8(b)), as shown
by the sample with P=5mm for which
AV values of about 1.25, 1.41, 1.32 (rod-like)/
1.41(lamellar) pm "2, for the Zn—1Mg, Zn—1Mg—
0.5Mn and Zn—1Mg—0.5Ca alloys, respectively, can
be observed; (II) the presence of Ca-bearing phases
and the modification of the eutectic morphology
(variation from an essentially lamellar to a
lamellar+rods morphology, see Figs. 7(b;, b)) seem
to have contributed to the higher Vickers hardness
value as compared to the alloy containing Mn.

As aforementioned, the stable growth of the
CaZn,; phase could only occur for lower cooling
rates (Z?I_Zn <1.8 K/s); Fig. 9(b) showed a slight
direct macrosegregation profile of Ca (from sample
with P=30mm) that increases progressively
towards the top of the casting. Figures 6(b;—b;) and
7(by, by) showed the presence of this phase from
this sample. This configuration indicates that the
increase in hardness for progressively coarser
dendritic microstructures is causally related to the
stable growth and increasing fraction of the CaZns
phase towards the top of the casting. The CaZn,;
phase serves as an “anchor” to the movement of
dislocations, thus providing the
hardness. This set of factors provided a linear
increase in Vickers hardness up to a maximum of
125 HV, that is, an increase of about 90% in relation
to that of the Zn—1Mg alloy.

The experimental results of Vickers hardness
of the Zn—1Mg alloy casting were obtained
following the same procedure used for the two
alloys analyzed in the present study and described
in the experimental procedure section. The
experimental values are also plotted in Fig. 11,
being essentially constant along the length of the
DS casting at about 65 HV. In a previous work [5],
it was reported that this alloy presented a normal
(or direct) Mg macrosegregation profile, that is,
increasing the Mg content from bottom to top of the
DS casting, which has contributed to the increase in
the eutectic fraction, and consequently in the
fraction of Mg-bearing phases. A balance seems to
have occurred from bottom to top of the DS casting,

increase in

leading to an essential constant hardness, i.e. with
the increase in both A, and eutectic fraction. For
lower 4,, the lower reinforcing eutectic fraction is
more homogeneously distributed throughout the
interdendritic spacings of the microstructure,
whereas with the increase in 4,, hardness is kept in
a similar value due to the increase in the fraction of
the eutectic phase.
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Fig. 11 Evolution of Vickers microhardness (HV) with
square root of secondary dendritic spacings along length
of DS alloy castings

The greater hardness observed for Ca-bearing
alloys, is actually associated with the growth of
the CaZn;; phase during solidification of the
Zn—1Mg—0.5Ca alloy. According to Fig. 2, it is the
primary phase and represents a volumetric fraction
of at least 10% of the microstructural arrangement.
In contrast to the Mn-bearing alloy, the MnZny
phase represents less than 1% of the volumetric
fraction of the microstructure (Fig.2(b)). The
difference between the microhardness values of
these two alloys is at least 25%. The cooling rate
also has an important influence on these final
Vickers hardness values, since the scale of the
final arrangement of the solidification morphology
is directly linked to the level of cooling rate
imposed during the solidification stage [29,42—44].
Figure 12 summarizes the average values obtained
experimentally for the alloys (considering the
Vickers indentation of the microstructural
arrangement); for each phase of the microstructural
arrangement (considering the Vickers indentation of
only the area of the phase), for each eutectic
mixture (considering the Vickers indentation of
only the interdendritic area), and lastly the Vickers
hardness of Zn available in literature [28].
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4 Conclusions

(1) Three common phases were shown to form
the microstructures of the Zn—-Mg—(Ca, Mn) DS
alloy castings: the Zn-rich dendritic matrix and the
Zn; Mg, and Zn,Mg IMCs present in the eutectic
mixture. Complementary, for the particular cases of
Ca and Mn additions, two Ca-bearing phases
(CaZn;; and CaZn;3) and the MnZny were also
formed, respectively. These additions also promoted
not only the refinement of both dendritic and
eutectic phases, but also modify the morphology of
the eutectic: Mn prevented the formation of spiral
lamellae and Ca modified the lamellar eutectic into
a rod-like eutectic.

(2) A normal Ca macrosegregation profile, that
is, an increasing Ca profile (from about 0.25 up to
0.8 wt.% Ca) from the bottom to the top of the
vertical Zn—1Mg—0.5Ca DS alloy casting was
observed to occur. In contrast, the Mn and Mg
solute profiles remained essentially constant along
the length of the DS castings.

(3) Experimental growth laws were proposed
relating the secondary dendritic arm spacing (4,:
pum) and the eutectic interphase spacing (Aey: wm) to
experimental cooling rates (7: K/s): 1,=18. 57;7’Zlf]3
for both Zn—lMg 0.5Ca and Zn—1Mg—0.5Mn
alloys; Aew=0. 8T 4 for the Zn—1Mg—0.5Ca alloy
and A, =1. 17" for the Zn—1Mg—0.5Mn alloy.

eut

(4) The Mn and Ca additions to the Zn—1Mg
alloy have proven to be effective in the increase in
Vickers microhardness (HV) as compared to the
binary alloy. Correlations between A, and Vickers
microhardness along the length of the DS castings
permitted Hall-Petch type equations to be proposed,
generally agreeing with the classical trend of higher
Vickers microhardness associated with lower A,.
An exception concerns the increase in Vickers
microhardness for the Zn—1Mg—0.5Ca alloy as the
dendrites get coarser (7 <1.8 K/s) justified by the
increase in the fraction of the CaZn;; IMC towards
the top of the casting.
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