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Abstract

In this study, squeeze-cast Zn—AI-Cu—Mg alloys with varying Ca additions (0, 0.5, 1.0, and 1.5 wt.%) were investigated to
evaluate the combined effects of microstructural evolution on mechanical and corrosion performance. Microstructural
analysis showed a transition from coarse Zn-rich dendrites in the base alloy to a refined and uniform morphology with Ca
additions up to 1.0 wt.%, followed by coarsening and increased porosity at 1.5 wt.% Ca due to excessive intermetallic
formation. Mechanical testing indicated that the alloy with 1.0 wt.% Ca had the highest hardness (141 HV0.1) and tensile
strength (359 MPa), attributed to grain refinement and dispersion strengthening, though with reduced ductility due to
intermetallic brittleness. Electrochemical corrosion tests in 3.5 wt.% NaCl solution showed that the corrosion rate
decreased from the base alloy to 1.0 wt.% Ca, confirming enhanced corrosion resistance due to microstructural refinement
and protective film formation. However, excessive Ca addition (1.5 wt.%) increased the corrosion rate to 0.8109 mpy due
to coarse intermetallics and porosity, which promoted localized attack. The results highlight that optimal Ca addition (1.0
wt. %) achieves a balance between strength, hardness, and corrosion resistance, making Ca-modified Zn—-Al-Cu—Mg alloys

promising candidates for structural and functional applications.
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1. Introduction

Zinc-based casting alloys (notably Zn-Al
systems) are of growing interest for lightweight
structural and tribological components because they
combine good castability with moderate mechanical
strength and intrinsic corrosion resistance [1].
However, their corrosion performance is susceptible
to microstructural features such as dendrite
morphology, grain size, and the presence and
distribution of intermetallic phases. In chloride-
bearing environments, micro-galvanic coupling
between Zn-rich matrix regions and Al or Cu-rich
intermetallics often controls the onset and propagation
of localized attack, making alloy chemistry and
solidification control critical design variables for
improving durability [2]. Recent microstructural-
corrosion studies of zinc and zinc-alloy systems
emphasize that microalloying and controlled phase
morphology can shift corrosion kinetics substantially,
motivating targeted alloy design to balance
mechanical and environmental performance [3-5].

Calcium (Ca) has emerged as a practical micro-
alloying addition in various light-metal systems
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because of its strong influence on nucleation behavior
and intermetallic formation [6]. In Zn-based alloys,
Ca readily combines with Zn and Al to form Ca-rich
intermetallics (e.g., Ca,Znis, Al2Ca,Zn) that nucleate
early during solidification and modify the
eutectic/eutectoid reaction pathways; this often
produces grain refinement and more homogeneous
microstructures at moderate additions [7-9]. Such
refinement can adequately reduce the size and number
of micro-galvanic cells, improving corrosion film
formation and adherence and lowering anodic
dissolution rates in many environments. Experimental
studies on Zn—Ca—Cu and related systems have
reported that limited Ca additions can improve
uniform corrosion resistance by refining grain
structure and stabilizing surface films [10, 11].
Nevertheless, the electrochemical role of Ca-rich
intermetallics is complex and condition-dependent.
Several investigations have shown that some Ca-
containing phases (notably Ca ,Znis) are cathodic
relative to the Zn matrix and can accelerate localized
corrosion through micro-galvanic action when coarse,
continuous, or clustered [12—14]. In-situ SEM and
time-lapse work have demonstrated preferential
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corrosion of Ca-rich intermetallics with consequent
local alkalization and ion release that can,
paradoxically, either promote protective deposits or
amplify pitting depending on the electrolyte and phase
morphology [15, 16]. Thus, while moderate Ca
additions often produce beneficial grain refinement and
improved bulk corrosion metrics, excessive Ca tends to
produce coarse cathodic particles and increased
porosity, which are commonly associated with elevated
localized corrosion rates. The trade-off between the
advantages of refining and the galvanic degradation
caused by intermetallics remains demonstrated in
recent Zn and Mg-based alloys investigations [17—19].

Recent investigations have confirmed that small
additions of calcium can markedly influence the
corrosion behavior of light-metal alloys. For instance,
T. Mandal et al. reported that Ca-modified Mg—-Al-Zn—
Sr alloys exhibited improved corrosion resistance due
to grain refinement and the formation of protective
surface layers. However, excessive Ca promoted coarse
intermetallics and localized attack [20]. Similarly, a
study on High-Zn containing Al-Zn—-Mg—Cu alloys
highlighted that microstructural refinement and
controlled intermetallic precipitation suppressed
corrosion currents and delayed pit initiation [21]. In
Zn-Al-Mg systems, adding minor alloying elements
also reduced corrosion rates by stabilizing corrosion
films and minimizing micro-galvanic effects [22].
Zhang et al. noted similar trade-offs in Mg-Zn-Ca
systems, where Ca,Mg Zn, phases improved corrosion
and strength but compromised elongation [23].
Doroshenko et al. studied Al-6%Mg-2%Ca-2%Zn
alloys and linked phase formation to casting parameters
and mechanical response [24]. These findings are
consistent with our results, where moderate Ca
additions (~1.0 wt.%) reduced corrosion rate, while
higher levels (1.5 wt.%) deteriorated performance due
to coarse CaZni; intermetallics and porosity. The
novelty of systematically examining Ca’s role in
squeeze-cast Zn—Al-Cu—Mg alloys is reinforced by
situating our results within these recent studies.

Given these competing effects, there is a clear
need for systematic studies that correlate Ca
concentration, intermetallic morphology, porosity,
mechanical strength, and electrochemical behavior
under the same processing route. Squeeze casting,
which applies pressure during solidification, can
further affect porosity, phase distribution, and film
layer formation. Therefore, assessing Ca’s influence
specifically in squeeze-cast Zn—Al-Cu—Mg alloys is
significant for engineering applications. Thus, the
present work investigates Ca additions from 0 to 1.5
wt.% under identical squeeze-casting conditions and
evaluates microstructure (via SEM/EDS, XRD),
mechanical (tensile strength, hardness), and

electrochemical corrosion performance. This
combined approach allows us to identify the Ca
concentration range that optimizes both mechanical
performance and corrosion resistance, and to explain
the underlying mechanisms in terms of intermetallic
chemistry and morphology.

2. Materials and methods
2.1. Alloy Preparation

The schematic diagram of the squeeze casting
setup used in the present study is shown in Figure 1.
A commercial grade Zn-Al alloy consisting of 94.95
wt.% Zn, 4.0 wt.% Al, 1.0 wt.% Cu, and 0.05 wt.%
Mg were used as the base alloy. Base Alloy with pure
metallic calcium was added in varying amounts (0.5
wt.%, 1.0 wt.%, and 1.5 wt.%) to produce Ca-
reinforced Zn-Al-Cu-Mg alloys. The Zn-Al-Cu-Mg
alloy ingot was sectioned into four equal parts using
an abrasive cutting machine, then weighed according
to the required composition. The alloy pieces were
subsequently placed in a graphite-coated crucible (10
kg capacity) inside the electric furnace for melting.

The Zn-Al-Cu-Mg alloys were prepared by
melting the base metals, followed by the precise
addition of pure metallic calcium to achieve the target
compositions. The mixture was homogenized using a
stir motor to ensure uniform distribution of elements.
Before casting, the graphite-coated crucible and the
cast-iron mold were preheated to 180-215 °C.
Melting was done in a graphite-coated crucible using
an electric bottom-pour furnace under an inert argon
atmosphere at 600 + 10 °C. After each calcium
addition, the melt was manually stirred for 1-3
minutes to promote uniformity. To minimize gas
porosity and oxide inclusions, the melt was degassed
with high-purity argon for 10 minutes using a rotating
submerged lance, which effectively removed
dissolved hydrogen and dross. Preheated
reinforcement was introduced at 550 °C while stirring
at 250 rpm, and Ca additions held the melt for 20
minutes with continuous stirring. The Slag was
carefully skimmed off the surface before transferring
the melt to a preheated cylindrical squeeze die
maintained at 200 °C and squeeze cast under 90 MPa
using a vertical hydraulic press, with pressure
maintained for 60 s to ensure complete filling and
solidification. Cooling under pressure prevented
porosity and thermal cracking. The solidified billets
were ejected and cooled to room temperature before
being sectioned into specimens for metallurgical and
mechanical  characterization. For  chemical
composition analysis, square samples (20 x 20 x 5
mm?) for optical emission spectroscopy (OES), and
the final composition results are presented in Table 1.



T. Gopalakrishnan et al. / J. Min. Meta

1. Sect. B-Metall. 61 (2) (2025) 269 - 281 271

Squeeze Cast — -
Stirrer ‘I w8 Electric Furnace
Control Unit s -
! 18 B B —
‘l ' Heater
. » X i
Hyf]raullc Loading |1 \ Soteei Tt [
Unit A
N \‘
Punch and Die ! - i Pathway
- ‘ Heater
]

‘ Powder Feeder
“l I - ) )

L Final I
Specimen
Figure 1. Schematic representation of the squeeze casting setup
Table 1. Chemical Composition of Zn-Al-Cu-Mg alloy with different Ca additions (wt.%)
Specimen Al Cu Mg Ca Zn
Zn-Al-Cu-Mg (Base Alloy) 4 1 0.05 Bal.
Zn-Al-Cu-Mg + 0.5 wt.% Ca 3.66 0.96 0.0443 0.45 Bal.
Zn-Al-Cu-Mg + 1.0 wt.% Ca 3.53 0.95 0.0422 0.93 Bal.
Zn-Al-Cu-Mg + 1.5 wt.% Ca 3.49 0.93 0.0418 1.36 Bal.
2.2. Microstructural and Mechanical the distribution of second-phase particles. Squeeze

Characterization

The actual density of each cylindrical specimen
was measured using a METTLER TOLEDO New
Classic MF densitometer, based on the mass ratio to
volume. The theoretical density was calculated using
the rule of mixtures from the elemental compositions,
and porosity was estimated by comparing the
measured and theoretical densities. Samples were
sectioned from the cast billets, cleaned with acetone,
and prepared as square specimens (10 x 10 x 5 mm?).
Each specimen was hot-mounted in resin, ground
sequentially with SiC papers (240-1200 grit), and
polished with 1 pm alumina slurry, followed by final
buffing with 1 pm diamond paste to reveal the
microstructure features. The Zn-Al-Cu-Mg alloy with
varying Ca addition of (0.5 - 1.5 wt.%) Ca etched the
polished surfaces with 2% Nital for 5 s and was
examined wusing a Leica DM2500M optical
microscope to evaluate grain boundary integrity and

cast specimens were further analyzed for intermetallic
phases by scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectroscopy
(EDS). X-ray diffraction (XRD) analysis was
performed on a Pan-Analytical diffractometer using
Co-Ka radiation (A = 0.154 nm) over a 20 range of
20°-80° at a scan rate of 2°/min. The diffraction peaks
were compared with ICDD standards to identify
crystalline  phases.  Vickers  microhardness
measurements were conducted per ASTM E92 using a
Matsuzawa MMT-X7 tester at a 100 gf load and 15 s
dwell time. Microhardness carried out five replicas of
readings for each composition. Tensile testing was
conducted using a Tinius Olsen H25KT micro-
universal testing machine at a 0.2 mm/min crosshead
speed. Sub-size specimens, machined via wire EDM
in compliance with ASTM E8/E8M, had a gauge
length of 6.0 mm, a width of 4 mm, and a thickness of
1.0 mm. The reported tensile strength values represent
the average of three tests to ensure statistical accuracy.
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2.3. Potentiodynamic Polarization Test

The corrosion behavior of the squeeze-cast Zn—
Al-Cu-Mg alloys with varying Ca contents (0, 0.5,
1.0, and 1.5 wt%) was evaluated using
electrochemical methods. Potentiodynamic
polarization (PDP) tests were carried out using a
three-electrode cell connected to a Gill ACM
electrochemical workstation, with the alloy specimen
as the working electrode, platinum as the counter
electrode, and saturated calomel electrode (SCE) as
the reference. The samples were stabilized at open-
circuit potential (OCP) for 30 min before scanning
from —650 mV to +350 mV relative to OCP at a scan
rate of 1 mV s™'. Corrosion current density (I ) and
corrosion potential (E_ ) values were extracted using
Tafel extrapolation, and the corrosion rate was
calculated wusing formula (a) and surface
morphologies of corrosion specimens were examined
using FESEM analysis.

_0.13-EW -

CR Corr m
oA (mpy) (a)

Where, EW = equivalent weight (g) , icorr =
corrosion current (pA), p = density (g/em®) A =
exposed surface area (cm?).

)

Figure 2. Optical Micrographs of

AR

3. Results and discussion
3.1. Microstructural Evolution

The microstructures of the squeeze-cast Zn-Al-
Cu-Mg alloy with varying calcium additions are
shown in Figure 2. The optical images reveal a
transition from coarse dendritic structures in the
unreinforced alloy to a finer and more uniform
morphology in the calcium-reinforced samples. The
Zn-Al alloys exhibit Al and Zn-rich solid solutions
whose distribution varies with calcium content, as
illustrated in Figure 2a. The unreinforced alloy
features coarse Zn-rich dendrites and eutectoid
colonies Figure 2a. In the Zn-3.5A1-0.9Cu-0.04Mg
alloy with 1.5 wt.% calcium Figure 2d, the
microstructure comprises Ca,Zn,, and Ca Mg,
intermetallic phases, along with a newly formed Zn-
Al phase [5, 25]. The CaZn,, phase appears in
dendritic or blocky forms and exhibits lower
brightness than the Al Cu + Cu.Zn phases, as calcium
is approximately 13% lighter than aluminium. Al-Zn
particles observed to attach to Ca,Zn,;, forming a
compound structure confirmed by XRD analysis [9].
The characteristic dendritic morphology of Ca Zn, is
shown in Figure 3—a comparison between the
unreinforced and 1.5 wt.% Ca-reinforced alloys

Thin dendrites structure
(CaZn,s)
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Zn-Al-Cu-Mg Alloys with different Ca additions. (a) base alloy; (b) 0.5 wt.% Ca; (c)

1.0wt.% Ca; (d) 1.5 wt.% Ca
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Figure 2d show that calcium addition modifies the
dendritic morphology. The secondary dendritic arm
spacing improved, and the overall grain structure
became more consistent, even though the Zn-rich
dendrites appear slightly longer. This microstructural
refinement is associated with enhanced mechanical
properties up to an optimal calcium content.

The FESEM images and EDS analysis with
mapping show the phase distribution in the mid-
region of Zn-Al-Cu-Mg alloys with varying calcium
contents, as shown in Figure 3. The base alloy
microstructure (Figure 3a) consists of bright white
globular grains, with delicate lamellar and coarse
cellular structures. In the alloy containing 1.5 wt.%
Ca (Figure 3d), slower cooling resulted in the
formation of larger dendritic phases, lamellar eutectic

structures, and darker regions at dendrite boundaries
containing fine eutectoid lamellae. According to the
Zn-Al phase diagram, hypoeutectic Zn-Al alloys
primary solidify as a-Zn, followed by a eutectic
reaction forming a mixture of a-Zn and a-Al phases
upon cooling. EDS analysis in Figure 3a revealed
high Zn and Al content, corresponding to the n-Zn
matrix, and exhibited a similar Zn-Al composition,
indicative of the AlZn phase. In Figure 3b, EDS
provides further phase identification. It corresponds to
the Ca Mg, phase and is in a lighter dendritic region.
It shows a Zn-rich composition with minor Al and Cu,
aligning with the n-Zn phase, and corresponds to a
Zn-rich eutectoid region. Figure 3¢ shows elevated Ca
and Al and traces of Mg and Cu, suggesting the
presence of the Al,Ca Zn phase [23, 26, 27]. EDS
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Figure 3. (a-d) FESEM Morphology of the Zn-Al-Cu-Mg alloy without and with Ca addition, (e-h) showing EDS analysis
with mapping
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analysis shows higher Al, Mg, and Cu, consistent with
the AlCu,Mg phase. It reveals a Zn-rich region with
Ca content matching the Ca Zn , phase. Brighter
zones are predominantly Zn-rich. Higher calcium
content was also observed, with similar features at 1.5
wt.% Ca alloy (Figure 3d), where regions containing
Ca, Al, and Cu likely correspond to complex phases
such as Al Cu, CuZn,, and Ca,Zn,,. Darker areas
show high Ca content, confirming the presence of
Ca,Zn,,; the brighter regions remain Zn-rich.
Corresponding SEM morphologies and XRD peaks
support these interpretations at 26 values matching
CaZn, CaMg, and AlLCaZn [14] —alloys
containing 0.5 wt.% and 1.0 wt.% Ca showed
microstructures and phase compositions similar to the
1.5 wt.% Ca alloy. Coarse dendrites in Ca-free and
Ca-containing alloys contain Ca Zn ,, while Ca Zn,,
and Ca,Mg, precipitates are present in the 1.0 and 1.5
wt.% Ca samples. CaZni; and CaiMg: phases become
more prominent at higher Ca contents (>1.0 wt.%), as
evidenced by the increased intensity of their XRD
peaks. Trace amounts may also be present at 0.5 wt.%
Ca but are below clear detection limits. In Figure 3d,
the Ca,Zn,, phase lies between the primary Zn and
eutectoid Zn + Al regions. Calcium addition refined
the eutectic structure by slowing the eutectic and
eutectoid transformation kinetics. The finest eutectoid
lamellar spacing observed at 1.0 wt.% Ca, while
coarser eutectoid lamellar and larger dendrites in the
1.5 wt.% Ca alloy may result from reduced Zn and Al
diffusion rates, promoting lamellar growth rather than
new lamellae nucleation [28]. Although EDS alone
cannot confirm phase identity, the observed

data provide robust evidence for accurate phase
characterization.

3.2. XRD Result

The X-ray diffraction (XRD) patterns shown in
Figure 4 demonstrate the effects of calcium additions,
ranging from 0.5 wt.% to 1.5 wt.% on the base Zn-Al-
Cu-Mg alloys. Prominent diffraction peaks
correspond to the Zn phase, while minor peaks
observed at 20 = 36°, 39°, and 71° are associated with
the CaZn, Al,CaZn, and CaMg, phases,
respectively. Although these peaks are relatively weak
and may overlap with those of Zn, the presence of the
intermetallic compounds was confirmed using
standard ICDD reference data and corroborated
through complementary EDS analysis, minimizing
the risk of misinterpretation due to peak overlap. The
observed variation in average grain size with
increasing calcium content indicates effective grain
refinement in the base alloy, with reinforcement
occurring progressively up to 1.5 wt.% Ca.

With increasing calcium content, additional peaks
gradually emerge, which remain challenging when
forming intermetallic compounds such as Ca,Zn,, and
Al,Ca Zn. However, due to overlapping peak
positions with Zn-rich phases, the reliable
identification of these minor phases using XRD alone
remains challenging. Calcium addition appears to
promote grain refinement through two primary
mechanisms: (1) the suppression of grain growth
during solidification via the formation of Zn-Ca
precipitates, particularly the dendritic Ca,Zn,, phase,

compositional trends, SEM morphology, and XRD and (2) the development of Zn-Al-based
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@ 00

BY SA



T. Gopalakrishnan et al. / J. Min. Metall. Sect. B-Metall. 61 (2) (2025) 269 - 281

275

intermetallics such as Al,Ca,Zn and AlCu,Mg. These
phases inhibit the formation of lamellar Zn-Ca and
granular ZnCa, Al phases, contributing to enhanced
mechanical strength in the squeeze-cast alloy [14].
However, calcium additions exceeding 1.5 wt.% lead
to consumption of Al atoms in Zn-Ca precipitates. Ca
reduces formation of the Zn-Al phases and
consequently diminishes the grain-refining effect in
the base alloy. The observed effect of the key phases
identified by XRD and their associated impacts are
summarized in Table 3.

3.3. Mechanical Properties

The microhardness values of the base Zn-Al-Cu-
Mg alloy, both unreinforced and reinforced with 0.5
wt.%, 1.0 wt.%, and 1.5 wt.% Ca, are presented in
Figure 5. The base alloy exhibited a microhardness of
113 HVO0.1. Upon the addition of 0.5 wt.% Ca, a slight
increase to 122 HVO0.1 was observed, attributed to the
dispersion of complex intermetallic compounds
within the =zinc matrix. The most significant
enhancement was noted at 1.0 wt.% Ca, where

microhardness increased to 141 HVO.1, indicating
improved interfacial bonding and uniform
distribution of Ca-containing phases within the matrix
[26, 29]. At 1.5 wt.% Ca, the microhardness decreased
slightly to 130 HVO0.1, likely due to the formation of
coarse or brittle intermetallics and increased porosity.
Tensile strength of the base alloy and varying calcium
additions is illustrated in Figure 5. The base alloy
recorded the lowest tensile strength at 287 MPa, while
the base alloy with 1.0 wt.% Ca exhibited the highest
value at 359 MPa. Grain refinement and dispersion
strengthening from fine intermetallic phases like
Ca,Znis and AlCu,Mg are responsible for this
increase; the 0.5 wt.% Ca alloy shows a significant
impact. Improvement, whereas the strength
marginally decreased at 1.5 wt.% Ca due to structural
coarsening and porosity. Elongation data further
highlight the trade-off between strength and ductility.
The base alloy elongated 9.37%, which increased to
15.6% at 0.5 wt.% Ca—indicating enhanced ductility
due to refined microstructure and improved feeding.
However, elongation dropped sharply at 1.0 wt.% Ca
and remained low at 1.5 wt.% Ca, with the minimum

Table 2. Key phases identified by XRD and their associated effects

Phase Peak Position (20) | d-spacing (A) Compound Type Observed effect
Zn ~36° 2.5 Matrix Base alloy structure
CaZn, ~43° 2.1 Intermetallic Strength enhancement
Al,CaZn ~39° 2.3 Intermetallic Brittle behavior
AlCu,Mg ~36-37° 24-25 Intermetallic Strengthening; Cu/Mg segregation
AlZn ~38° 2.3 Solid solution Improved corrosion resistance
Ca Mg, ~74° 1.28 Intermetallic Microstructural modification
450 [[_]Hardness (HV)
425 [ Tensile Strength (MPa)
400 - Elongation (%)
2] Grain Size (um)
375 [ Porosity (%)
350
325
300
275
250
225
200
175
150
125
100
75

50
25

Base alloy

0.5 wt.% Ca

1.0 wt.% Ca 1.5 wt.% Ca

Figure 5. Comparison of density, porosity, grain size, hardness, tensile strength, and elongation for Zn-Al-Cu-Mg alloys
with different Ca additions
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observed at 1.0 wt.% Ca. Microstructural refinement
and hard, brittle intermetallics that prevent dislocation
motion and encourage fracture initiation are
responsible for this decrease in ductility. While 1.0
wt.% Ca addition optimizes strength due to grain
refinement and fine intermetallic dispersion, resulting
in the lowest ductility. Ductility doesn’t decrease
linearly with calcium content and is affected by a
complex interaction of microstructural factors. At
higher Ca contents, coarse or agglomerated
intermetallics may be stress concentrators, increasing
crack susceptibility under tensile load.

The mechanical properties show a non-monotonic
dependence on Ca content: the 0.5 wt.% Ca alloy
displays slightly reduced ultimate tensile strength
(UTS) but increased elongation relative to the base
alloy, whereas the 1.0 wt.% Ca alloy exhibits the
highest UTS, hardness, and 1.5 wt.% Ca alloy loses
strength and ductility. The mechanical properties can
explain the above phenomenon by considering three
competing microstructural influences. First, small Ca
additions (<0.5 wt.%) promote grain refinement and
improved feeding during solidification, which tends
to increase ductility and reduce stress concentrations;
however, at this low concentration, the volume
fraction and dispersion of strengthening intermetallics
are insufficient to provide substantial dispersion
strengthening, explaining the modest or reduced UTS
at 0.5 wt.%. Second, at an optimal addition (1.0 wt.%
Ca), the alloy shows the finest eutectoid lamellae and
a uniform distribution of fine Ca and Al-containing
intermetallics (e.g., Ca,Znis, Al2Ca,Zn, AlCu:Mg),
which together produce combined grain-refinement
strengthening and dispersion strengthening — this
yields the peak UTS and hardness. Third, at higher Ca
(1.5 wt.%), excessive Ca promotes the nucleation and
growth of coarse, brittle Ca-rich intermetallics,
increases micro-porosity and particle agglomeration,
and reduces matrix continuity; these features act as
stress concentrators and crack initiation sites,
reducing effective load transfer and causing the
observed drop in UTS and ductility. These
interpretations are supported by the micrographs

(Figure 2 & Figure 3), EDS/XRD phase identification,
porosity/density measurements (Table 3), and fracture
surface morphologies (Figure 6), which show coarser
intermetallics and increased interdendritic porosity at
1.5 wt% % Ca. Thus, the mechanical response follows
a balance between beneficial grain/intermetallic
refinement  (strengthening) and  detrimental
porosity/coarsening (embrittlement), which explains
the apparent inconsistencies across Ca levels.

3.4. Fractography Analysis

The fracture surfaces of the tensile specimens
from the base and Ca-reinforced alloys are shown in
Figure 6, illustrating the influence of calcium content
on fracture behavior. The base alloy (Figure 6a)
exhibits cleavage planes and river patterns
characteristic of brittle fracture and mild tearing along
the facets, at 0.5 wt.% Ca (Figure 6b), the fracture
surface reveals the development of voids and a
predominantly brittle morphology, though limited
ductile dimples are present [12, 20]. Interestingly,
despite its predominantly brittle features, this alloy
exhibited the highest elongation among the tested
compositions. This apparent inconsistency suggests
that fracture morphology is not governed solely by
bulk ductility but also by localized factors such as
intermetallic  distribution, porosity, and crack
propagation paths. At 1.0 wt.% Ca (Figure 6c¢), the
fracture surface presents a transitional mode, with a
mixture of shallow dimples and faceted cleavage
planes, indicating partial ductile behavior. However,
coarse Ca-rich intermetallics restricted plastic
deformation, reducing elongation despite the grain
refinement observed in this alloy, for the 1.5 wt.% Ca
alloy (Figure 6d), the fracture surface is dominated by
cleavage features, intergranular cracking, and sparse
dimples, reflecting a shift toward predominantly
brittle failure. Although dimple-like features appear
more numerous in this sample, they are generally
shallow and non-uniform, often nucleated at coarse
Ca,Znis intermetallics or interdendritic pores. These
dimples represent premature void nucleation rather

Table 3. Physical and mechanical property evaluation of squeeze-cast Zn-Al-Cu-Mg alloys with different Ca contents

Theoretical| Measured . s Tensile .
. . . Porosity | Grain size | Hardness Elongation
Specimen Density Density (%) (um) (HV) Strength (%)
(g/em’) | (g/em’) o n (MPa) o

Zn-Al-Cu-Mg (Base Alloy) 6.7 6.65 0.75 37.36 113 287 9.37
Zn-Al-Cu-Mg + 0.5 wt.% Ca 6.66 6.62 0.6 30.76 122 226 15.6
Zn-Al-Cu-Mg + 1.0 wt.% Ca 6.61 6.54 1.07 26.73 141 359 5.58
Zn-Al-Cu-Mg + 1.5 wt.% Ca 6.59 6.48 1.67 20.95 130 237 8.61
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Figure 6. SEM fracture micrographs of Zn-Al-Cu-Mg Alloys with different Ca addition (a) base alloy, (b) 0.5 wt.% Ca;
(c) 1.0wt.% Ca; (d) 1.5 wt.% Ca

than extensive plastic tearing, explaining why the
alloy exhibits the lowest elongation despite a
seemingly dimpled fracture surface [11, 28].

The fracture analysis confirms that mechanical
performance  correlates  significantly  with
microstructural evolution: grain refinement and
uniformly dispersed intermetallics at 1.0 wt.% Ca
enhances strength, whereas excessive Ca promotes
porosity and coarse intermetallic formation, which act
as stress concentrators and limit ductility. These
findings underscore the importance of controlling
intermetallic morphology and achieving uniform
phase distributions to balance strength and fracture
resistance in Zn—Al-based alloys.

3.5. Corrosion Behavior

The corrosion rates obtained from
electrochemical measurements are summarized in
Table 4. All measured corrosion rates were within
the range of 0.4686 to 0.8109 mpy, indicating that
the alloys exhibit moderate corrosion resistance in
3.5 wt.% NaCl, as shown in the Figure 7. A
substantial correlation with calcium content was
observed. The base alloy exhibited a relatively

higher corrosion rate of 0.7469 mpy, attributed to
coarse Zn-rich dendrites and eutectoid colonies —
the addition of 0.5 wt.% Ca slightly reduced the
corrosion rate to 0.7087 mpy, suggesting that limited
Ca additions promote grain refinement and
homogenization of the matrix, thereby mitigating
galvanic interactions between Zn-rich and Al-rich
regions, at 1.0 wt.% Ca, the alloys exhibited
the lowest corrosion rate, as confirmed by PDP tests.
The corrosion rate reduced to 0.4686 mpy, resulting
in a 37% reduction compared to the base alloy. The
enhanced microscopic structure and formation of
fine Ca-rich intermetallics (Ca,Znis and Al.CaiZn)
contributed to this performance improvement. They
probably contributed to developing a more
protective surface film and reduced the risk of
localized corrosion. However, at higher Ca content
(1.5 wt.%), the corrosion rate increased sharply to
0.8109 mpy, exceeding the base alloy’s. FESEM
micrographs (Figure 8b) revealed localized pitting
and intergranular corrosion in regions enriched with
coarse Ca-rich intermetallics. Combined with the
higher porosity at this composition, these phases
likely acted as preferential corrosion sites and
accelerated localized attack.
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Figure 7. Potentiodynamic polarization curves of Zn—-Al-Cu—Mg alloys with varying Ca contents (0—1.5 wt.%) in 3.5
wt.% NaCl solution

Figure 8. FESEM micrographs of corroded surface (a) base alloy and (b) 1.0 wt.% Ca

Table 4. Potentiodynamic polarization results of Zn—Al—
Cu—Mg alloys with varying Ca contents

Corrosion
Specimen carr V) (1 A‘;"c’;nz) (ﬁz;)t;)
Zn-Al-Cu-Mg (Base Alloy) |-1344.8/0.5986205 0.74687
Zn-Al-Cu-Mg + 0.5 wt.% Ca|-1365.9| 0.57253 | 0.7087
Zn-Al-Cu-Mg + 1.0 wt.% Ca|-1343.4/0.3708541] 0.4686
Zn-Al-Cu-Mg + 1.5 wt.% Ca|-1342.700.6306576/ 0.8109

Overall, the results demonstrate that moderate Ca
addition (=1.0 wt.%) enhances the corrosion
resistance of Zn—-Al-Cu-Mg alloys by promoting
microstructural refinement and stable intermetallic
distributions. In contrast, excessive Ca addition (>1.5
wt.%) deteriorates corrosion performance due to the
precipitation  of  coarse, electrochemically
heterogeneous intermetallics and increased porosity.

4. Conclusion
The present study investigated the effects of

calcium (Ca) reinforcement on the microstructure
mechanical properties, and corrosion resistance of
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squeeze-cast Zn-Al-Cu-Mg alloys. The findings led to  for providing the necessary facilities to conduct the

the following conclusions:

* Microstructural evaluation revealed that
moderate Ca additions, particularly at 1.0 wt.%,
contributed to grain refinement and facilitated the
formation of intermetallic phases such as Ca,Znis and
Al:CaiZn. These microstructural modifications
resulted in an enhancement of tensile strength and
hardness. However, further increases in Ca content
beyond 1.0 wt.% resulted in the coarsening of
intermetallic compounds and an uneven distribution,
adversely affecting ductility and structural
homogeneity.

» X-ray diffraction (XRD) patterns confirmed the
presence of Zn as the primary matrix phase, while
CaZnis and AlCaiZn emerged as dominant
secondary phases. Their influence on the alloy’s
properties varied with their morphology and
distribution, strengthening the alloy at moderate
levels but contributing to brittleness when present in
excessive amounts.

* Mechanical testing confirmed that the alloy
containing 1.0 wt.% Ca achieved the optimal
combination of high tensile strength and moderate
ductility, reflecting a well-balanced microstructure.
Fracture surface analysis via SEM showed a transition
from mixed ductile-brittle fracture modes at lower Ca
content (0.5-1.0 wt.%) to predominantly brittle
cleavage and intergranular cracking at higher Ca
contents (1.5 wt.%). The fracture mechanisms were
strongly affected by the size and distribution of Ca-
rich intermetallics, as well as porosity and localized
stress concentration effects. High-magnification
insets of fracture surfaces revealed characteristics
such as micro void coalescence and cleavage planes,
providing deep insights into the failure mechanisms
influenced by calcium concentration.

e Potentiodynamic  polarization  results
demonstrated that the addition of 1.0 wt.% Ca
provides the best corrosion resistance, with the
lowest corrosion current density and most stable
passive film. Higher Ca content (1.5 wt.%) resulted in
degradation of corrosion resistance due to
intermetallic coarsening and potential galvanic
effects.

* Future studies should focus on the wear
performance, thermal stability, and fatigue resistance
of Ca-reinforced Zn-Al-Cu-Mg alloys to expand upon
this work.
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OPTIMIZACIJA DODATAKA KALCIJUMA RADI USPOSTAVLJANJA
RAVNOTEZE IZMEDPU CVRSTOCE I OTPORNOSTI NA KOROZIJU U
LEGURAMA Zn-Al-Cu-Mg KOJE SU GNJECENE PRI LIVENJU (SQUEEZE-
CASTING)

T. Gopalakrishnan *, S.R. Sankaranarayanan, S.P.K. Babu

Katedra za metalursko i materijalno inZenjerstvo, Nacionalni institut za tehnologiju, Tirucirapali, Indija
Apstrakt

U ovom istrazivanju ispitivane su legure Zn—-Al-Cu—-Mg koje su gnjecene pri livenju (squeeze-casting) sa razlicitim
dodacima kalcijuma (Ca) (0, 0,5, 1,0 i 1,5 mas.%) radi procene kombinovanog uticaja mikrostrukturne evolucije na
mehanicka svojstva i otpornost na koroziju. Analiza mikrostrukture pokazala je prelaz sa krupnih dendrita bogatih cinkom
u osnovnoj leguri na fino zrno i ujednacenu morfologiju pri dodatku kalcijuma do 1,0 mas.%, dok je pri 1,5 mas.% Ca
uoceno grubljenje strukture i povecana poroznost usled formiranja prekomerne kolicine intermetalnih faza. Ispitivanje
mehanickih svojstava pokazalo je da je legura sa 1,0 mas.% Ca imala najvecu tvrdocu (141 HV0.1) i zateznu cvrstocu (359
MPa), Sto se pripisuje precis¢avanju zrna i ojacavanju disperzijom, iako sa smanjenom duktilnoséu usled krtosti
intermetalnih jedinjenja. Elektrohemijska ispitivanja korozije u rastvoru NaCl od 3,5 mas.% pokazala su da se brzina
korozije smanjila od osnovne legure do one sa 1,0 mas.% Ca, potvrdujuci poboljsanu otpornost na koroziju zahvaljujuci
mikrostrukturnom precis¢avanju i formiranju zastitnog filma. Medutim, prekomeran dodatak Ca (1,5 mas.%) povecao je
brzinu korozije na 0,8109 mpy zbog krupnih intermetalnih jedinjenja i poroznosti, Sto je promovisalo lokalizovani napad.
Rezultati istrazivanja ukazuju da optimalan dodatak kalcijuma od 1,0 mas.% obezbeduje ravnotezu izmedu cvrstoce,
tvrdoce i otpornosti na koroziju, cineé¢i Ca-modifikovane legure Zn—Al-Cu—Mg perspektivnim kandidatima za strukturne i
funkcionalne primene.

Kljucne reci: Gnjecene pri livenju (Squeeze casting); Cink-aluminijumska legura; Mehanicka svojstva; Otpornost na
koroziju
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