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In the present article some important trends have been shown regarding the relationship
between solidification variables, microstructure, mechanical and corrosion properties of
Zn-4 wt%Al alloy castings. The aim of the present work is to investigate the influence of
heat transfer solidification variables on the microstructure of Zn-4 wt%Al castings and to
develop correlations with mechanical and corrosion properties. Experimental results
include transient metal/mould heat transfer coefficient (hi ), secondary dendrite arm
spacings (λ2), corrosion potential (ECorr), corrosion rate (iCorr), ultimate tensile strength (σ u)
and yield strength (σ y) as a function of solidification conditions imposed by the
metal/mould system. It was found that a structural dendritic refinement provides both
higher corrosion resistance and better mechanical properties for a hypoeutectic Zn4Al alloy.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
To address the increasing demand for high performance
high quality die castings, a class of zinc based engineer-
ing cast alloys have been developed, in particular for
applications in the automotive industry. Three mem-
bers of this family of alloys are generally identified
industry-wide as ZA-8, ZA-12 and ZA-27. The numer-
ical components of the alloy designation indicate the
approximate aluminum content. ZA-8 is the preferred
choice for permanent mold castings and ZA-12/ZA-27
are usually cast in sand molds. Die casting is the pro-
cess most often used for shaping zinc alloys [1]. The
most commonly used zinc die casting alloys are those
having 3.5–4.5 wt%Al, which will be referred as ZA-4
in the present study. The ZA alloys usually deliver high
strength and superior hardness when compared to the
most widely used non-ferrous alloys, combined with a
good corrosion resistance.

Many analytical and numerical models were devel-
oped in the last 2 decades to treat heat transfer during
solidification processes. The way the heat flows across
the metal/mould system affects directly the evolution
of solidification playing an important role in determin-
ing the freezing conditions inside the metal. As a di-
rect consequence, solidification thermal parameters are
strongly dependent on a wide range of operational con-
ditions that may exist in foundry and casting processes.
Control of solidification thermal parameters such as tip
growth rate (VL), thermal gradient (GL), cooling rate
(T), and local solidification time (tSL) permits a range
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of microstructures to be obtained [2–4]. On the other
hand, the morphological structure parameters such as
grain size and interdendritic spacings also depend on
heat transfer along the metal/mould system. As a con-
sequence, there is a close correlation between thermal
parameters and the solidification structure.

It is generally stated that as the grain size decreases,
the metal strength increases. The Hall- Petch equation
shows that the yield strength is proportional to the re-
ciprocal of the square root of the grain diameter [5, 6].
For cast metals, however, it is not always true that the
strength improves with decreasing grain size. Strength
will increase with grain size reduction only if the pro-
duction of small grains does not increase the amount
of microporosity, the volume percent of second phase
or the dendrite spacing [2, 9, 10].

Several experimental and analytical studies have re-
ported the effects of dendrite arm spacings upon me-
chanical properties [2, 9–12]. Thus, the microstructural
parameters, and particularly the dendrite arm spacings,
can be even more important in prediction of mechan-
ical properties than grain size. On the other hand, the
structural morphologies also play an important role in
corrosion behavior. A number of experimental studies
described the effects of structure upon corrosion resis-
tance in a number of processes such as conventional
welding, and both hot dip and electrochemical coat-
ing methods [13,14], laser surface melting and alloying
[15–18], PVD and CVD deposition techniques [19,20],
i.e., any method in which the solidification process is
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relatively rapid to generate a finer solidification struc-
ture [21]. Therefore, it is clear that structural parameters
including alloy content, porosity, grain size, dendrite
spacing and both amount and homogeneity of distribu-
tion of second phases are important parameters that are
also responsible for corrosion performance. Dendrite
arrangement as a function of solidification parameters
will be very important to evaluate both mechanical and
corrosion resistance. The corrosion behavior will be
defined by the morphological formation, interdendritic
spacings, solute distribution, and anodic and cathodic
characteristics.

1.1. Metal/mold heat transfer coefficient (hi )
Heat flow across the metal casting/mold interface can
be characterized by a macroscopic average metal/mold
interfacial heat transfer coefficient (hi), given
by:

hi = q

A (TIC − TIM)
(1)

where q [W] is the average heat flux, A [m2] is area and
TIC and TIM are metal and mold surface temperatures
[K] at the interface. It is well known, that during the
solidification process, the mold gradually expands due
to heat absorption, and the metal casting is subjected
to shrinkage. As a result, a gap develops due to insuffi-
cient contact between metal and mold, and as a direct
consequence, hi decreases rapidly. In a previous arti-
cle the transient interfacial heat transfer coefficient has
been successfully characterized by using an approach
based on measured temperatures in casting and numer-
ical simulation provided by a heat transfer model [22].
This coefficient has been expressed as a power function
of time, given by:

hi = Ci (t)−n (2)

where hi [W/m2K], t is the time [s] and Ci and n are
constants which depend on alloy composition, chill
material and superheat. Santos et al. [22] have reported
the effects of alloy composition, chill material, chill
thickness and melt superheat upon the metal/mold heat
transfer coefficient (hi).

1.2. Thermal solidification variables and
dendrite arm spacing

An analytical heat transfer model describing temper-
ature distribution and the displacement of solidus and
liquidus isotherms during the unidirectional solidifi-
cation of binary alloys, can be used for determining
expressions for thermal variables, such as tip growth
rate (VL), temperature gradient (GL), tip cooling rate
(T

.

L ) and local solidification time (tSL) as a function of
the metal/mold system and consequently, as a function
of metal/mold heat transfer coefficient [2, 4, 23, 24].

Particularly, the tip growth rate is given by:

VL = 2αSLφ2
2[ 2kSφ2(TSol−T0)

n
√

π (TLiq−T0)exp(φ2
1 )[M+erf(φ1)]hi

] + SL

(3)

where αSL is the thermal diffusivity of mushy zone,
φ1 and φ2 are solidification constants [2, 4] associated
to the displacement of solidus and liquidus isotherms,
respectively, kS is the solid thermal conductivity, TSol is
the non-equilibrium solidus temperature, T0 is the envi-
ronment temperature, TLiq is the liquidus temperature,
M is the ratio of heat diffusivities of solid and mold ma-
terial, (kScSρS/ kMcMρM)1/2, n is the square root of the
ratio of thermal diffusivities of solid metal and mushy
zone, (αS/αSL)1/2, SL is the position of liquidus isotherm
from metal/mold interface and hi is the metal/mold
heat transfer coefficient Equation 3 has been validated
against experimental data describing the unidirectional
solidification of Al-Cu; Sn-Pb [2–4 , 25] and Zn-Al [9]
alloys.

A number of solidification studies have been de-
veloped with a view to characterizing dendrite spacing
under experimental circumstances involving solidifica-
tion in steady-state heat flow and those in the unsteady-
state regime [2–4, 25–32]. The latter case is of prime
importance, since this class of heat flow regime en-
compasses the majority of industrial solidification pro-
cesses. In the unsteady-state case, dendrite spacings
λ1 and λ2, are usually expressed as a function either
of cooling rate, T

.

L , or local solidification time, tSL,
according to:

λ1,2 = Ci(GV )−a (4)

or

λ2 = K (tSL)a (5)

where Ci are constants, and the exponent a has been
recently summarized in the literature for a number
of alloys [26]. Recently, experimental and theoretical
studies [2, 4, 9, 10] have also been reported where
primary and secondary dendrite spacings, λ1 and λ2

respectively, are expressed as a function of VL or T
.

L
for unsteady-state solidification conditions.

The correlation of mechanical and corrosion behav-
ior with microstructure parameters can be very useful
for planning solidification conditions in terms of a de-
termined level of mechanical and corrosion properties
which are desired.

The present work focuses on the influence of heat
transfer on solidification microstructure of Zn-4 wt%Al
castings and the correlation with mechanical and corro-
sion resistance. Experimental results include transient
metal/mould heat transfer coefficient (hi), secondary
dendrite arm spacings (λ2), corrosion potential (ECorr)
and rate (iCorr), ultimate tensile strength (σ u) and yield
strength (σ y) as a function of solidification conditions
imposed by the metal/mould system.



T AB L E I Mean chemical composition of Zn and Al

Zinc (Mean chemical composition)

Element
(wt%)

Zn Fe Pb Si Other
99.97 0.015 0.012 0.003 –

Aluminum (Mean chemical composition)
Element

(wt%)
Al Fe Pb Si Other
99.93 0.038 <0.001 0.033 –

2. Experimental procedure
Fig. 1a shows the casting assembly used in solidifica-
tion experiments [2, 9]. The main design criterion was
to ensure a dominant unidirectional heat flow during
solidification. This objective was achieved by adequate
insulation of the chill casting chamber. A low carbon
steel chill was used at a normal environment tempera-
ture of about 25 ◦C (initial mold temperature), with the
heat-extracting surface being polished. The ZA4 alloy
(in this study ZA4 refers to the Zn-4 wt%Al alloy) was
melted in an electric resistance-type furnace, degassed
and then poured into the casting chamber with a melt
pouring temperature of about 10 pct above the liquidus
temperature (430 ◦C). This alloy was prepared by using
commercially pure Zn and Al ingots. Table I shows the
chemical composition of Zn and Al.

Temperatures in both metal and mold were moni-
tored during solidification using a bank of type J and
K thermocouples accurately located with respect to the
metal/mold interface. All the thermocouples were con-
nected by coaxial cables to a data logger interfaced with
a computer, and the temperature data were acquired au-
tomatically. Fig. 1b exhibits both the longitudinal and
the transversal specimens that were taken for optical
metallographic examination and tensile testing, respec-
tively, according to specifications of ASTM Standard
E 8M. Longitudinal specimens were obtained from
the solidified casting with the selected section being
polished and etched to reveal the microstructure. The
etchant used was a solution containing 5 g CrO3, 0.5 g
Na2SO4 and 100 ml H2O and rinsed in a solution of

20 g CrO3 and 100 ml H2O before optical microscopy
examination [31]. An image processing system, was
then used to measure the average secondary dendrite
arm spacings for each selected position. To ensure re-
producibility of results, four specimens were tested for
each selected position, and mean values of yield and
ultimate tensile strengths were determined at different
positions with respect to the metal/chill interface.

Although accelerated corrosion testing is widely
used since the early 1900s [33], for some particu-
lar situations, the excessive aggressiveness of such a
test could mask the real material performance at the
initial stage of corrosion [34]. In the present experi-
mental investigation the electrochemical technique and
the polarization method were chosen to investigate
the material corrosion performance. Electrochemical
impedance spectroscopy (EIS) tests were conducted
in a 3% NaCl solution at room temperature by using
a, potentiostat coupled to a frequency analyzer sys-
tem, a glass corrosion cell kit with a platinum counter
electrode and a saturated calomel reference electrode
(SCE), as prescribed by the ASTM standard G3 [35].
The working electrodes consisted of cast ZA4 sam-
ples. Polarization tests were also conducted in a 3%
NaCl solution at room temperature using the above-
mentioned potentiostat, by stepping the potential using
a scanning rate of 0.2 mV/sec from –250 mV (SCE) to
+250 mV(SCE) related to open-circuit potential. The
polarization curves were plotted and both current den-
sity and corrosion potential were calculated by Tafel
extrapolation method [36–39]. The EIS tests were per-
formed in a frequency range between 100 mHz and
100 kHz. Before each corrosion test, the samples were
ground up to a 600 SiC grit paper, cleaned by distilled
water and dried by airflow.

3. Results and discussion
The experimentally monitored temperatures were com-
pared with theoretical predictions of a finite difference

Figure 1 Casting assembly (a) and location of specimens for metallographic examination and tensile testing (b).



Figure 2 Typical experimental thermal responses compared to numerical simulations (a) and transient metal/mold heat transfer coefficients, hi [W/m2

K] (b) as a function of time.

Figure 3 Comparison between experimental and calculated tip growth
rate (VL) as a function of position from the metal/mold interface.

heat flow model to determine the transient metal/mold
heat transfer coefficient (hi) [3, 4, 9, 22]. Fig. 2 shows
the typical experimental results of thermal responses
compared with those numerically simulated and the re-
sulting hi coefficient profiles as a function of time. It is
known that the chemical composition and superheat af-

fects hi profiles [4, 22]. For the present experiment the
adopted melt superheat was about 10% of the liquidus
temperature.

The results of experimental thermal analysis inside
the casting have also been used to determine the tip
growth rate (VL), as a function of time and/or posi-
tion. The thermocouples readings have been used to
generate a plot of position from the metal/mold inter-
face as a function of time corresponding to the liquidus
front passing by each thermocouple. A curve fitting
technique on these experimental points has generated
a power function of position as a function of time.
The derivative of this function with respect to time
has yielded values for tip growth rate. Fig. 3 shows a
comparison between the experimental and calculated
tip growth rate as a function of position from the
metal/mold interface. The calculated tip growth rate
was obtained by using the analytical expression given
by Equation 3. In this equation, the appropriate exper-
imental values of hi coefficient, given in Fig. 2, and
the thermophysical properties reported in a previous
article [9] were used. Good agreement can be observed
between theoretical and experimental results. The ver-
ified deviations are mainly caused by: (i) uncertainties

Figure 4 Typical microstructures for a ZA4 alloy at different positions from the metal/mold interface.



Figure 5 Comparison between experimental and theoretical λ2 (Kirkwood and Bouchard/Kirkaldy equations) versus local solidification time (a) and
tip growth rate (b) for a ZA4 alloy.

Figure 6 Ultimate tensile strength (UTS) (a) and Yield Strength (YS) (b) as a function of secondary dendritic arm spacings (λ2 or SDAS) for a ZA4
alloy.

in the thermophysical properties, which were adopted
as proportional values calculated from the properties
exhibited by each metal, and (ii) the presence of con-
vection currents in the liquid metal induced by fluid
motion during pouring which were not considered by
the analytical model.

Fig. 4 exhibits typical ZA4 microstructures at dif-
ferent locations from the metal/mold interface. As ex-
pected, with increased distance from the casting sur-
face, the secondary dendrite arm spacings (λ2) increase
due to the decrease in cooling rate.

Fig. 5a presents a comparision between experimental
and calculated values of λ2 as a function of local so-
lidification time by using the model proposed by Kirk-
wood [28]. An excellent agreement can be observed.
Fig. 5b illustrates a comparison between experimen-
tal and calculated λ2 parameter versus tip growth rate.
The theoretical approach was that due to Bouchard and
Kirkaldy [26]. A reasonable to good agreement can be
observed. The analytical expression for the tip growth
rate, given by Equation 3 can be incorporated into the
Bouchard and Kirkaldy equation such that λ2 can be
expressed as a function of metal/mold heat transfer co-
efficient and other solidification operational parameters
[9, 10].

Fig. 6 shows the experimental results of UTS and
Yield Strength (0.2% proof stress) as a function of sec-
ondary dendrite arm spacing. The results are consistent

Figure 7 Results of EIS tests in: Bode (a), Bode-Phase (b) representation
for Zn-4 wt% Al.



Figure 8 Experimental results of potentiodynamic polarization curves (a and b) and Zn-4 wt% Al corrosion resistance tendency as a function of
position from the metal/mold interface (c).

with those found in the literature concerning Zn-Al
commercial alloys [11].

Analysis of the above experimental results has
yielded equations, as indicated in Fig. 6, relating the
dependence of UTS and YS on secondary dendrite arm
spacings. It can be seen that a finer structural mor-
phology provides better mechanical properties than a
coarser morphology. These equations can incorporate
models expressing λ2 as a function of thermal solid-
ification variables and metal/mold heat transfer coef-
ficient permitting expressions correlating mechanical
properties with solidification conditions to be estab-
lished [9].

Fig. 7 shows experimental corrosion results for the
ZA4 alloy. Fig. 7a and b show the Bode and Bode-Phase
representation respectively, for different positions from
the metal/mold interface.

Fig. 8a–c show, respectively, the experimental polar-
ization curves and tendency of the corrosion rate as a
function of secondary dendrite arm spacings. The final
structure of hypoeutectic Zn-Al alloys, immediately af-
ter solidification will be formed by a phase α, which
is the dendritic matrix (solid solution of Al in Zn) in-
volved by an interdendritic eutectic lamellar mixture
consisting of the phases α and β (solid solution of Zn
in Al). During subsequent cooling a eutectoid decom-
position will take place, and at temperatures below the

Figure 9 Typical eutectic lamellar morphology observed at the inter-
dendritic regions of Zn-Al alloys.

eutectoid the phase β transforms to a eutectoid mix-
ture of (α + β). This will affect only the composition
of the phase β inside the lamellar structure, but the
dendritic matrix will not affected since the phase α

will not be subjected to any solid-state transformation.
Fig. 9 shows the observed lamellar eutectic structure.



The beneficial effect of aluminum for corrosion re-
sistance of Al-rich phase of cast alloys has been re-
ported in a recent study [40]. In the lamellar eutectic
morphology, the phase β (Al-rich) is so close to the
phase α that it acts as a barrier to corrosion. So, if we
provide a eutectic layer to protect the dendritic matrix
(Zn-rich), this can help corrosion resistance. This will
be more effective for smaller dendritic arm spacings,
i.e., a more extensive distribution of the “protective”
barrier will be provided. It is important to remark that
the amount of eutectic in commercial Zn-Al hypoeu-
tectic alloys is high, e.g., for a Zn 4 wt%Al alloy, using
Scheil’s equation: 76% eutectic and 24% α.

4. Conclusions
In this study, the role of heat transfer on solidification
microstructure of a Zn-4Al alloy and the correlation
with mechanical and corrosion properties has been an-
alyzed. The following conclusions can be drawn.

(1) The comparison between experimental and cal-
culated λ2 as a function of the thermal solidification
variables, such as, the local solidification time and tip
growth rate has shown that the experiments are in good
agreement with both Kirkwood and Bouchard/Kirkaldy
theoretical models.

(2) The experimental expressions correlating the UTS
and YS with λ2 for a ZA4 alloy have shown that a
finer structural dendritic morphology provides better
mechanical properties than a coarser morphology.

(3) The experimental corrosion tests results have
shown that for a hypoeutectic Zn4Al alloy, in which
interdendritic regions contain Aluminium-rich solution
as one of the phases of a lamellar eutectic mixture, finer
dendritic structures tend to yield higher corrosion re-
sistance than coarser dendritic structures.

(4) The control of dendritic as-cast microstructures,
by manipulating solidification processing variables,
can be used as an alternative way to produce compo-
nents with higher corrosion resistance and better me-
chanical properties.

Acknowledgements
The authors acknowledge financial support provided by
FAEP-UNICAMP, FAPESP (The Scientific Research
Foundation of the State of São Paulo, Brazil) and CNPq
(The Brazilian Research Council).

References
1. C . H . DA L E , in Metals Handbook, Vol. 15 Casting (edited by

ASM International, Metals Park, OH, USA, 1988) p. 786.
2. J . M. V. Q UA R E S M A, C. A. S A N TO S and A. G A R C I A ,

Metall. Mat. Trans. A 31 (2000) 3167.
3. C . A . S I Q U E I R A, N. C H E U N G and A. G A R C I A , ibid. 33

(2002) 2107.
4. O . L . RO C H A, C . A. S I Q U E I R A and A. G A R C I A , ibid. 34

(2003) 995.

5. E . O . H A L L , Proc. Phys. Soc., 71B (1951) 747.
6. N . J . P E T C H , J. Iron and Steel Institute 174 (1953) 25.
7. J . T. B E R RY , AFS Transactions 78 (1970). 421.
8. P. D O N E L A N , Mat. Sci. Tech. 16 (2000) 261.
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18. A . C O N D E, R . C O L A Ç O, R . V I L A R and J . D E DA M-

B O R E N E A , Mat. Design 21 (2000) 441.
19. I . G A R C I A and J . J . D E DA M B O R E N E A , Corr. Sci. 40 (1998)

1411.
20. M. A. BA K E R, W. G I S S L E R, S . K L O S E, M. T R A M P-

E N T and F. W E B E R , Surf. Coat. Technol. 125 (2000) 207.
21. G . S O N G, A. AT R E N S and M. DA R E U S C H , Corr. Sci. 41

(1999) 249.
22. C . A . S A N TO S, J . M. V. Q UA R E S M A and A. G A R C I A ,

J. Alloys Compd. 319 (2001) 174.
23. A . G A R C I A, T. W. C LY N E and M. P R AT E S , Metall. Trans.

10B (1979) 773.
24. A . G A R C I A and T. W. C LY N E , in Proceeding of International

Conference on Solidification Technology in the Foundry and Cast-
house, London, september (edited by The Metals Society, 1980) p.
33.
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