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Effect of Mn on cooling behaviour and
microstructure of chill cast Zn—-Al (ZA8) alloy

G. Ramesh, H. M. Vishwanath and K. N. Prabhu*

In the present work, the effect of manganese addition to ZA8 alloy on thermal analysis
parameters, heat transfer and microstructure was investigated. The thermal analysis parameters
were found to be significantly affected by chemical modification of ZA8 alloy. Cooling curve and
differential scanning calorimetry analyses of modified alloy showed nucleation of new phase other
than f dendrites. Chilling of modified alloy resulted in decreased liquidus temperature and
enhanced eutectoid transformation. Further, chilling avoids the formation of intermetallic
compounds in modified alloy. The heat flux transients were estimated using inverse modelling
during solidification of unmodified and modified alloys against different chills. The peak heat flux
decreased on addition of Mn to ZA8 alloy. Differential scanning calorimetry analysis indicated that
the addition of Mn to ZA8 alloy decreases the heat of solidification. The addition of Mn to ZA8 alloy
increased the contact angle, indicating decreased wettability of the modified alloy on the chill
surface. The microstructure of ZA8 with Mn showed an increased amount of f phase and a
decreased amount of eutectic. X-ray diffraction analysis confirmed the formation of MnAlg
intermetallics in Mn added ZA8 alloy. Chilling with chemical modification resulted in enhanced

decomposition of f phase.

Keywords: Zn—-Al (ZA8) alloy, Manganese modification, Thermal analysis, Microstructure

Introduction

Zinc aluminium die cast alloys are used in a variety of
applications because of their higher strength and hard-
ness, improved wear resistance and creep resistance and
lower densities. Zinc aluminium casting alloys are main-
ly classified into two groups, namely, ZAMAK and
ZA alloys. ZAMAK alloys have 4% aluminium as the
primary alloying constituent with less amount of mag-
nesium, and these alloys are identified as nos. 3, 5, 7 and
2. ZA alloys have a higher amount of aluminium and
copper, and these alloys are identified as ZA8, ZA12 and
ZA27, in which the number represents the percentage of
aluminium in the alloy.'* The mechanical properties of
zinc aluminium alloys mainly depend on the presence and
amount of varying alloying elements and the final
microstructure of casting. The microstructure of the
casting can be modified by: additions of alloy modifiers,
varying the cooling conditions during solidification and
heat treatment of casting. Yan et al. investigated the effect
of the addition of Mn, RE, Ti and B on the micro-
structure and tribological behaviour of ZA27 alloy. The
unmodified alloy was characterised by o (Al rich solid
solution) dendrite with some (x+ f§) + («+ f+ ¢) eutectics
and ¢ phases dispersed in the interdendrite region. The
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modified alloy shows more hard intermetallics such as
AlsMnZn, Aly(MnZn), and AlgsMn(RE)sTisZns6 dis-
persed in the eutectic region and « dendrites. The grain
size of « phase of modified alloy is finer than ZA27 alloy.
Further, elevated temperature strength, antifriction and
wear resistance of modified alloys were better compared
to ZA27.* They also observed that the increase in Mn
content from 0-18 to 1:22 results in an increase in size and
volume fraction of intermetallic compounds, and the
morphology of intermetallic compounds changes gradu-
ally from fine particulates to coarse rod shape.’ Similarly,
Dominguez et al. studied three different shapes of Al-Mn
precipitates (i.e. globular, plate-like and faceted) in ZA27
alloy by Mn addition.® Zhu er al observed that the
copper modified ZA8 alloy consists of a tree stem shaped
eutectic structure together with flower-like cores of
solidification, which were surrounded by a large amount
of eutectoid structure. Further aging at 150°C results in
two stages of phase transformation, i.e. decomposition
of zinc rich n phase and four-phase transformation
a+e—T’ +1.” Prasad studied the heat treatment of zinc
aluminium alloy containing nickel and observed uni-
formly distributed microconstituents in the alloy without
affecting the morphology of the nickel containing
microconstituents. He obtained improved wear resistance
even though heat treatment of the alloy reduced the
hardness.® Savaskan and Bican have reported that the
wear resistance, hardness and tensile strength of the Zn—
Al-Cu alloy increase by addition of up to 2-5%$Si and
decreases thereafter.” Turk ef al studied the addition of
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Mn in the range 0-01-0-53 wt-% on the microstructure
and mechanical properties of ZAS alloy. The addition of
Mn modifies the as cast microstructure by reducing the
size of f§ dendrites and increasing the amount of eutectic
phase in a more regular form and also forms a small, fine
and irregularly shaped intermetallic compound (MnAlg)
in the dendrites and eutectic regions. The number and size
of intermetallic particles increase with manganese con-
tent. The hardness and creep strength of the ZAS alloy
increased with increasing manganese content, whereas
0-2% vyield, tensile and impact strengths of the alloy
improved with increasing Mn up to 0-045 wt-% and then
reduced gradually with a further increase in manganese.
Optimum mechanical properties were achieved by the
addition of 0-045-0-063 wt-%Mn.'® Seenappa and Sharma
observed hard intermetallic compounds such as CuZns,
CuAl,O4, AlyCuy and Al4CusZn during solidification of
Zn-Al25 with the addition of copper. The tensile strength,
yield strength and ductility of the alloy increased con-
tinuously with increasing copper content, while the impact
strength decreased after 2 wt-% copper.!’ Krupinska ez al.
investigated the effect of cooling rate on the microstructure
of Zn—Al casting. The increase in cooling rate from 0-08 to
0-68°C s~ ' results in refinement of the microstructure as
well as increase in the alloy hardness ~24-9%.'% They also
investigated the effect of addition of La and Ce into the
ZnAl8Cul alloy. The addition of La and Ce causes only
refinement of grains and subgrains in the microstructure but
no occurrence of new phases or eutectics during the
crystallisation process of the alloy."* Mojaver and
Shahverdi found that the grain size, secondary dendrite
arm spacing, density of & precipitates and amount of
eutectoid o+# increased with decreasing cooling rates of
Zn-27%Al alloys containing >2%Cu.'*

The advantage of ZAS is that it can be hot chamber
die cast, and its strength and hardness are significantly
higher than those of no. 3 alloy. Preliminary creep
evaluations suggest that design stress levels for ZA8 die
castings can be three times higher than those for
ZAMAK at room temperature.'> The addition of Mn
to ZAS8 alloy improves its creep resistance especially at
temperatures >100°C.'" Further, in die casting applica-
tions, the alloy is subjected to intense chilling. It is
interesting to assess the combined action of chilling and
Mn modification on heat transfer and evolution of
microstructure. Previous studies on Al-Si alloys have
shown that Na/Sr modification and chilling have
significant effect on the cooling behaviour of the alloy,
heat transfer and microstructure. Computer aided cool-
ing curve analysis is a useful tool for the non-destructive
assessment of melt quality and is extensively used in the
assessment of modification of Al-Si alloys. The deter-
mination of metal/mould heat flux transient is essential
for the simulation of solidification of castings. In the
present work, the effect of addition of Mn on thermal
analysis parameters, metal/chill interfacial heat transfer
and microstructure of ZA8 alloy was investigated.

Experimental

Commercially pure ZAS8 alloy ingots were used for the
solidification experiment. The composition of the ZAg
alloy is given in Table 1. The alloy ingots were cut into
small pieces weighing ~1300 g. A calculated amount of
manganese flakes (0-5 wt-% of ZAS alloy) is well ground
in a porcelain mortar and pestle. The powdered Mn

Materials Science and Technology 2012 VoL 28 NO 11

Effect of Mn on cooling behaviour and microstructure of ZA8 alloy

along with pieces of ZAS8 alloy is taken in a graphite
crucible and melted to 675°C in an electric resistance
furnace. The alloy melt was stirred for 5 min using
graphite rod and then transferred to preheated no A-1
graphite crucible. The melt is placed back in the furnace
and maintained at a constant temperature of 600°C for
15 min.

Aluminium, copper, hot die steel (HDS) and stainless
steel (SS) having varying thermal conductivities were
used in the present study for chilling of the liquid metal.
These chills give different cooling rates during solidifica-
tion. Each chill is of 100 mm length and 25 mm
diameter. Two holes of diameter 1 mm were drilled on
the cylindrical surface of the chills at distances 2 and
14 mm from the casting/chill interface to accommodate
thermocouples.

Two types of thermocouples were used at three
different locations. Two mineral insulated and sheathed
SS K type thermocouples of diameter 1 mm were
inserted on the chill. Another K type thermocouple
prepared in the laboratory by joining chromel-alumel
wires of 0-45 mm diameter, which was inserted in twin
bored ceramic beads of 5 mm diameter, was placed in
the liquid melt to measure the casting temperature
during solidification. All thermocouples were connected
to a data acquisition system NI PXI/PCI-4351 using
compensating cables.

In thermal analysis, the temperature of the solidifying
metal is monitored and recorded. The crucible contain-
ing the molten alloy is quickly transferred to the
insulated base of the experimental set-up. The instru-
mented chill was lowered into the crucible such that its
bottom surface just comes into contact with the liquid
melt. Figure | shows the schematic sketch of the
experimental set-up. Temperature data from both
casting and chill were recorded at 0-3 s interval using a
computerised data acquisition system.

The heat flux at the surface of the chill was estimated
from the measured temperature history and thermo-
physical properties of the chill material using inverse
method. The equation that governs the two-dimensional
transient heat conduction in cylindrical coordinates is
given below

10 oT 0 oT oT
?a(rkﬁ)+£<kg> =G

The above equation was solved inversely using
SOLVERinverse (TherMet Solutions Pvt. Ltd, Bangalore)
software for the estimation of heat flux transients.

Contact angle measurements were carried out on
solidified droplets of both modified and unmodified ZA8
alloys. Unmodified and modified ZAS8 alloys weighing
~2 g were placed on copper plates polished using
180 grit silicon carbide paper. The plates were heated
in an electric furnace to melt the alloy and then allowed
to cool so that the liquid melts solidify. The contact
angles were measured using FTA200 (First Ten
Angstroms) contact angle analyser.

Table 1 Chemical composition of ZA8 alloy/wt-%

Al Mg Cu Fe Pb Cd Sn 2Zn

8:2-8:8 0:02-0-03 0-9-1-3 0:035 0-005 0-005 0-002 Balance
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1 Schematic sketch of experimental set-up

X-ray diffraction (XRD) study was carried out using a
JEOL JDX-8P-XRD system. Samples having 5x 5 mm
size were made for both unmodified and modified ZAS8
alloys. The surface on which the XRD analysis was to be
carried out was ground and polished using SiC paper.
The samples were placed in an aluminium plate holder,
and diffraction study was conducted at a scan speed of
2° min~! in a step size of 0-02. The XRD pattern was
generated and analysed to assess the possibility of
formation of intermetallics.

Differential scanning calorimetry (DSC) analysis of
modified and unmodified ZA8 was carried out on a DSC
analyser. About 47 mg of modified ZA8 alloy was
placed on silver pans, which were kept on the melting
table of the equipment. The operating temperature was
550°C. The temperature of the system was gradually
raised from room temperature to 550°C at a rate of
10° min~". A plot of heat energy versus temperature was
obtained and analysed for the determination of the
nature of the reaction involved during melting. The
same procedure was repeated for the unmodified ZA8
alloy also.

The specimens for metallographic study were pre-
pared from sections of castings taken at ~1 c¢cm from the
casting/chill interface. The specimens were then ground
successively on 180, 220, 400, 600, 800 and 1200 grit
silicon carbide papers. Each specimen was washed and
dried thoroughly after each cycle of polishing. The final
polishing was performed using a rotating disc polisher
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/ cutectoid
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300 - eutectic
200-
100
T T T
0 4000 8000 12000 16000
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with 0-3 pm levitated alumina. The specimens were
washed and dried thoroughly and etched using concen-
trated HCl for ~1-2s. The microstructures of each
specimen were then examined using a JEOL JSM
6380LA scanning electron microscope (SEM) with
energy dispersive spectroscopy facility.

Results and discussion

Figure 2 represents the cooling behaviour of ZAS alloys
unmodified and modified with Mn solidified in a fire-
clay crucible subjected to furnace cooling. It shows
three temperature arrests, namely, liquidus temperature
Thiquidus €utectic start temperature 7eoyectic and eutectoid
temperature 7Teyectoid- Lhe addition of Mn results in an
increase in liquidus temperature and decreases in eutectic
and eutectoid temperatures. Further, the time required
for cooling from liquidus to start of eutectic (dendritic
growth region) was found to be longer. The eutectic arrest
time was significantly less compared to the unmodified
alloy. Figure 3 shows the first derivative of the cooling
curve of the unmodified and modified ZA8 alloys. Three
valleys in the cooling curve were observed (designated as
p, q and r) and correspond to regions of nucleation of f§
dendrites, eutectic transformation and eutectoid trans-
formation respectively. The cooling rate curve of
modified alloy shows two valleys in the nucleation region,
indicating the nucleation of another new phase. Further,
in the eutectic transformation region, the valley shows the
loop behaviour that indicates the occurrence of under-
cooling. The magnified regions of liquidus temperature
and eutectic start temperature of the modified alloy
(Fig. 2b, inside) clearly show short liquidus arrest of
~31 s and small degree of undercooling of ~0-12°C at
the eutectic. Differential scanning calorimetry analyses of
the unmodified and modified alloys are shown in Fig. 4.
The unmodified alloy shows two negative peaks that
correspond to eutectic and eutectoid transformations
respectively, whereas the modified alloy shows an
additional negative peak before eutectic transformation.
It clearly confirms the nucleation of a new phase other
than f. The binary phase diagrams of AI-Mn and Zn-Mn
show the maximum solubility of Mn in Al and Zn is
125 wt-% at 656°C and 0-5 wt-% at 416°C respec-
tively.'®!” Since Mn and Al are cubic structures (whereas
Zn is HCP), it is expected that the formation of Al-Mn

2 Cooling curve of ZA8 alloy a unmodified and b modified with Mn solidified in crucible
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base crystal nucleates first at higher temperature. Further,
it may act as heterogeneous nuclei for f phase. Thus, the
liquidus temperature of the modified ZAS alloy occurs at
a higher temperature, and the time required to cool from
the liquidus temperature to start of eutectic is also longer
compared to the unmodified alloy. Table 2 shows the
thermal analysis parameters measured from the cooling
curves of the castings. The effect of chilling on the cooling
behaviour of the casting is shown in Fig. 5. The super-
cooling of the casting by chilling during solidification
results in decreases in durations of dendrite growth,
eutectic and eutectoid transformations. Chilling of
unmodified alloy did not show any significant effect on
the liquidus and eutectic temperatures of the casting. The
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cooling curve of the unmodified solidified against chill did
not show eutectoid arrest, but the cooling rate of the
casting showed valley for eutectoid transformation,
which occurs at higher temperature. The possible reason
could be that the f§ phase formed in the short interval
during chilling may not be stable and starts to decompose
at higher temperature. The cooling curve of the modified
alloy solidified against chill shows a different behaviour.
It is observed that the liquidus temperature of the
modified alloy is significantly reduced by chilling, and
the duration of dendrite growth is less compared to the
eutectic arrest. It indicates that enhanced cooling of the
modified alloy would avoid the formation/nucleation of
intermetallic occurring at higher temperature, resulting in
lower liquidus temperature. Further, eutectoid transfor-
mation was clearly observed and was not seen when
unmodified casting was solidified against chill.

Figure 6 shows the typical cooling and heating
behaviours of the unmodified and modified ZAS8 alloys
solidified against aluminium chill. It indicates that chill
was heated rapidly in the beginning as the liquid metal
cools. When the liquid temperature drops to the eutectic
arrest temperature, both alloy and chill temperature
curves attain plateau up to the solidus temperature of
the alloy. Thereafter, both alloy and chill temperature
decrease rapidly. The measured temperature readings of
the chill at different locations and thermophysical
properties of the chill materials were used for the
estimation of heat flux transients using the inverse
method. The typical estimated heat flux transients for
unmodified and modified ZAS8 alloys solidified against
aluminium chill are shown in Fig. 7. The heat flux shows
a maximum shortly after pouring and then drops off
rapidly. The initial heat flux value is high due to the
good contact at the liquid metal/chill interface. As the
casting started solidifying, the contact becomes non-
conforming, resulting in a reduction in heat flux at the
interface. The modified alloys show a lower heat flux as
compared to unmodified alloys. The peak heat flux
values were 1810, 1237, 835 and 758 kW m~2 for
unmodified alloy solidified against copper, aluminium,
HDS and SS respectively.'® The corresponding va-
lues for modified alloy were 1537, 1096, 754 and
714 kW m % A contact angle analysis study was carried
out to know the effect of Mn on the surface tension of
Z A8 alloy. Figure 8 shows the image of unmodified and
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6 Temperature versus time curve of ZA8 alloy a unmodified and b modified solidified against aluminium chill

modified ZA8 alloy droplets solidified on copper chill.
The contact angle for the modified ZA8 alloy droplet
was found to be higher than the unmodified ZAS alloy.
Thus, the modified ZAS8 alloy has poor wettability. The
surface tension of the alloys was estimated from the
captured image using Dorsey equation.'” The surface
tension ratio of modified alloy to unmodified alloy was
found to be 1-19. It indicates that the addition of Mn to
ZAS8 alloy increases its surface tension. From the DSC
plots, it is observed that the melting of unmodified ZA8
alloy is more endothermic than the modified ZAS alloy.
In other words, the solidification of unmodified is more
exothermic than the modified, and hence, modified ZA8
liberates less latent heat during solidification. The
increased surface tension and lower latent heat evolved
during solidification by the addition of Mn resulted in
decreased heat flux transients.

Table 2 Thermal analysis parameters measured using
computer aided cooling curve analysis technique

Parameters Unmodified alloy Modified alloy
Liquidus temperature/°C 408 452
Eutectic temperature/°C 389 380
Eutectoid temperature/°C 271 260

Liquidus arrest time/s 31
982

Dendrite growth time/s 2543
Eutectic arrest time/s 2986 708
Eutectic undercooling/°C 012

Metallographic studies were carried out to assess the
effect of addition of Mn on the microstructure of ZA8
alloy. According to Zn—Al phase diagram, at eutectic
temperature, the structure of as cast ZAS8 alloy consists
of primary f dendrites distributed in a eutectic matrix.
On cooling below eutectoid temperature, the f decom-
poses to o and # phases which are distributed in eutectic
matrix. Figures 9 and 10 show the microstructure of the
unmodified and modified ZAS8 alloys solidified in a

1400
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"2 10004
B
=< 800
]
5 600
= 4
>
S 4004
=
200
0[ T T T T T
0 20 40 60 80 100
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7 Heat flux versus time curve for unmodified and unmo-
dified ZA8 alloys solidified against aluminium chill
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8 Contact angle of a unmodified and b modified ZA8 alloy droplet on copper substrate

9 Image (SEM) of unmodified ZA8 alloy solidified in fire-
clay crucible

crucible subjected to furnace cooling. The microstructure
consisted of primary dendrites in a eutectic matrix. The
modified ZA8 alloy shows the presence of irregularly
shaped intermetallic compound in the region of both
dendrites and eutectic (marked by arrows). The XRD
analyses of the unmodified and modified casting samples
indicate that the intermetallic compound in the modified
ZA8 alloy is MnAlg (Fig. 11). Further, the modified ZA8
alloy shows increased volume fraction of the dendrite
phase and decreased amount of eutectic phase compared
to the unmodified ZAS8 alloy. Thus, the addition of Mn to
the ZAS8 alloy results in more nucleation of primary /3
dendrites. The effect of chilling on the microstructure of
the casting is shown in Fig. 12. It is observed that chilling
of the casting results in as cast f§ dendrite morphology
transforming to nearly rounded/globular shape and the

10 Image (SEM) of modified ZA8 alloy solidified in fire-
clay crucible
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volume fraction of the eutectic increases. The chilling
with chemically modified alloy did not show any presence
of intermetallic compound, which confirms that enhanced
cooling of the casting by chill avoids the formation of
intermetallic. Further, refinement of f phase of Mn
modified alloy solidified against chill was observed at
higher magnification compared to the unmodified alloy
(Fig. 13). The f phase formed in chill cast Mn modified
alloy is expected to contain more Mn compared to the
eutectic because of the higher solubility of Mn in
aluminium than in zinc. Thus, the presence of Mn results
in enhancement of the decomposition of the f§ phase.

12 Image (SEM) of modified ZA8 alloy solidified against
HDS chill
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13 Image (SEM) at higher magnification of p phase of a unmodified and b modified ZA8 alloy solidified against HDS chill

Conclusions

Based on the results and discussion, the following
conclusions were drawn.

1. The addition of Mn to ZA8 alloy has a significant
effect on thermal analysis parameters. The addition of
Mn results in an increase in liquidus temperature and
decreases in eutectic and eutectoid temperatures. A
liquidus arrest of ~31 s and a small degree of under-
cooling of 0-12°C at the start of eutectic and eutectic
depression of ~9°C were found with chemically
modified ZA8 alloy.

2. Chilling of unmodified alloy showed that the
liquidus and eutectic start temperatures of the casting
remained nearly the same, whereas eutectoid transfor-
mation occurred at a higher temperature.

3. Chilling of modified alloy showed decreased
liquidus temperature, avoiding the formation/nucleation
of intermetallic during solidification. Further, eutectoid
transformation was clearly observed and was not seen
when unmodified casting was solidified against chill.

4. The addition of Mn decreased the heat of
solidification and lowered wettability of ZAS8 alloy.

5. Mn modified alloys showed lower peak heat flux as
compared to unmodified alloys for all chills.

6. The addition of Mn results in increased volume
fraction of dendritic phase and decreased amount of
eutectic phase compared to unmodified ZAS alloy.
Further, the modified ZA8 alloy showed the presence
of irregularly shaped MnAlg intermetallic compound.

7. Chilling of the casting results in as cast dendrite
morphology transforming to nearly rounded/globular
shape with increased volume fraction of -eutectic.
Chilling with chemical modification enhances the
eutectoid transformation and results in enhanced
decomposition of f phase.
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