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ABSTRACT

In this research the effect of cooling rate and mold type on mechanical properties of the eutectic

and hypoeutectic (Al-Si) alloys has been studied. The alloys used in this research work were (Al- 12.6%Si
alloy) and (Al- 7%Si alloy).The two alloys have been melted and poured in two types of molds with
different cooling rates. One of them was a sand mold and the other was metal mold. Mechanical tests
(hardness, tensile test and impact test) were carried out on the specimens. Also the metallographic
examination was performed.
It has been found that the values of hardness for the alloys(Al-12.6%Si and Al-7%Si) which poured in
metal mold is greater than the values of hardness for the same alloy when it poured in a heated metal
mold at different temperatures or in sand mold. The strength and impact resistance for the alloys (Al-
12.6%Si and Al-7%Si) are greater when these were poured in a metal molds than that when it poured in a
sand mold.

Furthermore, the higher cooling rates enhance the strength, hardness and impact resistance for the
two alloys, while the low cooling rates reduces these mechanical properties.

The percentage of elongation and the amounts of formed porosity decreased when the cooling rates
increased.
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1-Introduction

Alloys with silicon as the major alloying
addition are the most important of the aluminum
casting alloys mainly because of high fluidity
imparted by the presence of relatively large
volumes of the Al-Si eutectic. Other advantages of
these castings are high resistance to corrosion, good
weldability and the fact that silicon reduces the
coefficient of thermal expansion. [1]

The static fracture toughness of a series of
eutectic AI-Si casting alloy with different
microstructural features has been evaluated by
Hafiz and Kobayashi . Fracture toughness was
found to be strongly associated with the size and
morphology of silicon particles. [2]

One of the major problems associated with the
casting of aluminum alloys is the formation of
micrometer scale cavities called microporosity.
Microporosity is a leading cause in the reduction of
mechanical  properties.  Particularly, fatigue
resistance, as well as a loss of pressure tightness
and a degradation of the surface appearance in cast
parts[3, 4]

For aluminum alloy A356 permanent mold
castings, it was observed that local fatigue
resistance  varied  substantially along the
solidification path while tensile strength was little
affected. The amount of Al-Si eutectic and the
density of micropores are increased along the
solidification path. [5]

Haizhi studied the fatigue and wear properties
of Al-Si alloy. The silicon phase is important to
both of these properties. Coarse silicon usually
reduces fatigue life due to microcrack initiation.
Higher silicon content usually increases the wear
resistance of Al-Si alloy as it increases the alloy’s
hardness. Intermetallic precipitates and casting
defects also influence fatigue and wear
performance. Fine precipitates can usually
strengthen the alloy while sharp and coarse
precipitates degrade these two properties. Casting
defects such as porosity and inclusion usually
reduce the alloy’s fatigue and wear resistance due to
microcrack initiation. [6]

Taylor discussed the various sources of iron and
how it enters aluminum alloys, the way that iron
leads to the formation of complex intermetallic
phases during solidification, and how these phases
can adversely affect mechanical properties,
especially ductility, and also lead to the formation

EFFECT OF COOLING RATE ON MECHANICAL
PROPERTIES OF EUTECTIC AND HYPOEUTECTIC Al-Si
ALLOYS

1577

of excessive shrinkage porosity defects in castings.
[7]

It was found there are no differences in ultimate
tensile strength as well as bulk hardness between
the sulfurized alloy and normal A356; it is evident
that yield strength and ductility of the A356 alloy
are reasonably altered with the presence of sulfure.
The A356 alloy containing sulfur exhibits greater
ductility and lower yield strength in comparison
with the normal A356 alloy. [8]

The effect of cast Al-Si-Cu alloy solidification
rate on alloy thermal characteristics has been
studied by L.A. Dobrzanski et al. It was found that
the solidification parameters are affected by the
cooling rate. The formation temperatures of various
phases are changed with an increasing cooling rate.
Also increasing the cooling rate increases
significantly the Al nucleate temperature,
nucleation undercooling temperature, solidification
range and decreases the recalescence undercooling
temperature. These phenomena lead to an increased
number of nucleus that affect the size of the grains
and the Secondary Dendrite Arm Spacing (SDAS).
[9]

Abdulwahab, et al. have made a comparative
study of the hardness values and impact energy of
as-cast and age-hardened AIl-Si-Fe-MnCr alloy
produced when various addition of MnCr (0.1-
0.5%) were made to Al- Si-Fe alloy so as to give a
series of alloys with constant composition of Si and
Fe. The alloy was solution treated and aged at
4900C and 2000C respectively for six hours. These
treatments introduced the formation of complex
precipitates in the alloys. It was found that the
reprocessed (age—hardened) alloys showed an
excellent combination of hardness and impact
energy values than the as-cast alloys. [10]

The effects of eutectic silicon particles on
tensile properties and fracture toughness of three
A356 aluminum alloys were investigated by
Kyuhong Lee. et. al. These A356 alloys were
fabricated by casting processes such as low-
pressure-casting, casting-forging, and squeeze-
casting, and their tensile properties and fracture
toughness were analyzed in relation with
microfracture mechanism study. Microfracture
observation results showed that eutectic Si particles
segregated along solidification cells were cracked
first, but that aluminum matrix played a role in
blocking crack propagation. The cast-forged alloy
had the best hardness, strength, ductility, and
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fracture toughness because of the matrix
strengthening and homogeneous distribution of
eutectic Si particles due to forging process. [11]

The strength and fracture studies of as-cast Al-
Si-Cu alloys have been investigated. As cast alloys
have been characterized using XRD and optical
microscope. To evaluate the strength of these
alloys, a tensometer has been employed and the
fracture surfaces have been observed under SEM to
understand the mode of fracture. It has been
observed that the fracture surface of the alloys
mainly shows brittle characteristics. The porosity
and blowhole present in the cast alloy has been the
dominating factor for low strength of the alloys.
[12]

The influence of microstructure and process
history on mechanical behavior of cast Al-Si alloys
is reported. Metallographic and image analysis
techniques have been used to quantitatively
examine the microstructural parameters of the a-Al
phase and eutectic silicon. The results showed that
secondary dendrite arm spacing SDAS and length
of eutectic silicon particles increase with section
thickness, and consequently mechanical properties
decrease. [13]

2- Experimental Procedure

In present work, the casting process was
carried out by using sand and metal molds to cast
the eutectic alloy (Al-12.6% Si) and the hypeoteutic
alloy (Al-7%Si). These alloys have been prepared
before casting process Table (1).

Table (1) Chemical compositions of the alloys
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studied
Elements (W)
Nlnys 5 Mg fe Cu Mn Al
AHZESE 126 |om (086 | 085 | om Remainder
Al-FiSi 7 030 |po20 | 001 | 0.00B | Remainder

After charging the crucibles with the alloys, it were
put inside a resistance electric furnace and heated
up to (650 °C). The molten alloys were pouring in
the molds, as soon as the mold cavity was filled
with metals, it is allowed to cool and solidify. The
metal molds have been previously heated for
different temperatures (25°C, 100°C and 250°C)
.So the cooling rate for the two alloys became
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(1°C/sec, 4°C/sec and 7°C/sec). In the case of sand
mold, the cooling rate was (6 °C/sec).The samples
that produced from the casting process have square
cross sections with dimensions (20x20x200)mm?*. A
thermometer with chromel-alumel thermocouple
(K-type) covered by a hastalloy was used to
measure the temperature. The thermometer was put
in the center of the mold cavity as shown in the
figures below.

Al Dimensiominmm

>

/\

Fig(1) Metal mold

Fig (2) Green sand mold (upper part)

For metallographic examination, all castings
were sectioned vertically across the centerline to
observe the internal porosity; (see figs (1, 2)) their
surfaces were grounded by using 250, 500 and 1000
SiC emery papers. Primary and final polishing was
performed using alumina slurry with particle size of
50 um and diamond paste with particle size of 1
pm. Finally all polished samples were cleaned by
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water and alcohol and then dried. The samples were
etched using 0.24% hydrofluoric acid (HF). Each
sample was then observed and photographed at a
magnification of X300.

The tensile test was performed using UTS apparatus
with 200 kN loading capacity. The tensile flat test
specimens were prepared with the gauge length
section has the dimension of 12.5 mm width and
50mm gauge length according to ASTM
designation: E8M-03. [14] The tensile test was
achieved at room temperature in ambient air at a
cross-head speed of 2 mm/min.

The hardness test was carried out by using the
Vickers Microhardness technique with load (20
gm).

The impact test was carried out according to the
recommended standard charpy V-notched method.
The specimen is supported at each end and notched
at the midpoint between the supports. The notch is
on the face directly opposite to where the pendulum
strikes the test piece. The specimen has a square
cross-section of side 10mm and length 55mm.

The percentage porosity of specimen was calculated
from the following relationship:-

¥ — 0
YoPorosity —Fes 7 Fa 00
2 pis
Where ppfs is the density of the pore-free sample
and po is the observed density of the sample.[15]
In order to obtain the maximum density or pore-free
density of a sample, the sample was compressed to
about 80% of its original thickness under a
compressive load after which its density was

evaluated using the common Archimedean method.
[15]

3-Results and Discussion

It was found that strength of alloy Al-12.6%Si
has changed when changing the cooling rate. It can
be seen that the strength value reach to (194 MPa)
when the cooling rate has a value (7 °C/sec).Fig (5)
the eutectic structure of this alloy can be observed
from the microstructure Fig (13).
The strength of this alloy became (160 MPa) when
the cooling rate is low (1°C/sec). It can be seen that
from the Fig (5). And this is due to the formed
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cavities. These cavities are bigger as a result of
small porosity which join together to form big
cavities Fig (10).

However, when the cooling rate is very low so there
is an evolution of hydrogen gas bubbles due to a
sudden decrease in hydrogen solubility during
solidification (gas pores). Combined gas-shrinkage
porosity may also exist. [3, 4]

The values of strength, microstructure and the
formed porosity were differs when the (Al-7%Si)
alloy was poured in molds.

It was found that the strength of Al-7%Si
became (183 MPa) when the pouring of this alloy in
a metal mold with cooling rate (7 °C/sec).Fig (5)
This is due to defects formation. However, the
percentages of defects (porosity) were low, and
have a small size; this can be seen from the
metallographic. Fig (16)

The strength of this alloy was differing as
result to the change in cooling rate. When the
cooling rate became (1°C/sec) the defects (cavity)
size became big and the percentages of defects
(porosity) were high. Fig (14)

The strength value of this alloy was (150
MPa ) when the cooling rate was ( 1°C/sec ) and
this is a less value of strength due to size of the
formed porosity was too big , where the small
porosity ( microporosity) meet each other to form a
big porosity (cavities). And this is also could be
seen when pouring the alloy in a sand mold which
the cooling rate (6°C/sec).

The alloy (Al-12.6%Si) has a hardness value
of 58 HV while the Vickers hardness value for the
alloy (Al-7%Si) was 48 HV. These alloys were cast
in sand casting process where the cooling rate was
(6°C/sec).

These values were changed when the alloys
casted in a metal mold as shown in Fig (6).It can be
seen that the highest values were 64 HV and 52 HV
for (Al-12.6%Si) and (Al-7%Si) alloys respectively.

From these results, it can be remarked that
the values of hardness increased due to the big
amount of the volume fraction for Si in matrix so
the eutectic alloy (Al-12.6% Si ) has a high value of
hardness, However high cooling rate make high
hardness value for these alloys. Also the percentage
of porosity was less when the cooling rate was high.

The values of hardness for the two alloys were
low when the cooling rate low due to the formation
of cavities and porosities (microporosity and
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macroporosity). The increment in cavities and
porosities are as a result of joining the gas
porosities to the shrinkage porosities inside the
casting because there is no degasser has been used.
The solidification mode in the alloy (Al-7%Si) is a
denderatic, so the formed porosity in this casting
has small size but the amounts was high as
compared with the casting (Al-12.6%Si) in which
the solidification mode is planner. And the small
amounts of the formed porosity in the alloy (Al-
12.6%Si1) make cavities which can be seen in the
upper part of cast as pipe. Thus these modes have
an effect on the formed porosity and the mechanical
properties.

From the values of the absorbed energy to break
samples by shock, it can be seen that the highest
value was for the sample of (Al-12.6%Si) alloy
which is casted in a metal mold with a cooling rate
of (7°C/sec) and this is due to the formed porosity
was low as compared with the other samples which
have a different cooling rates. Fig (7)

Fig (8) shows the effect of cooling rate on the
elongation of these alloys , it can be seen that the
increments in cooling rates make the percentage of
elongation low and this is because of the high
cooling rates make an increments in defects ((point
and line defects (dislocation)). So there is an
increase in strains thus the extension will be low.

It can be Concluded that the ductility of these alloys
are low. While the alloys that solidified with low
cooling rates have high ductility.

However alloys having coarse eutectic exhibit low
ductility because of the brittle nature of the large
silicon plates. Fig (10) Rapid cooling greatly refines
the microstructure and silicon phase assumes a
fibrous form with result that the ductility is much
improved. Fig (13) [1]

Microporosity formation is generally attributed to
two factors: shrinkage, coupled with a lack of
interdendritic  feeding during mushy zone
solidification (shrinkage pores), and evolution of
hydrogen gas bubbles due to a sudden decrease in
hydrogen solubility during solidification (gas
pores). Combined gas-shrinkage porosity may also
exist.

However, Fig (9) shows that the high cooling
rates decrease the amounts of porosities. This is
because there is no sufficient time for formation big
amounts of gas porosity or joins this porosity with
shrinkage porosity and makes cavities. So the
percentage of porosity was high when the cooling
rate low.
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ShrinkagePipe

Fig (3) Shows Al-12.6% Si Fig (4) Shows Al-7%Si
Casting after sectioning  casting after sectioning
that cut from the that the cut from the
centerline with cooling centerline with cooling
rate (1% C/sec) rate (1% C/sec)

240

& A 10695

d/—f"'“f' m— ALT63L

200

MP a}
= o
=T

[

URinate Tensile Stremgth

I:I T T T
0 2 4 G g

cooling rate {C/sec)

Fig (5) the effect of cooling rate on ultimate Tensile
strength for two alloys a- Al-12.6% Si  b- Al-7%Si
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Fig. (10) The microstructure for cast Al-12.6%Si
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Fig. (12) The microstructure for cast Al-12.6%Si
with cooling rate 6°C/sec Magnification (300X),
shows the porosity and the refining eutectic layers.

Poros
Fig. (13) The microstructure for cast Al-12.6%Si
with cooling rate 7°C/sec Magnification (300X),
shows the porosity and the refining eutectic layers.

Porosity (Gas and Shrinkage)
Fig. (14) The microstructure for cast Al-7%Si with
cooling rate 1°C/sec Magnification (300X), shows
the formed porosity.

Porosity (Gas and Shrinkage)
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Fig. (15) The microstructure for cast Al-7%Si with
cooling rate 4°C/sec Magnification (300X), shows
the formed porosity.

Porosity (Gas and Shrinkage)

Fig. (16) The microstructure for cast Al-7%Si with
cooling rate 7°C/sec Magnification (300X), shows
the formed porosity.

4-Conclusions

Investigating the mechanical properties of
eutectic and hypoeutectic Al-Si alloys with different
cooling rates yielded the following conclusions:-

1- It has been found that the following mechanical
properties; ultimate tensile strength, hardness and
the impact energy for the eutectic and hypoeutectic
Al-Si alloys increases with increasing the cooling
rates.

2- The values of ultimate tensile strength, hardness
and the impact energy for the eutectic alloy (Al-
12.6%Si) are greater than that for the hypoeutectic
alloy (Al-7%Si) at the same cooling rates.
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3-The percentage of the formed porosity increases
with decreasing the cooling rate.
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