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The results of researches on porosity and structure of castings from AIMg9, AlSi7Mg and AlCu4Ti alloys
produced by squeeze casting and for comparison by gravity die casting are presented. The tests were
carried out on 200x100x25mm plates squeeze casted under 90MPa pressure. Prior to the commencement
of experimental studies, numerical simulations of solidification were made for the selected alloy
(Al1Si7Mg) in order to determine the potential locations of shrinkage porosity. As part of the study, the
porosity distribution in the plate cast was assessed by taking samples for measurements from the center
and edge of the casting. It was found that the area particularly vulnerable to the presence of shrinkage
porosity is the central part of the casting and the zone extending from its center to the upper surface. Due
to the wide temperature range of solidification of the examined alloys, diffused porosity occurs in cast-
ings, and the shape of the pores formed is conditioned on the solidification morphology. The average
porosity of squeeze castings is two times smaller than gravity die castings and is at the level of 1.0-1.5%
depending on the type of alloy. In addition, as a result of pressing, the shrinkage porosity in the central
part of the plate is reduced and its distribution becomes uniform throughout the volume. High pressure
acting on solidifying castings ensures a significant increase of grains density in microstructure and de-

crease of SDAS.
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1 Introduction

Squeeze casting method is a technology that com-
bines three methods such as forging, pressure casting
and die casting. Thanks to the combination of these
methods, the metal solidifies under pressure, which in
turn results in a significant improvement in the prope-
rties of castings [1,2]. This technology is designed for
casting of light metals, especially aluminum alloys due
to the good properties obtained with the alloys cast
with this method. Squeeze casting in terms of quality
is more effective than high pressure die casting and die
casting, while economically is better than forging.
Comparing the squeeze casting technology for high
pressure die casting, there are several significant diffe-
rences in the quality of castings. The development of
the squeeze casting technology allowed to make casts
with negligible shrinkage and gas porosity, fine-crys-
talline structure and high tightness of castings. This is
conditioned by the fact that in comparison to die casts,
the pressure affecting the liquid metal causes accelera-
ted heat exchange, thus eliminating the air gap at the
contact point of the casting and mould, and creates
permanent contact between the molten metal and the
mould surface [3]. Thanks to the use of external pres-
sure in the squeeze casting method during solidifica-
tion of the metal, noticeable improvement of strength
parameters of castings can be observed. These casts

are characterized by an increase in the yield point of
10-15% and an improvement in overall elongation by
50-80%, dimensional accuracy is 0.25 mm for casting
a length of 100 mm and 0.6 mm for the casting of 500
mm [4-6]. Castings produced by this method are also
characterized by a smooth surface, no surface defects
and a shape very similar to the final product. The cost-
effectiveness of the process is also associated with the
fact of lower energy and material consumption, even
up to 98% of molten metal, by eliminating the gate
assembly, strain relief and feeding head [7]. Due to the
lack of a running gate system and limited flow of liquid
metal, even low-castability plastic alloys can be used in
this method, however, it can not be too small, because
it leads to casting defects such as cold laps [8,9].
However, one of the most important advantages of
the squeeze casting technology compared to pressure
casting is to enable complete heat treatment of
castings [10-12]. Applying pressure at a temperature
close to the solidify point is the most effective. The
highest growth rate of nucleation and the maximum
undercooling of the alloy occur then. On the other
hand, too much overheating can almost completely
disrupt the effect of elevated pressure [3,4,13-17].

In the literature, one can find various theories
about what factorinfluences the fragmentation of the
structure in castings made with the squeeze casting
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method. It can be generally stated that the impro-
vement of mechanical properties and the reduction of
grain size depends on: undercooling of molten metal,
heat transfer coefficient, composition and fraction of
forming phases during solidification [4,18]. It should
be noted, however, that the mechanical properties and
structure of castings produced by squeeze casting as
well as by gravity depend on a number of other factors
such as the wall thickness of the castings, the geometry
of the gate and pouring system, the combination of
micro-alloys, modifications, etc [19-22]. In order to
obtain high-quality aluminum castings, Senthil et al.
[23] adapted the genetic algorithm and the Taguchi
method to analyze the direct squeeze casting process.
They have stated that castings obtained in optimal
pressing parameters revealed superior grain refine-
ment in microstructure and 65% higher tensile yield
strength compared to gravity die castings. The appli-
cation of pressure during solidification also causes a

Tab. 1 Chemical composition of tested aluminum alloys

significant reduction in the space between the secon-
dary arms of dendrites. The prediction of SDAS in
squeeze cast alloys based on fuzzy logical methods was
presented by Patel et al. [24]. The developed models
have shown good performance and can be used to
predict SDAS in squeeze casting.

The aim of the presented research was to assess the
porosity of castings of AlSi7Mg, AlMg9 and AlCu4Ti
alloys produced in the squeeze casting technology in
comparison to gravity casting.

2 Methodology and materials used for the
study
Three standardized (according to PN-EN
1706:2001) aluminum alloys were used for testing:

AlMg9, AlSi7Mg and AlCu4T1i with the chemical com-
position presented in Table 1.

Alloy Chemical composition, %o

EN AC- Si Mg Cu Ti Be Mn Zn Fe Al
AlMg9 0.30 9.35 0.01 0.01 0.07 0.10 0.08 0.21 Balance
AlSi7Mg 7.20 0.37 0.18 0.01 - 0.35 0.17 0.60 Balance
AlCu4Ti 0.35 0.03 4.27 0.15 - - 0.11 0.05 Balance

Prior to experimental studies, numerical simulation
of solidification was carried out in the NovaFlow&
Solid program in order to identify potential places of
contraction porosity in the analyzed slab casting. In
foundry industry, this program is used to simulate the
flow of liquid metal in the pouring system and the
mold cavity, and to simulate the solidification of
castings. Due to the specificity of the squeeze casting

a)

method, the focus was only on thermal (heat) issues
and the flow of liquid metal was omitted. Simulations
were also limited to AlSi7Mg alloy solidification ana-
lysis, because in the case at hand the occurrence of
places exposed to shrinkage porosity is mainly deter-
mined by the casting geometry and, to a lesser extent,
by the type of aluminum alloy.

b)

H Pressing

/

<«—Punch

Ejector
‘_
plate

Fig. 1The lower part of the metal monld used in research a), scheme of the pressing system b)
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A medium frequency crucible induction furnace
PIT50S/400 with a capacity of 20 dm? was used to
melt the metal charge. Slab-shaped castings measuring
100x200x25 mm were produced by pressing in the
squeeze casting and by gravity method. The hydraulic
press PHM-250c was applied for the squeeze casting
process, which was equipped with a metal mould (die)
with the dimensions of 100x200x50 mm recess and
the ejector slab.

The pressing started from heating the mould to
about 200°C and covering it with a protective, insula-
ting and lubricating layer of colloidal graphite solution
in water. The lower part of the metal mold with NiCr-
NiAl thermocouples installed in the heat center of the
casting and in the die is shown in Figure 1. Next,
a portion of about 1350 g of molten metal was taken
from the furnace crucible with the casting ladle and
poured into the lower part of the die. The overheating
temperatures of the tested alloys after pouring into the

Tab. 2 Characteristic temperatures of the process

mould was about 50-80°C above liquidus temperatu-
res (Tab. 2).Subsequently, the punch was lowered and
the metal pressed. The pressing was carried out using
a pressure of 90 MPa and the time of impact of the
punch on the casting 30 seconds. After that time the
upper part of the die was lifted up and the casting was
ejected by four ejector pins placed in the corners of
the slab. The parameters of the squeeze casting pro-
cess were determined on the basis of previous study
[7, 13], in which the effect of applied pressures during
casting on the tensile strength and solidification of alu-
minum castings was analyzed. The samples for stren-
gth tests were taken in the same way as the internal
sample presented in Fig. 3. Diagram illustrating the en-
tire squeeze casting process is shown in Figure 2. Cha-
racteristic temperatures of the process: alloys overhe-
ating temperatures, temperatures at which metal pres-
sing began, and equilibrium liquidus temperatures de-
termined in the ThermoCalc program are shown in
Table 2.

Alloy Overheating temper- | Pressing start tem- | Equilibrium liquidus | Pressing end temper-
EN AC- atures, °C peratures, °C temperatures, °C ature, °C
AlMg9 68318 623%5 614 400£25
AlSi7Mg 681+14 628%6 617 40025
AlCu4Ti 717£12 661%4 651 450£30

4 overheating temperature

start of squeeze
casting

liquidus solidus
temperature temperature

end of squeeze
casting

casting ejection
temperature

Temperature

pouring and cooling and lifting
lowering the punch

up the punch
‘ squeeze casting

Time

Fig. 2 Diagram illustrating the squeeze casting process

Using a die mounted on a hydraulic press, castings
were also made by gravity (without pressure). Gravita-
tional casting consisted in pouring a liquid alloy into
the lower part of the mould. When the metal surface
came into contact with the surface of the press stamp,
the stamp was stopped and the hydraulic system was
turned off. After cooling the castings samples were ta-
ken to measure the porosity. A total of 24 slab shape
castings were tested, making 4 castings from each alloy
using gravity and 4 castings by direct compression.

Two samples in the shape of cuboid 25x25x100
mm were taken from each casting. In order to analyze
the distribution of porosity in the casting, the samples
were cut from the center of the plate (internal samples)

and from its edge along the shorter side (external
samples). Scheme of cutting out samples from a
casting plate is shown in Figure 3.

External samples
Internal samples i o
Pressing X

@

Metallographic
observations

Fig. 3 Scheme of cutting out samples from a casting plate and
sampling places for microstructure testing

The porosity assessment was carried out using the
hydrostatic weighing method according to the BN-
75/4051-10 standard. All samples were weighed in air
and water, and their density was determined based on:

Pp :L'pw [kg'm_3], M

my —n,

Where:
pr — sample density, m; — sample weight in air; ma —
sample weight in water; pw — water density.

Next, the porosity of the tested samples was calculated
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using the compound:
P=(1-LG)-100% [%], )

Where:

LG — the so-called ’gas number’ determined by the ex-
pression LG=pp/prs, prs- theoretical density of the
alloy

The theoretical density of the alloy determines the re-
lationship:

100 3
e e S
Pra  Prs Pv

Where:
A, B, N — content of individual components in% by
mass, pr1, P18, p1N — theoretical density of individual
alloy components

After measurements of porosity were taken from
internal and external samples, metallographic speci-
mens were made and microstructural observations of

a)

the tested alloys were carried out.

3 Test results
3.1 Numerical simulation of solidification

The basic simulation of solidification was carried
out in the SOLIDIFICATION module with the
following initial conditions: temperature of the liquid
alloy 720°C (homogenous for the entire cast), mould
temperature 200°C, mould material - carbon steel. At
the cast-mould surface, the boundary condition of the
fourth type was adopted. The computational domain
was discretized per 1 236 492 unit cells with a charac-
teristic dimension of a single cell 1.4 mm. A minimal
mould thickness of 30 mm was assumed for the calcu-
lations. Figures 4a-4d present the results of numerical
simulations illustrating: the area of the liquid phase
contribution in the middle period of solidification, the
liquid phase share in the final solidification phase - re-
sidual liquid, 3D distribution of the shrinkage in the
casting and the temperature field in the casting and
mould after solidification.

Shrinkage. %

Fig. 4 The results of numerical simulations of solidification of the ALSi7Mg alloy casting plate: a) field of liquid phase participation
in the middle period of solidification - isometric view, b) field of lignid phase participation in the final solidification phase - residual
liguid - view in the transparency, ¢) 3D distribution of shrinkage in the casting afler solidification, d) temperature field in the cast of
the slab and metal mould after solidification - 2D view
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The analysis of these quantities allows the identifi-
cation of heat centers and determination of potential
places of shrinkage porosity in the casting. On the
basis of Figure 4a, it can be seen that the casting is the
fastest in the corners, on the edges and on the outer
walls of a smaller area. This is the result of the fastest
heat dissipation from these places. In the present mo-
ment of solidification (3s from flooding the mould),
the average proportion of liquid phase in the casting is
about 55%, while in the boundary layers it is 5% and
in the middle part 95%. The distribution of the resi-
dual liquid in the casting shown in Figure 4b reveals
the area particularly exposed to shrinkage porosity.
This drawing as well as figures 4c and 4d indicate that
the shrinkage effects will mainly be concentrated in
the middle of the slab, and may also include an area
tapering from the top sutface of the slab to the center.

The central part of the cast gives off the heat for
the longest time and solidifies last. Lack of liquid metal

supply to this part of the casting results in the forma-
tion of a longitudinal void with a dimension of approx.
23 x 2.5 x 85 mm. Due to the wide temperature range
of solidification of the AlSi7Mg alloy as well as other
Al alloys, dispersed porosity (shrinkage porosity)
should be expected in this part of the casting. Nume-
rical simulations also show that the total solidification
time of the casting is 24s, and the maximum tempera-
ture difference between the center and the edge of the
plate is about 100°C. The overheating zone of the me-
tal mold up to 300°C in one casting production cycle
is at the level of 150 mm.

3.2 Porosity and structure

The results of porosity tests determined by the
hydrostatic weighing method for gravity and squeeze
casting aluminum alloy castings are summarized in Ta-
ble 3. Figures 5-7 show the average porosity of internal
and external samples and the average porosity of plate
castings produced in both technologies.

Tab. 3 Results of porosity measurements in gravity and squeezge cast samples

Porosity, %
Gravity casting Squeeze casting
Alloy - -
Internal External Average porosity Internal External | Average porosity
samples samples of the casting samples samples of the casting
3.67 1.85 1.28 1.53
413 1.43 1.47 1.87
AlMg9 3.23 1.78 283 1.89 1.06 150
4.58 1.95 1.34 1.57
2.89 1.57 1.48 1.36
2.47 1.69 1.03 1.02
AlSi7Mg 3.14 1.22 210 1.25 1.58 1.26
2.57 1.28 1.21 1.14
411 1.26 1.13 1.12
3.89 1.97 1.58 1.02
AlCu4Ti 425 1.14 2.72 1.36 0.98 127
3.47 1.68 1.74 1.26
45 45
40 - 40
35 - 35
30 30
£ 2,5 - = 2,5
220 - 220
¥ ¥
15 - 15 1
1,0 | 1,0 |
0,5 - 0,5
0,0 0,0
External Internal Porosity of the External Internal Porosity of the
samples samples slab samples samples slab

m The gravitational method m The squeeze casting method
Fig. 5The average porosity of castings from AIMg9 alloy

B The gravitational method M The squeeze casting method
Fig. 6 The average porosity of castings from AlSi7Myg alloy
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4,5

4,0
3,5
3,0

2,5

Potosity, %

2,0
1,5
1,0

0,5

0,0

External
samples

B The gravitational method

Fig. 7 The average porosity of castings from AlCud4'1i alloy
Gravity castings

Internal Porosity of the
samples slab

B The squeeze casting method

Pressing significantly reduces the porosity of
castings made from all Al alloys. The beneficial effect
of the applied pressure is especially visible in the cen-
tral regions of the castings. In the AIMg9 and AlCu4Ti
alloys, the porosity in internal samples decreases from
about 4% to 1.5%. In the case of external samples, the
porosity is also low, but its changes are at the level of
0.5%. A further part of the research was the structural
assessment of the castings of the aluminum alloy slab.
Photographs of typical structures of gravitational and
squeezed castings, revealing local microporosity are
shown in Figure 8. Metallographic tests were perfor-
med in the central parts of the internal and external
samples (Fig. 3).
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As reported by Fleming [25], shrinkage porosity
and gas porosity may be present in aluminum alloy
castings. Shrinkage porosity is determined by the
shape of the casting, casting technology and the che-
mical composition of the alloy, while gas porosity is
caused by low solubility of gases, mainly hydrogen, in
the solidified alloy. The solubility of hydrogen in liquid
aluminum is 10 times greater than in the solid state
[26]. The shrinkage voids show an irregular shape and
are scattered, unlike the gas voids, which have regular
shape, mostly spherical, and are concentrated.

Shrinkage pores were created in all tested alumi-
num alloys, while the typical spherical gas voids were
found only in the gravity cast AIMg9 alloy (Fig 9). Gas
porosity was not revealed in the castings produced by
squeeze casting. The condition for the formation of
gas bubbles was presented by Felicelli et al. [27]:

2
P,>P, +p,gh+(ﬁ) [P, @
r

Where:

P, — minimum internal gas pressure for the formation
of stable bubble (Sievert’s gas pressure), pgh — metall-
ostatic pressure, 2,/ r - pressure due to surface ten-
sion, Py — applied pressure.

Equation (4) states that, for the creation of a gas
bubble the minimum internal pressure of the bubble
must be greater than the external pressure . Since the
high applied pressure increases the minimum gas pres-
sure necessary to form a stable bubble, the gas poro-
sity in squeeze casting is reduced.

The results of metallographic tests are consistent
with the results of measurements obtained by the hyd-
rostatic weighing method. Micropores are mainly
found in internal samples taken from gravity casts. In
the AIMg9 alloy, the shrinkage porosities have multi-
ple arms and belong to several cavities. In the AlICu4Ti
alloy, shrinkage voids also belong to several cavities
but their shape is more regular. In the case of the
AlSi7Mg alloy, the shrinkage porosities are concentra-
ted and have no developed arms. Applying pressure to
the casting process caused the metal to flow into the
interdendritic regions in the mushy zone. As a result,
the shrinkage porosity of the castings was significantly
compensated.

The effect of the applied pressure in the squeeze
casting process on the size of the voids is presented in
Fig. 10. The mean pores diameter in AlICu4Ti castings
produced in the squeeze casting process are twice
smaller than in gravity castings. In castings made of
AlSi7Mg and AlMg9 alloys, the pore size is reduced by
about 4-5 times. The mean diameter (D) of the pores
was determined by measuring their length (L) and
width (W). In the case of dendritic voids, the width

was evaluated by measuring the smallest (W1) and lar-

gest (W2) arm (Fig. 10) - D = 1 (L+T22). Accor-

ding to the simulation predictions and the results of
measurements by the hydrostatic weighing method,
the shrinkage voids are concentrated in the central
part of the castings. The exception is the AIMg9 alloy
in which shrinkage porosity is also present in external
regions of gravity castings.

Fig. 9 Gas bubble in the gravity cast AIMg9 alloy
60
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Fig. 10 V ariation of pore diameter in aluminum alloys cast-
ngs

4 Discussion of research results

The aim of the research was to assess the impact
of the pressing pressure on the porosity of castings
from aluminum alloys, taking into account its distri-
bution in slab casts. Numerical simulations of solidifi-
cation showed that the area particularly exposed to the
occurrence of shrinkage phenomena is the middle part
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of the slab and the zone extending from the center of
the slab to its upper surface. The results of the solidify
simulation were confirmed by measurements of poro-
sity and structural studies of casts. The basic statement
resulting from the conducted research is that the sque-
eze casting technology effectively reduces the porosity
in the slab castings for all analyzed grades of aluminum
alloys. The lower porosity of gravity casts made of
AlSi7Mg alloy, as well as the less visible impact of
pressing on the limitation on the material voids in
castings from this alloy are associated with its good
technological properties. The linear shrinkage of the
AlSi7Mg alloy is about 1%, while the other alloys are
at the level of 1.5-2.0%. During the solidification of
the AlSi7Mg alloy, the formation of the primary phase
o(Al) decrease the volume of the casting, while the si-
licon that precipitates in eutectic cells causes its incre-
ase. Silicon increases its volume by 8% during the
change of physical state [28]. Therefore, the total soli-
dification shrinkage of this alloy is much smaller than
other alloys.

Microstructural studies showed that shrinkage po-
rosity occurs mainly in the analyzed Al alloys. Gas po-
rosity was revealed only in AIMg9 gravity castings. The
formation of gas bubbles in this alloy is explained by
the addition of magnesium to the aluminum alloy.
Magnesium increases the solubility of hydrogen in alu-
minum alloys. As reported by P.N. Anyalebechi [20],
the solubility of hydrogen in pure aluminum at 700°C
and 101.3 kPa partial pressure is 0.8X104 wt. %H. In
the liquid AIMg6 alloy, the hydrogen solubility incre-
ases up to 2.2x10#+ wt. %H. In contrast, copper and
silicon in aluminum alloys reduce the solubility of hyd-
rogen. For comparison, the solubility of hydrogen in
the AlCu4 alloy is 0.35%10-* wt. %H and in AlSi7 alloy
itis equal to 0.55X104wt. %H [26]. With regard to the
AlMg9 alloy, it can therefore be concluded that apply-
ing pressute to the casting process allows for the eli-
mination of gas bubbles.

The shrinkage porosities are the most numerous
and scattered in the pressureless cast AIMg9 and
AlCu4Ti alloys. Moreover, in the AlMg9 alloy, the
shape of the voids is the most irregular. The formation
of scattered shrinkage porosity is caused by the wide
temperature range of solidification of the tested alloys
and the morphology of their solidification. AIMg9 and
AlCu4Ti alloys have a dendritic structure with a small
amount of double eutectic respectively (0+AlsMgs)
and (a+AlLCu). Micropores are located around the
primary crystals in the interdendritic spaces and are
formed in the final solidification stage due to the lack
of supply of liquid metal. AlSi7Mg alloy has a two-
phase structure consisting of a-phase dendrites and a
silicon eutectic. In the case of this alloy, the shrinkage
voids are less numerous and more concentrated and
their shape is close to regular. In all the alloys tested,
increased porosity was revealed on samples taken

from the central parts of gravity cast slabs. Applying
pressure to the casting process results in the flow of
liquid metal into the interdendritic regions and an
effective reduction of shrinkage porosity. Moreover,
the squeeze casting allows for local plastic deforma-
tion of the casting and closing the micropores. Cherif
et al. [29] was analyzed effect of squeeze casting pres-
sure (0.1-150 MPa) on microstructure and mechanical
properties of recycled AlSiMg alloy. They showed that
small and few microporosity and high mechanical pro-
perties of this alloy are obtained by implementing the
squeeze casting process at 100 MPa pressure. When
assessing the influence of pressure on solidification of
castings, it can be concluded that in all alloys there was
a clear fragmentation of dendrites and, additionally,
the distance between the secondary dendrite arm spa-
cing was reduced (Fig. 8). This is the result of a faster
heat dissipation from the mould during casting pres-
sings and a greater tendency of the alloys to nucleation
the primary phases under high pressure conditions.
Higher intensity of heat dissipation is caused by the
lack of a shrinkage gap between the pressed casting
and the mould. During the pressing, the casting being
in the liquid-solid state can plastically deform and ad-
here tightly to the surface of the mold cavity. The re-
duction of grain size and SDAS as well as the increase
in grains boundaries density in high pressure solidifi-
cation castings has been shown in [13, 29, 30] also
comparing gravity casting technology with squeeze
casting technology. In addition, gravitational castings
have a heterogeneous structure in which there are
three regions: "skin" area, “basaltic” area and “equia-
xed” area [31]. Applying high pressure during solidifi-
cation allows to obtain a homogeneous structure of
castings. Al alloys used in research are often subjected
to heat treatment (aging and supersaturation) in order
to increase mechanical properties. The direct
compression technology produces fine-grained
castings with a very low microporosity that can be heat
treated [30, 32] in contrast to castings made in compe-
titive high pressure die casting technology. Therefore,
it can also be dedicated to the production of respon-
sible elements from Al alloys characterized by high
mechanical properties, high tightness and the possibi-
lity of a calving treatment.

5 Conclusion

1. In the analyzed slab cast, the area particulatly
susceptible to shrinkage porosity is its central
part and the zone extending from its center to
the upper surface.

2. The AIMg9 and AlCu4Ti alloys show a gre-
ater tendency to shrinkage porosity formation
than the AISi7Mg alloy. The shape of the
shrinkage voids is the most irregular in the
AlMg9 alloy.
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Squeeze casting mainly reduces shrinkage po-
rosity in the center of the slab. In AIMg9 and
AlCu4Ti alloys castings, porosity in these
areas decreases threefold, while in AlSi7Mg
alloy castings more than twice.

The average porosity of castings made by
squeeze casting is twice lower than casts pro-
duced by gravity and is at the level of 1.0-
1.5% depending on the type of alloy. In ad-
dition, the distribution of porosity is fairly
uniform throughout the castings.

Applying pressure to the casting process re-
duces the pore size. The greatest changes in
the pore diameter size occur in the AIMg9
and AlSi7Mg alloys

The impact of high pressure (90 MPa) during
solidification of AIMg9, AlCu4Ti and
AlSi7Mg alloys results in reduction of grains
size and distance between the secondary den-
drite arm spacing.
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