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JKCNEePUMEHTAIbHOE UCC/IeJ0BAHNE MUKPOCTPYKTYPbl H MEeXaHHMYECKHUX
cBoiicTB cmiaBa Al-13%Si, moJly4eHHOr0 JIMTheM MOJ JaBJICHHEM

C. CBuccu, M. ben Amap, Y. Bpanau

HaunonaneHblit nHxeHepusiid uHcTuTyT T. Cdake, TyHuc

s iumvsi n00 dasieHuem Xapakmepho NPUiodiceHue 0a6ieHus K 3a20moeKe npu ee 3ameepoeeanuu,
6ceocmeue eeo akmuU3UpPyYIomcst pasiudible uuiecKue npoyeccsl, KOmopule 6Iusion Ha Memar-
JypeudecKkue Ceoucmea IUMbvIX CHAAB08. Bvlnonnennoe 3KCnepumMeHmanbHoe Uccied08anue ceude-
menbcmeyem 0 GIUSHUU YPOGHsL OAGIeHUSL HA MUKPOCMPYKIMYPY U MeXAHUYeCKUue Xapakmepucmuxy
cnaaea Al-13%Si. [Tloxazano, umo Odasnenue npu aumove ¢ unmepeane 0,1...100 Mlla npusooum x
VMEHbULEHUIO 3€PeH, VIYUULeHUIO NPOYHOCMHBIX CEOUCME U NOGbluleHUI0 meepoocmu no Buxkepcy 6
yeumpanvro uacmu obpasyos. llpu oasnenuu 100...150 Mlla nabriooaromes evicoxkue npeosapu-
menbHble Oepopmayu npu GblCOKOL MeMNePamype Aumvsi U YKPYNHEHUe 3ePeH, @ Pe3yibmame 4e2o
VXYOUaomes NpOYHOCMHbIE C8OUCMEA U YMEHbUIAemsi meepoocmb. Ananuz mukpogomozpaghuii na
9NIEKMPOHHOM MUKPOCKONe nokaswigaem, umo npu oasienuu 00 100 MIla mexanuszm paspywenus
saensemcs: bonee GaA3KUM, YeM NpU NOBLIUEHHOM OdsleHuu. Dmo no3eojsem ONMmuMUsUpos8ams
YpoGeHb 0agienusi ¢ Yeablo npedomepaujerus yXyouwenus CeoUCms u IUKeayuu Mmamepuaid 6
npoyecce aumvs N00 OAGIEHUEM.

Knroueswvle cnoea: nuthe 1o aBJIeHUEM, oITUMU3anus, cruiaB Al-13%Si, Mukpo-
CTPYKTYypa, MEXaHUYECKHE CBOMICTBA.

Introduction. The increasing demand for weight reduction in the automotive
industry has had a considerable effect on the selection of light materials [1, 2]. For
this reason, the Al-Si alloys are more and more used by the most important
industrial aluminium foundry. They provide a number of merits, such as good
castability, high mechanical properties, excellent wear resistance, high thermal
conductivity, high specific rigidity and attractive tensile strength [3—11].Over the
years, there have been remarkable efforts to minimize casting defects and improve
service life of as-cast products by implementing new casting routes. However, in
order to minimize the negative effects caused by casting defects, special casting
processes, such as low-pressure die-casting and squeeze casting, have been actually
employed in the automobile component casting [12, 13]. Squeeze casting is one of
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the modern casting processes, which have been invented to address these imperfections
and has a high potential to produce sound castings. It is a metal forming process
which combines permanent mould casting with die forging into a single operation
where molten metal is solidified under applied hydrostatic pressure [14]. Part of
the advantages of squeeze casting is that it provides near net shape processing with
a minimal machining and a good surface of finished components with dimensional
accuracy. In recent years, many research works on squeeze casting have been
conducted. Several effects of the squeeze casting process parameters on the
mechanical properties of casting have been widely studied. Squeeze casting has
improved tensile properties, specifically ultimate tensile strength and elongation,
for the squeeze cast specimens over the conventional high-pressure die cast parts
[15]. The influence of squeeze pressure on macrostructure and microstructure of a
number of alloy systems has been reported. Squeeze casting decreased relatively the
percentage of porosity in the microstructure and increased the density [16]. In fact,
if the pressure of dissolved gas in the melt is higher than the external pressure
acting on it, gas bubbles would be nucleated during solidification. Gas porosity is
formed when these gas bubbles are trapped in the last solidified interdendritic
regions. Therefore, continuous application of pressure throughout the solidification
prevents gas porosity. In addition, the shrinkage porosity is created by the
introduction of molten metal in the interdendritic regions [17, 18]. The increase of
applied pressure leads to decreasing the grain size and the secondary dendrite arm
spacing of the primary a-phase, modifying the eutectic silicon particles and
improving hardness [19-21].

In this work, an Al-13%Si alloy manufactured via direct squeeze casting
under various pressure levels and gravity die casting is studied. The effect of the
applied pressure on the microstructure, the mechanical properties and the fracture
behaviours and the correlation between their characteristics are analysed and
discussed in order to optimize the most adequate pressure level.

1. Experimental Procedure.

1.1. Material. The material used in this study is Al-13%Si alloy. Chemical
properties of the used alloy are presented in Table 1.

Table 1
Chemical Composition (wt.%) of the Alloy Used in This Work
Si Cu Mg Fe Mn Pb Zn Cr Al
13.1 0.01 0.11 0.35 0.068 0.03 0.14 0.03 Rest

1.2. Casting Method. The squeeze-casting experiments are performed on the
experimental setup presented in Fig. 1.

The pressure on the molten metal is kept constant until the end of solidification.
The punch-and-die set is made of hot-die steel and the cast specimens are
hexagonal in shape; 8 mm in side length and 120 mm in length. The die is
preheated up to 250°C and the melt is poured through the pouring gate into the die
at 750°C. The manufacturing conditions of prepared specimens are presented in
Table 2.
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Table 2
Process Conditions of the Specimens
Pouring temperature (°C) Die preheating temperature (°C) Applied pressure (MPa)
750 250 0.1 (gravity)
50
75
100
150

Controlled pressure

Pouring gate Punch

Specimen

Fig. 1. Experimental setup with steel mould used in the squeeze casting process.

1.3. Microstructural Analysis. In order to investigate the effect of applied
pressure on the microstructure, a series of pictures is performed using an optical
microscope LEICA DMLP with a digital camera JVC. Each specimen is prepared
and etched with Kellers reagent [22]. A fracture tensile specimens study is carried
out using a scanning electron microscope JEOL 6460 LV under 20 kV.

1.4. Tensile Tests. In order to evaluate mechanical properties of the gravity and
squeeze cast specimens, tests are carried out in an Instron-5567 tensile materials
testing machine. The tests are performed under displacement control, with a rate of
displacement starting at 2 mm/min. An extensometer (gage length of 12.5 mm,
Mod. 2620-601, Instron Corp.) is attached with two rubber bands to the central part
of the specimen. For each casting condition four specimens are tested and the mean
results are reported. The geometry of the tensile specimens is shown in Fig. 2.

1.5. Hardness Measurement. The hardness of the gravity and squeeze cast
specimens is measured by using MEKTON Vickers Hardness Tester and a load of
0.5 kg. Each test is repeated at least five times to get a good average with minimum
deviation. Measurements are taken in two different locations in the centre and edge
of specimens.
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Fig. 2. Geometry of tensile test specimen (in mm).

2. Results and Discussion.

2.1. Microstructure. 1t is well known that mechanical properties depend on
microstructure. In order to compare the microstructures of the different squeezing
pressures used in this study, they are taken from the edge and the middle zone of
specimens as shown in Figs. 3 and 4, respectively.

T T 1%‘1. ZRE T "W e o5

Fig. 3. Optical micrographs of metallographic sections of cast specimens at the edge: (a) 0.1 MPa;
(b) 50 MPa; (¢) 75 MPa; (d) 100 MPa; (e¢) 150 MPa.
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Fig. 4. Optical micrographs of metallographic sections of cast specimens on the middle zone:
(a) 0.1 MPa; (b) 50 MPa; (c) 75 MPa; (d) 100 MPa; (e) 150 MPa.

Figure 3 shows that all specimens have a fine dendritic structure of the
a-primary phase at the edge. Its noticed that the dendrite size appears to be almost
comparable. This refinement in structure is due to the increase in cooling rate
which occurs by the higher heat transfer coefficient as a result of the contact
between the melt and the die wall. In the middle zone, the comparison between
different microstructure aspects for the different applied pressure is provided in
Fig. 4. The microstructure of a gravity cast specimen as seen in Fig 4a contains
coarse size dendrites. Furthermore, the gravity casting produces highly developed
dendrites with a larger DAS because of the long time solidification. Micrographs in
Fig. 4b—d, show the microstructure of squeeze cast specimens that are produced
under 50, 75, and 100 MPa pressures, respectively. These micrographs reveal that
the microstructures of squeeze cast specimens, which are prepared under higher
applied pressures, are much finer. It is clear that the applied pressure has
significant influence on the microstructure of the alloy. Moreover, the dendrite size
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of the alloy decreases with the increase of the squeezing pressure. The application
of pressure causes greater cooling rates for the solidifying alloy which can be
realized due to reduction in the air gap between the alloy and the die wall, hence a
larger effective contact area. Obviously, the increase of the undercooling degree
and heat-transfer coefficient will result in the refinement of the grain size of
squeeze casting alloy [23, 24], as a result the specimen structure becomes thinner
as shown in Fig 4b—d. It is noted that when applied pressure is increased, the DAS
is decreased. This effect can be justified by the equation suggested by Ghomashchi
and Vikhrov [25]:

P=Pyexp

—AHf]
RT,

Increasing pressure P causes an increase in the freezing point 7, of the
alloy. In this equation, AH  is the latent heat of fusion and P, and R are
constants. Increasing the freezing point brings about undercooling in an initially
superheated alloy and consequently increases nucleation frequency, causing a finer
grain size structure. On a mechanistic approach, such change in freezing temperature
is expected due to the reduction in interatomic distance with increasing pressure
and thus restriction of atomic movement, which is the prerequisite for melting/
freezing. The inter-solubility of constituent elements together with the solubility of
impurity and trace elements is also expected to increase with pressure [25]. Figure 4e
shows the microstructure of the squeeze cast specimen under 150 MPa pressure.
The results show that the dendrite size of the alloy increases. They are more
developed than that under 50, 75, and 100 MPa squeezing pressure. This could be
due to a severe deformation after solidification in elevated temperature. In fact, the
presence of the temperature during the severe plastic deformation can cause
coarsening of the particles of silicon and aluminum grain growth.

2.2. Tensile Properties. Figure 5 exhibits the effects of applied pressure on the
typical tensile properties of cast specimens. The gravity cast specimens has the
lowest tensile properties. The increase of the ultimate tensile strength (UTS) and
the yield strength (¥YS,) with applied pressure up to 100 MPa shows a good
synchronized effect with increasing of elongation. More specifically, for the
squeeze cast specimens with 100 MPa pressure, the increase in the (UTS) was
about 44.5%. Also, the increase in the (¥S ) ,) is about 38.3%. The variation of the
elongation with the applied pressure exhibits the same tendency regardless the
specimen condition. It is about 70% in the squeeze pressure range of 100 MPa.
Higher tensile properties of specimens squeeze casted under 100 MPa applied
pressure can be due to the modification of eutectic silicon and the refinement of
a-primay particles. After that, the applied pressure of more than 100 MPa up to
150 MPa decreases the tensile properties of the investigated alloy. The coarsening
of dendrite size induces the degradation on the tensile properties. This is emphasized
when the microstructure characteristics of specimens are produced under different
applied pressures shown in Fig. 5 are compared. Therefore, tensile properties are
strongly related to the microstructure, and when there is a refinement of the
microstructure tensile properties are improved.
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Fig. 5. Effect of pressure on UTS, YS,,, and the elongation (%) of alloy.

2.3. Effect of Pressure on Hardness. In order to confirm the tensile behavior
with increasing applied pressures, the hardness of the cast samples is measured in
the centre and at the edge. Figure 6 depicts the effect of pressure levels on the
Vickers hardness of all cast specimens. A similar value is measured at the edge of
the specimens for all the applied pressures, while a significant difference is
observed only toward the center of the specimens.
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Fig. 6. Effect of pressure on the hardness of squeeze cast and gravity die cast specimens in the centre
and at the edge.

In the specimen centre, the Vickers hardness increases steadily from 41 to 52
Hv 5 when the applied pressure of squeeze casting changes from 0.1 to 100 MPa.
In the edge, the hardness increases slightly from 50 to 53 Hv s when the applied
pressure increases from 0.1 to 75 MPa, and then stabilizes until 100 MPa applied
pressure. This is due to the increase of cooling rate which is caused by improving
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contact between the metal and the die cast surface which not only results in
refinement of the microstructure of specimens but also in the modification of
eutectic silicon particles. The increase of hardness with applied pressure shows a
good synchronized effect with increasing of tensile properties. Beyond 100 MPa
and up to 150 MPa pressure, the Vickers hardness decreases significantly in the
middle zone of sample. This could be due to the shear of fine silicon particles
during severe deformation and hence the material loses its hardening mechanisms.

2.4. Fractographic Analysis. To better understand the failure mechanism of
the castings under various squeezing pressures, the fracture surface of each
specimen is examined with a scanning electronic microscope. Some of the SEM
pictures are selectively presented in the current paper. The tensile fracture surface
of the gravity die cast alloy as shown in Fig. 7 is brittle in nature. It is evident that
an internal discontinuity due to the presence of porosity and a clustering of the
shrinkage cavities (in the centre of Fig. 7a) serves as the initiation point of cracks
in the gravity die cast specimens. The failure of the gravity die cast specimens is
caused by a combined brittle fracture mechanism of void coalescence and intergranular
fracture during tensile deformation (Fig. 7b). The growth and the coalescence of
the cracks result in the final fracture. Figure 3a shows that the Al-rich dendritic
matrix (a-Al phase) is coarse, which results in a bad ductility.

Fig. 7. Tensile fractographs (SEM) of gravity die cast specimen: (a) low magnification; (b) high
magnification.

The tensile fracture surfaces of the squeeze cast specimens are shown in Fig. 8.
All the specimens are fractured in a ductile and brittle manner consisting of
well-developed dimples over the entire surface. The alloys failed in a mixed-mode
fracture comprising of intergranular fractures, quasi-cleavage planes, and transgranular
shears. Figure 8a shows the fracture surface of the squeeze cast specimen under
50 MPa. The irregular plate shapes of the quasi-cleavage are clearly apparent on
the fracture surface. Moreover, the quasi-cleavages occupy a large area with a
small number of dimples, indicating that the fracture characteristics exhibit mostly
brittle behaviour. When the pressure reaches 75 MPa, the area of the quasi-
cleavages is decreased, and the number of dimples is increased as seen in Fig. 8b.
Hence, alloy ductility is increased as well (see Fig. 5). When the pressure reaches
100 MPa, the quasi-cleavages mostly disappear, the number of dimples is largely
increased, and the pockets left by the small grains that are pulled out can be clearly
observed (see Fig. 8c). The reasons for this may be due to the grain refinement and
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Fig. 8. Tensile fractographs (SEM) of squeeze cast specimens: (a) 50 MPa; (b) 75 MPa; (c) 100 MPa;
(d) 150 MPa.

the work hardening, which resulted in the excellent yield strength (see Fig. 5) and
hardness (see Fig. 6) of the alloy. When the pressure is increased to 150 MPa the
area of the quasi-cleavages are increased, and the number of dimples are decreased
(see Fig. 7d), the growth of eutectic silicon is started, and the dendrites become
coarse as shown in Fig. 4e and result in the decrease of the mechanical properties.
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Conclusions. The effects of the pressure on the microstructure and mechanical
properties of the squeeze cast Al-13%Si alloy which have a good castability are
optimized in this work. The application of pressure has a significant effect on the
morphology of the phases in squeeze cast Al-13%Si alloy. When the applied
pressure is increased from 0.1 up to 100 MPa the cooling rate increases, which
generates the reduction of the dendrites and the DAS. Also, increasing the applied
pressure improves tensile properties and hardness. The microstructure refinement
ameliorates the strength and the elongation values. The fracture mode is more
ductile. There is almost a good agreement between microstructural observations
and tensile test results, where the effect of grain refinement is more considerable.
When the applied pressure in squeeze casting is increased up to 150 MPa, the DAS
is increased, the tensile properties and the hardness of the investigated alloy is
decreased. This is due to the severe plastic deformation in the presence of elevated
temperature which causes the coarsening of dendrites size and the shear of fine
silicon particles.

Pesome

JUis IUTTS TiJL THCKOM XapaKTEePHO NPUKIIAJCHHS TUCKY 10 3arOTOBKH IIpH ii TBEp-
JIiHHI, B pE3yJIbTaTi YOTO aKTUBI3YIOTHCS Pi3HI (PU3UYHI MTPOIECH, IO BILTUBAIOTH
Ha METAJIypriiiHi BJIACTUBOCTI JUTHX CIUIaBiB. EKCriepUMEHTaNbHE JOCIIIKESHHS
CBIZTYNTH TIPO BIUTKB PIBHSI TUCKY HAa MIKPOCTPYKTYPY 1 MEXaHIYHI XapaKTePUCTUKH
crmaBy Al-13%Si. Ilokazano, mo tuck npu autti B inTepBam 0,1..100 Mlla
MPU3BOAUTH JI0 3MEHIICHHS 3€peH, MOKpAIIaHHIO MIIHICHUX BJIACTUBOCTEH 1 mij-
BHIIEHHIO TBEpAOCTi 1o Bikkepcy B meHTpanbHIi yacTuHi 3paska. [lpu nii Tucky
100...150 MIIa maroTh Micrie BHCOKI TorepenHi aedopmariii 3a BHCOKOI TeMIle-
parypu JMTTS 1 30UIbIIEHHS 3epeH. Y Pe3yJsbTaTi LBOro MOTipUIYIOThCS MIHICHI
BJIACTMBOCTI 1 3MEHIIYEThCS TBEPICTh. AHali3 MikpodoTorpadiii Ha €ICKTPOH-
HOMY MIKPOCKOTMI ToKa3ye, mo npu 1ii Tucky mo 100 MIla mexaHi3m pyiiHyBaHHS
€ OinmplI B’S3KMM, HIK NPH MiABUILIEHOMY THCKY. Lle n03Bosisie onTHMizyBaTn
PiBE€Hb THUCKY 3 METOIO 3amo0iraHHs MOTIPIICHHS BJIACTHBOCTEH 1 JiKBalil mare-
piangy B TIPOIECi JUTTS i THCKOM.
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