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Abstract: The effects of vacuum assistance on the microstructure and mechanical properties of high pressure die cast A390 alloy at
different slow shot speeds were evaluated. Plate-shaped specimens of hypereutectic A390 aluminum alloy were produced on a TOYO
BD-350VS5 cold chamber die casting machine incorporated with a self-improved TOYO vacuum system. According to the results,
the vacuum pressure inside the die cavity increased linearly with the increasing slow shot speed at the beginning of mold filling.
Meanwhile, tensile properties of vacuum die castings were deteriorated by the porosity content. In addition, the average primary
silicon size decreased from 23 to 14 um when the slow shot speed increased from 0.05 to 0.2 m/s, which has a binary functional
relationship with the slow shot speed. After heat treatment, microstructural morphologies revealed that needle-shaped and thin-flaked
eutectic silicon particles became rounded while Al,Cu dissolved into a(Al) matrix. Furthermore, the fractography revealed that the
fracture mechanism has evolved from brittle transgranular fracture to a fracture mode with many dimples after heat treatment.
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1 Introduction

Due to high wear resistance, low coefficient of
thermal expansion and lightweight hypereutectic
aluminum—silicon alloys have been regarded as the
preferred material for engine components [1—4]. After an
appropriate machining and a honing procedure, surfaces
with dispersed primary Si could directly provide the
required tribological characteristics for a proper
operation of the engine without the need of iron liners [5].
For example, hypereutectic A390 aluminum-—silicon
alloy (~17% Si) has been used in Chevrolet Vega engine
block castings produced using low pressure die casting in
the 1970s [6].

Considerable work has been carried out on the
relationship between the microstructure and the
tribological property of hypereutectic aluminum—silicon
alloys. These investigations suggested that higher wear
resistance could be obtained through uniformly fining
and dispersing silicon particles [5—9]. Hence, different

methods have been adopted for the size reduction of
primary silicon particles. Thereby, chemical modification
using rare-earth metals has been widely used [10—12].
Alternatively, physical methods such as semisolid
rheo-casting [13], squeeze-casting [14], intensive melt
shearing [15] and rapid solidification [16] have also been
used. Compared to these methods, high pressure die
casting (HPDC) belongs to the most cost effective
near-net-shape manufacturing process. Indeed, during
HPDC, the fast solidification rate in die cavity could
reduce the externally solidified crystals (ESCs, as
primary silicon) size [17,18]. YAMAGATA et al [17]
also reported primary silicon particles which have
nucleated when the melt was poured into the shot sleeve
prior to the injection process while aluminum dendrites
and eutectic silicon particles nucleated in the die
cavity. Furthermore, it has been proved that the
formation of ESCs in the shot sleeve strongly depends
on the slow shot speed as it can affect the flow
behavior and solidification condition of the molten metal
in the shot sleeve before the high speed injection takes
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place [19-21]. From this point of view, it should be
possible to control the quantity and size of primary
silicon particles by modifying the slow shot speed of
plunger in the shot sleeve.

The morphology of the eutectic silicon particles is
generally needle-like or plate-like, which produces stress
concentrations detrimental to the mechanical properties.
Therefore, it is often necessary to modify their
morphologies through heat treatment. Recently, it has
been observed that lowering atmospheric pressure in the
shot sleeve and die cavity in HPDC could minimize the
porosity of the castings for the subsequent heat
treatment processing [22,23]. It was revealed that the
subsequent application of treatment could increase the
casting strength without the blistering risk [24].
KASPRZAK et al [25] have investigated Al—17%Si—
4.5%Cu—0.5%Mg based alloy subjected to T1, T5 and
T6 treatments. According to their results, the application
of T6 treatment resulted in the highest hardness
(HRB ~85) regardless of the initial microstructure
refinement.

Based on the above research discussion, the present
investigation focused on the effect of different slow shot
speeds on porosity and size of primary silicon particles in
“plate-shape” castings. Furthermore, the influence of the
heat treatment on the mechanical performance of A390
specimen was also discussed.
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2 Experimental

2.1 Casting details and microstructure observation

According to the chemical analysis by ICP
(Inductively Coupled Plasma), the composition of A390
alloy is listed in Table 1. The die casting experiment was
conducted on a TOYO350 cold-chamber HPDC machine
equipped with a self-improved TOYO vacuum system, as
shown in Fig. 1.

Table 1 Chemical composition of experimental A390 cylinder
liner alloy (mass fraction, %)

Si Cu Mg
1751  4.12 0.43

Al
Bal.

Ti
0.06

Fe
0.28

P
0.06

During the casting experiment, the vacuum system
was launched when the plunger tip moved to the 110 mm
position in the shot sleeve. Subsequently, the plunger
continued to move at different slow shot speeds (0.05,
0.10, 0.15 and 0.2 m/s) until the 270 mm position was
reached. More details about this process are presented in
Table 2.

The die cast component including three tensile test
bars (diameter at the center was 6.4 mm) and one plate
sample (thickness was 2.5 mm) was given in Fig. 2(a).
During the casting procedure, a vacuum gauge (vacuum
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Fig. 1 Schematic of vacuum assisted HPDC process and details about shot sleeve (unit: mm)
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Table 2 Details of HPDC process parameters

Parameter Value

Pouring temperature/°C 730
Mold temperature/°C 120
Vacuum position/mm 110
Plunger moving distance/mm 425
Fast shot position/mm 270

Fast shot plunger velocity/(m-s ") 1.50
Casting pressure/MPa 78

1 in Fig. 2) was inserted in the die. The dispersion of
primary silicon particles on cross sections of the
specimen was observed from chilled layer to the center
of the metallographic (marked as A in Fig. 2(a)).
Moreover, in order to quantify the volume distribution of
silicon (primary and eutectic) and Al,Cu from the chilled
layer to the center, layers of 0.2 mm were gradually
removed before polishing, followed by SEM
observations and X-ray diffraction (D8 diffractometer,
Cu K, radiation Bruker, Germany). This procedure was
repeated down to 1.2 mm depth from the top surface.
XRD data were refined using the Materials Analysis
Using Diffraction (MAUD) software to extract the
volume content of different phases [26]. In addition,
contents of primary silicon particles in different layers
were quantitatively analyzed from Micro-image Analysis
& Process image analysis software. At least, three
micrographs were analyzed for each measurement.

2.2 Heat treatment and mechanical properties
measurements

The samples were heat-treated under T6 procedure
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with a solution treatment at 470 °C for 30 min and an
aging treatment at 168 °C for 24 h. Five specimens for
each condition were used to measure the tensile
properties. Tensile tests were carried out by an electronic
universal testing machine and the loading rate was
1 mm/min. Elongation was obtained by a knife-edge
extensometer fixed in the range of gauge length. Four
tensile specimens (Fig. 2(c)) were tested, and the average
value of the results was then used to evaluate their
ultra-tensile strength (UTS) and elongation. The tensile
test was conducted under ambient temperature (20 °C).
Finally, the evolution of the microstructure before and
after the T6 treatment was observed and discussed.

3 Results and discussion

3.1 Vacuum effect

The cross sectional micrographs of specimens cast
at different slow shot speeds are given in Fig. 3. Like the
previous report about the vacuum effect on AZ91D
alloy [27-29], very low content of porosity can be found
in these produced castings using assisted vacuum. The
vacuum conduction was applied once the plunger
reached the 110 mm position, as shown in Fig. 2. Lower
slow shot speed allowed more time to perform vacuum
execution. Herein, less porosity could be found in the
specimen cast with lower slow shot speed [26].
Furthermore, the densities of the produced castings were
measured using the Archimedes principle. The casting
density decreased from (2.6+0.12) to (2.4+0.21) g/em’
with increasing slow shot speed from 0.05 to 0.20 m/s.
This also confirmed that lower slow shot speed allowed
more time to perform vacuum execution and reduce the
porosities in castings.
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Fig. 2 Configuration of specific casting including three tensile test bars with diameter at center of 6.4 mm and one plate sample with

thickness of 2.5 mm (a), observed surface from chilled layer to center (b) and tensile specimen (c) (unit: mm)
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Fig. 3 Typical micrographs obtained from middle of section in 2.5 mm specimens produced at slow shot speeds of 0.05 m/s (a),

0.10 m/s (b), 0.15 m/s (c) and 0.20 m/s (d)

The variations of the measured vacuum pressure
and cylinder pressure during the vacuum die casting
processes at slow shot speeds of 0.05 and 0.20 m/s are
given in Fig. 4(a), where ¢ is the vacuum time in the die
cavity at the beginning of mold filling. It is clear that an
increase in the vacuum time resulted in the decrease of
the vacuum pressure in the die cavity at the beginning of
mold filling. The vacuum pressures in the die cavity at
the beginning of mold filling under different slow shot
speeds are illustrated in Fig. 4(b). High vacuum levels of
nearly 5 kPa could be achieved in the die cavity at the
beginning of mold filling under the slow shot speed of
0.05 m/s. An increase in the slow shot speed leads to a
linear increase in the vacuum pressure, which is given by
the well fitted linear curve.

3.2 Distribution of primary and eutectic silicon
Rietveld refinement of the XRD data using MAUD
software is given in Fig. 5(a). The well-fitted curves
indicated that the fitting procedure was well done. The
variations in volume content of silicon (primary and
eutectic) and Al,Cu on different planes from the chilled
layer to the inner side are depicted in Fig. 5(b). Under
slow shot speeds of 0.05 and 0.2 m/s, both curves almost
have the same trend. In the chilled layer, the silicon

content is about 11%. This value is close to the silicon
content at eutectic point in aluminum-silicon phase
diagram, which confirms that the silicon presents as
eutectic component in the surface zone. With increasing
the depth, the silicon contents increased linearly and
reached 18% at about 0.85 mm followed with a plateau
until the specimen center. This should be attributed to the
increasing primary silicon contents from the surface to
the center area, which is given in Fig. 5(c). In contrast,
the Al,Cu contents decreased from the chilled surface to
the specimen center. When the molten liquid met the
relative cold die cavity, the fast cooling rate could shift
the eutectic point. This effect resulted in higher Al,Cu
content in the chilled layer [30]. Finally, the eutectic
silicon content can be extracted by subtracting the
primary silicon content (Fig. 5(c)) from the total silicon
content obtained from the XRD refinement results
(Fig. 5(b)), as shown in Fig. 5(d). The difference
between two curves revealed that more primary silicon
could precipitate by decreasing the slow shot speed.
Figure 6 presents the morphologies of silicon
particles and a(Al) grains in four samples at the depth of
0.4 mm from chilled layer. The common points are
that the primary Si particles are dispersed uniformly
in the aluminum matrix and the eutectic Si particles are
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Fig. 4 Measured vacuum pressure and cylinder pressure variations vs plunger moving time at slow shot speeds of 0.05 and
0.20 m/s (a), and vacuum pressure in die cavity at beginning of mold filling vs slow shot speeds (b)

20

(a)
Al,Cu )
“Si
I .
20
14 ©
“ —0.05 m/s
12r  EE0.10 m/s
10.15m/s
10 EBEZE0.20 m/s

Volume fraction of primary Si/%

" 0.8

04
Distance to surface/mm

07 02

1.0

12

b) 3
187( 2.5 mm
16+
£ 14t
g 2 —0.05m/s
g 12} = —0.20 m/s
<]
E 10t
[}
£y
=
> 6F
4’!—\-_/-\[3(71.1
2], ‘ . R M- J—
0 0.2 04 0.6 0.8 1.0 1.2
Distance to surface/mm
11F
< (d)
S 10F
7] 4 —0.05m/s
2 gl = —0.20m/s
E
3 8
s
g ’f
2
g 6f
o+
o 51
g
2 4t
e 3
0 02 04 06 08 10 12

Distance to surface/mm

Fig. 5 Rietveld refinements on A390 specimen cast at 0.05 m/s with corresponding microstructural morphology (The eutectic silicon
and Al,Cu phases are distributed along the a(Al) grain boundaries) (a), silicon (primary and eutectic) and Al,Cu volume fractions on

different planes from top surface (b), quantity primary silicon on different planes at different slow shot speeds (c), and distribution of

eutectic silicon (d)

distributed along the a(Al) grain boundaries. The
difference among these samples lies in the size of
primary silicon and a(Al), especially for a(Al). This
should be attributed to the residence time of molten
metal in shot sleeve. This behavior has also been proved
in our previous work on AMG60B magnesium alloy.
Lower slow shot speed in shot sleeve favored the growth
of a-magnesium [31].

According to the requirement of the industrial
practice of engine block manufacturing, a primary Si size
of approximately 20 um is regarded as one of the
acceptance criteria to meet the cylinder bore surface
wear resistance requirements [17]. Herein, the size
distribution of primary silicon particles from Fig. 6 was
determined and given in Fig. 7. Figure 7 revealed that the
primary silicon size decreased with increasing the slow
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0.15 m/s (¢) and 0.20 m/s (d), showing morphologies of silicon particles and a(Al) grains
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Fig. 7 Size distribution of primary silicon particles in planes at 0.4 mm depth in specimens produced at slow shot speeds of
0.05 m/s (a), 0.10 m/s (b), 0.15 nv/s (¢) and 0.20 m/s (d)
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shot speed. Furthermore, Fig. 8 shows that the primary
silicon size has a binary functional relationship with slow
shot speed. Anyway, the average primary silicon size is
lower than 25 um, which suggests these castings could
cylinder bore
requirements.

meet the surface wear resistance
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Fig. 8 Primary silicon size vs slow shot speed

3.3 Evolution of tensile strength

The variations of tensile strength respected with
different slow shot speeds are presented in Fig. 9(a). Due
to the porosity resulted from the less evacuated time, as
shown in Fig. 3, tensile strength decreased with
increasing the slow shot speed. Heat treatment had a
little effect on tensile strength since no remarkable
difference was observed between the untreated and
treated samples. In contrast, the elongations at the
fracture were strongly improved from 0.3% to 0.75%
after the heat treatment, as can be seen from the pieces of
plates cast at 0.05 m/s in Fig. 9(b). These results are in
agreement with results of the artificial aging of
Al-Si—Cu—Mg casting alloys reported by SIOLANDER
and SEIFEDDINE [32]. They pointed out that the
microstructure refinement had a small influence on the
yield strength as long as the solution treatment
parameters were adjusted to achieve the complete
dissolution of intermetallic phases and homogenization.
However, the elongation at the fracture was strongly
improved by increasing the microstructure refinement
level.

The microstructural evolution of the cast specimen
before and after heat treatment is revealed in Figs. 10(a)
and (b). It was clear that most of Al,Cu phase was
dissolved into a(Al) [33]. At the same time, the long
interconnected eutectic silicon particles along grain
became

boundaries isolated and more uniformly

distributed. These changes were also confirmed in

Figs. 10(c) and (d), wherein the surfaces were etched
using a solution of 0.5% HF and 99.5% H,O (volume
fraction) during 30 s. Compared with the long strip-like
interconnected eutectic silicon along aluminum grain
boundaries shown in Fig. 10(c), the round eutectic
silicon particles uniformly dispersed as the matrix in
shown in Fig. 10(d). According the previous reports, the
eutectic silicon particles with a needle-shape and
thin-flake morphology could transform into a round
morphology after heat treatment. This modification of
the eutectic silicon particles has a very significant
enhancement effect on ductility in hypoeutectic
alloys [25]. Before heat treatment, the brittle
transgranular fracture in Al matrix and cleavage fracture
in primary silicon was found, which can be seen in
Fig. 10(e). In contrast, many dimples were produced on
the fracture surface after heat treatment (Fig. 10(f)),
which could optimize the elongation of the cast
specimens [34].
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Fig. 9 Tensile strengths of 2.5 mm piece plates cast at different
slow speeds before and after T6 treatment (a), and tensile
strength—elongation curves of 2.5 mm piece plates cast at
0.05 m/s before and after T6 treatment (b)
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Fig. 10 Microstructures of polished surface of 2.5 mm piece plates cast at 0.05 m/s before and after T6 treatment: (a, b) Un-etched;

(c, d) Etched; (e, f) Fracture surface

4 Conclusions

1) Under different slow shot plunger speeds (0.05,
0.10, 0.15 and 0.20 m/s) in vacuum assisted high
pressure die casting (VHPDC) process, 2.5 mm plate
specimens were produced with hypereutectic A390
aluminum alloy.

2) With increasing the slow shot speed, the vacuum
pressure in the die cavity at the beginning of mold filling
increased following a linear curve. The porosities in the
castings appeared with increasing the slow shot speed
from 0.15 my/s.

3) The average size of primary silicon decreased
from 23 to 14 um with slow shot speeds increased from

0.05 to 0.20 m/s. The primary silicon volume increased
linearly and reached 12% at 0.85 mm. After that, the
content of primary silicon kept steadily down to the
center area. In addition, the primary silicon size has a
binary functional relationship with the slow shot speed.

4) After T6 treatment, microstructural morphologies
revealed that needle-shaped and thin-flaked eutectic
silicon became rounded and Al,Cu was dissolved into
a(Al) matrix. After T6 treatment, this brittle
transgranular fracture turned into a fracture mode with
many dimples.
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XEEE%LF%E?E%%%
A390 SR E & R H I RERAE

Fok 1, mHEER 2, IpEM 2, R E 2

1. JERRE MEESES TR, JEal 100084;
2. VBRI HEAE B E s E, b 100084

B OE. ESBANEE R A T A A390 EREER A SR AU S S BT IE Y . AEES BAT
dudk TOYO B2 #2411 TOYO BD-350V5 B = [R5 ML L & 7tk A390 851 45K, M hETES
VIR TR BUS R A ARG R hu ik gl SRR BH, TRE R e F e R P s g LR 2 B v T PR
FAk, 28RS 0.05 m/s BERE] 0.2 m/s B, HIdh SiNSFH 23 um FEARE] 14 um, #18& Si BT RS 518
JESHREREAE UK R, SRR, WIS aADDF EK ALCu b Al B4k dm ki@, 3FH
ERIRECHDIRIL & Si BRIb . WIZSTESNER T, I =X ph A Ak JE 0 100 0 e 9 o DT R e AR A AR B S 1 5 KB 3 11
%ﬁ%%%%e
KRR A390 e 4 HESTHE; EAEE: SionR i BMRRE; HucE
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