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Abstract: High-pressure die-casting (HPDC) was used to develop two sizes of Al-7Si—0.2Mg (mass fraction, %)
thin-plates with similar composition. Thin-plate castings with varying degrees of porosities and uneven microstructures
were obtained and their effects on ductility were investigated. The results showed that the elongations of specimens
from different castings and different positions fluctuated greatly (9.7%—17.9%). Elongation dropped sharply when
specimens contained large porosities, which could be ascribed to stress concentration due to the reduction of the
effective bearing area. However, for samples with small porosities, a-Al(Fe/Mn)Si phase cracked prior to eutectic phase
during plastic deformation. The number density of a-Al(Fe/Mn)Si phase played an important role in the fluctuation of
elongation, and specimens with higher number density of a-Al(Fe/Mn)Si particles exhibited deteriorated elongations. In

addition, the increase in the number density of a-Al(Fe/Mn)Si phase was attributed to local higher cooling rates.
Key words: high-pressure die-casting; Al-7Si—0.2Mg alloy; porosity; a-Al(Fe/Mn)Si phase; ductility

1 Introduction

In recent years, proportion of lightweight
materials used in vehicles has further increased to
achieve higher targets of light weight and fuel-
economy. Recently, high-pressure die-casting
(HPDC) process has received considerable attention
because of its high efficiency and short process.
Al-7S81—0.2Mg (mass fraction, %) alloy is one of
the most widely used non-heat treatment HPDC
Al-Si alloys. The as-cast Al-7Si—0.2Mg alloy
exhibits similar plasticity compared with traditional
heat treatment HPDC Al-Si alloys such as Al-
10Si—0.6Mn—0.4Mg, and it can avoid the problem

of deformation caused by heat treatment [1,2].
HPDC Al-Si alloy shows a significant
variation of mechanical properties, especially
ductility [3]. Researchers have carried out a lot of
studies to look into the fluctuation of elongation,
and it is generally believed that the fluctuation is
related to porosities [4,5]. LEE et al [6,7] found that
crack preferentially expanded along regions of
clusters of pores in the fracture process, and
the elongation was related to the area fraction of
porosities. LIU et al [8] characterized the three-
dimensional morphologies of porosities in the rod
tensile specimen using computed tomography (CT),
and pointed out that the maximum porosity size was
the main factor that affects the fracture location and
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elongation of tensile specimens. WEILER and
WOOD [9] studied the effect of pore size and
location on tensile fracture via finite element
simulations. HU et al [10] found that wall thickness
significantly affected the type and distribution of
porosities in the specimen, and gas pores turned
into shrinkage pores with increasing thickness
which affected the elongation. However, these
porosity-oriented studies have not taken the effect
of microstructure into account. The synergistic
effect of the microstructure and porosities on
elongation has rarely been studied.

Studies indicated that the microstructures of
HPDC alloys which are highly dependent on
chemical compositions show a profound -effect
on their elongations. For instance, the as-cast
microstructure will transfer from a(Al) dominant to
eutectic dominant with increasing Si content,
resulting in the increased strength but decreased
elongation [11]. Sr element has a significant
modification effect on eutectic phase. Compared
with coarse flake-like eutectic Si particles, fine
fibrous eutectic Si particles can suppress the crack
initiation and propagation effectively caused by
stress concentration, which will
plasticity [12]. The type and morphology of the
Fe-rich phase also affect the elongation of the
HPDC component [13], dodecahedral a-Al(Fe/Mn)Si
replaces acicular f-AlFeSi with the addition of Mn,
which can also improve the elongation [14].
However, it was found that even if the Fe-rich
phase was modified by adding Mn, a large amount
of a-Al(Fe/Mn)Si phases still exist at interdendritic,
which will induce crack initiation [15]. Although
studies have implied that the Fe-rich phase has an
adverse effect on the repeatability of mechanical
properties of Al-Mg alloys [16—18], the influence
of a-Al(Fe/Mn)Si phases on cracking behavior of
HPDC Al-7Si—0.2Mg alloy is still unclear. In
addition, existing studies mainly focused on the
effect of adjusting alloy elements on microstructures.
The causes of local microstructure differences and
their effects on mechanical properties of HPDC
castings are still unclear.

The aim of the current work is to reveal the
effect of porosity and a-Al(Fe/Mn)Si phase on
ductility of HPDC AI-7Si—0.2Mg Alloy. In this
work, two batches of HPDC Al-7Si—0.2Mg alloy
thin-plates with the same composition were
prepared, and tensile specimens were cut from two

improve its

batches of HPDC thin-plates at different positions
of the same thin-plate to obtain different
microstructures and porosities. The influences of
o-Al(Fe/Mn)Si phase, eutectic phase and porosities
on the elongation were studied. The key processing
parameter affecting the amount of formation of
o-Al(Fe/Mn)Si phases with different number
densities for the same composition was also
discussed.

2 Experimental

Two batches of HPDC Al-Si alloy thin-plates
with similar compositions but different sizes were
employed in this study. HPDC AOI1 thin-plates
were provided by CSMET® with a size of 100 mm x
300 mm, and thickness of 2.9 mm. With reference
to the composition of the A01 alloy, multiple pieces
of A02 alloy thin-plates were prepared by HPDC
process with a size of 40 mm x 200 mm, and
thickness of 2.5 mm, numbered as 17-35%. The
process parameters of HPDC are given in Table 1.
The chemical compositions of A01 and A02 were
tested by inductive coupled plasma emission
spectrometer (ICP), and the results are given in
Table 2.

Table 1 Process parameters of HPDC

Pouring Die Casting  Shoot
Alloy temperature/ temperature/ pressure/ speed/
°C °C MPa (m's!)
A01 685—-700 180—200 84 2.5
A02 685—-700 180—200 85 2.5

Table 2 Chemical compositions of A0l and A02 alloys
(wt.%)

Alloy Si Mn Mg Fe Ti Cu Sr Al

A0l 6.499 0.600 0.188 0.102 0.074 0.001 0.009 Bal.
A02 6.609 0.623 0.176 0.159 0.080 0.001 0.003 Bal.

Standard subsize tensile specimens were
machined in accordance with ASTM standard
B557—15 to test the quasi-static tensile (0.8 mm/min)
properties of AO1 and A02 under as-cast condition.
Figure 1 displays the location and size of tensile test
specimens. Six tensile samples of A0l were taken
from the same thin-plate, numbered 1*—6*. For A02
alloy, six samples were prepared, each sample was

cut from the centre of thin-plate. Room temperature
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Fig. 1 Sampling location and size of AO1 and A02 tensile
test specimens

tensile tests were carried out on an Instron 5982
tensile machine.

Bruker D8 Discover X-ray diffractometer
(XRD) and Jmat-pro software were used to examine
phases and calculate phases precipitation during
the solidification, respectively. The metallographic
specimens were all cut and observed along the
thickness direction. After mounting and mechanical
grinding, the final polishing was performed using
0.03 pm oxide-polish silica suspension (OP—S), and
then the samples were etched in a solution
composed of 0.5 mL HF and 100 mL H,O. The
identification of the microstructure and phases was
performed using a Zeiss light optical microscopy
(LOM), and Zeiss GeminiSEM300 scanning
electron microscope (SEM) with an energy
dispersive spectroscopy (EDS). Porosities on
fracture surfaces were observed by SEM and the
porosity area was defined by Image-pro software.

3 Results

3.1 Thermodynamic calculation and XRD results

of experimental alloys

Figure 2 demonstrates the phase transition
diagram of Al-7Si—0.2Mg alloy during equilibrium
solidification process. It can be seen that a(Al)
dendrites start to precipitate from the liquid at
616.77 °C and the mass fraction reaches a peak
value of about 92.8% at 567.12 °C. The AlFeSi
phase (Fe-rich phase) has a high melting point,
which precipitates at about 609 °C and increases
with decreasing temperature. Eutectic Si phase is
formed at 573.7 °C as a result of eutectic reaction.
At 477 °C, a small amount of f-Mg»Si phase begins

to form. Table 3 shows the phase compositions of
AO01 and A02 at room temperature. It illustrates that
Fe-rich phase content of A02 is slightly higher than
that of AO1 as a result of higher Fe content.
Moreover, the contents of eutectic Si phase,
[-Mg,Si phase and AlTi phase are almost similar.
Figure 3 illustrates the XRD patterns of A0l and
A02, which shows that the two alloys are mainly
composed of a(Al) matrix, eutectic Si phase,
[-Mg,Si phase and Fe-rich phase.
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Fig. 2 Calculated phase fractions during equilibrium
solidification process of Al-7Si—0.2Mg alloy

Table 3 Calculated phase fractions of A0l and A02 at
room temperature (wt.%)

Alloy Al Si

p-Mg>Si Fe-rich phase AlsTi

A01 90.99 6.18 0.30 2.34 0.20
A02  90.62 6.27 0.28 2.61 0.22
1 " — g(Al)
e —Si
A — f-Mg,Si
. v — Fe-rich phase
(AlFeSi)

R T T T T T T T T T T R T T T T T TR TR
TR TR (1T T T} L ! 1 ! 1 1

20 30 40 50 60 70 80 90

Fig. 3 XRD patterns of AO1 and A02

3.2 Microstructure of as-cast sample

Figure 4 presents the metallographic images of
Samples A01-2 and A02-19. The microstructures in
the two alloys indicate heterogeneous through-
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thickness distribution. From outside to inside, there
are fine-grained area, segregation band and
externally solidified crystals (ESC) enrichment area,
respectively [19]. Studies show that the surface
layers with fine grain and high supersaturation can
improve the strength—plasticity synergy [20]. The
formation of the segregation band is related to the
die-casting process [21,22]. Local slip theory of
dendrite network shows that the position of the
bands will move toward the die wall with
increasing die temperature and external fraction of
solid (£E5) [23]. Comparing Figs. 4(a) with (b), the
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A01-2 alloy contains higher proportion of ESC,
which may result in segregation band moving
toward the surface and reducing the width of
surface layer.

Figure 5 presents the SEM images and EDS
results of second phases in A01-2 and A02-19.
According to Figs. 5(a) and (b), both AO1 and A02
exhibit fine coral-like eutectic Si particles, which is
mainly attributed to the modification of Si particles
by Sr and the high cooling rate of HPDC [24]. The
addition of Sr can change the morphology of
eutectic Si from strip-like to coral-like or granular,

Sunface

Fig. 4 Microstructures of A01-2 (a) and A02-19 (b) along thickness direction

EDS Spot 1 Al EDS Spot 2
Element wt% at.% Element wt% at.%
Al 73.29 81.06 Al 77.56 79.05
Si 843  8.96 Si 13.01 12.74
Mn 1453  7.89 Mg 573 648
Fe 3.63 1.94
Mg i
Si
MnFe Mn Fe m'
0 2 4 6 8 100 2 4 6 8 10
E/keV E/keV

Fig. 5 SEM images (a, b) and EDS results (c, d) of different samples: (a) A01-2; (b) A02-19; (c) Spot 1 in (a); (d) Spot 2

in (b)
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which is beneficial to improving the elongation of
the alloy due to the reduced stress concentration. In
addition, the ultrafine quaternary eutectic with
much finer structure can reduce the tendency of
stress concentration, which may improve the tensile
strength [25].

[-Mg,Si phase was also found in the eutectic
phase, as shown in Fig. 5(b), and Fig. 5(d) displays
the EDS result. The trace addition of Mg can
combine with Si to form hard and brittle f-Mg,Si
phase, which has a strengthening effect. However,
excessive brittle f-Mg>Si phase will deteriorate the
elongation of the alloys [26,27]. Therefore, the Mg
content of HPDC Al-Si alloys is usually controlled
at about 0.2 wt.% in order to obtain a good
combination of strength and toughness.

Figures 5(a) and (b) illustrate the Fe-rich
phases found in AO1 and AO02, respectively, each
with a size of 5—10 um. The EDS results in Fig. 5(c)
demonstrate that these Fe-rich phases contain Fe
and Mn elements. For hypoeutectic Al-Si alloys
containing Fe and Mn, there are mainly three types
of Fe-rich phases, specifically a-Al(Fe/Mn)Si,
p-AlsFeSi and a-AlsFe;Si, produced under different
Fe/Mn mass ratios and cooling conditions [28]. For
HPDC Al-Si—-Mn—Mg alloys with a Mn/Fe mass
ratio of 0.5-0.6, the type of Fe-rich phase is
commonly body centred cubic a-Al(Fe/Mn)Si [29].
The morphology appears as star-like, hexagonal or
dendritic crystals according to different Fe/Mn mass
ratios [30—32].

In summary, based on SEM observations
coupled with EDS analyses, the microstructure of
the as-cast AOl and AO02 alloys mainly consists of
o(Al) matrix, eutectic silicon, f-Mg,Si phase and
a-Al(Fe/Mn)Si phase.

3.3 Mechanical behaviour

Tensile properties of the as-cast A0l and A02
alloys are shown in Fig. 6. The average yield
strength (Y'S), ultimate tensile strength (UTS), and
elongation (EL) of the as-cast A0l are 125.1 MPa,
265.0 MPa and 14.8%, respectively, while those
of A02 are 118.5 MPa, 258.7 MPa and 11.0%,
respectively. For both A0l and A02, the YS and
UTS did not show significant scatters, while the EL
exhibited considerable variation. The ELs of A0l
fluctuated between 10.3% and 17.9%, while those
of A02 scattered between 9.6% and 12.7%.
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Fig. 6 Stress—strain curves of as-cast A0l and A02 at
room temperature (The curves of Samples A01-1, A01-2,
A02-19, and A02-22 are indicated by arrows and will be
analyzed in detail, while the other curves are not labeled)

3.4 Fracture behavior

SEM observations were performed to analyze
the fracture behaviors of Samples A01-2 and
A02-19. Figures 7(a) and (b) show the SEM
fractographs of A01-2. Dimples and tearing edges
observed on the fracture surfaces,
corresponding to excellent ductility of Sample
A01-2. Large area fraction of eutectic region was
observed in Fig. 7(a), EDS result (Fig. 7(e))
confirmed the eutectic Si particles on the fracture
surface. Some porosities such as tiny gas pores
(Fig. 7(b)) were observed. The existence of gas
pores could induce pre-mature fracture and
resultantly reduce ductility [33].

Figures 7(c) and (d) demonstrate the SEM
fractographs of A02-19. Compared with AO01-2,
however, more tearing edges were observed on the
fracture of A02-19, as well as tiny dimples. EDS
(Fig. 7(f)) shows that a-Al(Fe/Mn)Si
phases located at the bottom of the dimples, and
these dimples are comparable in size to the
a-Al(Fe/Mn)Si phase particles, indicating that the
cracking and debonding of these particles played a
crucial role in the damage mechanism, leading to
the fracture of A02-19, which was also reported in
Ref. [25]. Small shrinkage pores were also observed
on the fracture surface (Fig. 7(d)).

were

result

4 Discussion

4.1 Effect of porosities on elongation
In order to reveal the influence of porosities on
ductility, the relationship between porosity area and
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EDS Spot 1 EDS Spot 2
Element wt% at.% Element wt% at%
Al 71.35 72.36 Al 64.29 72.23
Si 27.35 26.65 Si 1532 16.53
) Mn 0.57 0.28 Mn 17.13 945
Si Si Fe 324 1.76
l Mn M
F n
Mn I I 1 1 N L e Fe 1
0 2 4 6 8 10 0 2 4 6 8 10
E/keV E/keV

Fig. 7 SEM fractographs and EDS results of A01-2 and A02-19: (a) SEM morphology of A01-2; (b) Gas pores of A01-2;
(c) Morphology of A02-19; (d) Shrinkage pore and a-Al(Fe/Mn)Si phase of A02-19; (e) EDS data of Spot 1| in (a);

(f) EDS data of Spot 2 in (d)

elongation needs to be established. All shrinkage
pores and gas pores on each fracture surface were
observed by SEM, and total porosity area was
measured by Image-Pro software as demonstrated
in Fig. 8. Figure 9 demonstrates the elongation as a
function of total porosity area on the fracture
surface of A0l and AO02 tensile samples. The
samples can be divided into two groups, namely, the
samples with small total porosity area (red marked
region) and the samples with large total porosity
area (blue marked region). Samples in the blue
marked area present significantly lower elongation,
and the elongation decreases with increasing
the total porosity area. It can be explained by

Eq. (1) [34]:

aF
- 1
oo =5 0] (1)

Fig. 8 Total porosity area measured by Image-Pro
software

where omax 1S the maximum stress, o is the stress
concentration factor of the porosities, F is the
tensile force, Sy is the cross-sectional area, and u is
the area fraction of porosities. Since porosities are
found on the fracture surfaces of most tensile
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specimens, u in Eq.(1) is greater than 0. This
means that stress concentrated near the porosities,
which caused crack initiation and accelerated the
fracture process. Therefore, the elongation was
significantly reduced for samples with a large
number of porosities.

Contrarily, the average elongation of samples
with lower porosity (in the red marked area) is
higher than that of samples with higher porosity
(the blue marked area). However, the samples with
few porosities observed on the fracture surfaces
exhibit obvious variation in ductility (12.7%—
17.9%).

= AO2
o AO1

Elongation/%
S r o

A02-20

12| A02-19
n A02-21

. A02-22
18 i AO1-1 .
0 5 10 15 20 25 30

Total porosity area/10* um?

Fig. 9 Correlation between elongation and total porosity
area

4.2 Effect of second phases on cracking behavior

Figure 10 displays the SEM morphologies of
the regions near the fracture surfaces of Samples
A02-19 and A01-2. The schematic diagram of the
observation position is displayed in Fig. 11. As
depicted in Fig. 10, it can be clearly observed that a
large number of cracks concentrate near Al-Si
eutectic phase. Weak bonding force between
eutectic Si and eutectic Al induces crack initiation
and propagation along the interface rapidly.
In addition, coarse a-Al(Fe/Mn)Si phases also
intensify crack propagation as displayed in Fig. 10,
which deteriorates the mechanical properties of
the alloys. Therefore, both eutectic phase and
a-Al(Fe/Mn)Si phase play an important role in the
initiation and propagation of cracks, and ultimately
affect the ductility.

Therefore, in order to identify the phase
governing elongation of the samples exclusively
containing small porosity, Samples A02-19 and
A01-2, which had comparable areas of porosity and

Fig. 10 SEM images of longitudinal sections nearby
tensile fracture: (a) A02-19; (b) A01-2

Fracture SEM scanning
y —F & position of
: o —— Fig. 10
! i 2 mm| 7y
1 i
1 bl Ammibe .
! ] 4mm T SEM scanning
Tensile )//,/. 6 mm [~ position of
Isample ! second phases
g 8 mm [

SEM scanning

L __t _ ______ | m position of
d SEM-BSE

Thickness direction
of fracture

l Tensile
direction

Fig. 11 Schematic diagram of observation position

similar size of the largest pores on the fracture
surfaces, were selected and the fracture parts of
tensile specimens were cut along the tensile
direction. Necking occurred in the gauge length
segment during plastic deformation, and the
necking zone presented heterogeneous deformation.
The largest strain was generally located in the
fracture region, and decreased gradually with
increasing distance from fracture region [35]. In
order to observe crack initiation and propagation
with increasing strain, eutectic phase and
a-Al(Fe/Mn)Si phase at different distances from the
fracture surfaces were observed using SEM.

SEM fractographs of Sample AO02-19,
specifically in its longitudinal section, are depicted
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in Figs. 12(a, c, e, g), a-Al(Fe/Mn)Si particles at
distances of 2—8 mm from the fracture surface can
be clearly observed to break into pieces, and crack
propagation direction was perpendicular to the
tensile direction. At a distance of 2 mm from the
fracture (Fig. 12(a)), decohesion was found on the
eutectic phase which mainly extended along the
interface between eutectic Si particles and
eutectic Al. Inversely, no obvious cracks were

S

@racks

found on Al-Si eutectic phase at distances of 4, 6
and 8 mm from the fracture (Figs. 12(c, e, g)).
Figures 12(b, d, f, h) demonstrate the microstructure
of Sample AO01-2, all a-Al(Fe/Mn)Si phases at
different distances from the fracture were fractured.
As seen in Figs. 12(f, h), some discontinuous pores
were found around eutectic Si particles, then
multiple holes connected and expanded along the
interfaces where microcracks formed (Fig. 12(d)).

Fig. 12 SEM images showing fracture of eutectic phase and a-Al(Fe/Mn)Si at distances of 2 mm (a), 4 mm (c), 6 mm (e)
and 8 mm (g) from fracture surface of A02-19, and 2 mm (b), 4 mm (d), 6 mm (f) and 8 mm (h) from fracture surface of

A01-2
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Finally, a large area of Si particles exfoliated,
leading to complete failure of eutectic phase
(Fig. 12(b)). Based on these analyses, it can be seen
that a-Al(Fe/Mn)Si phase ruptured before the Al-Si
eutectic phase with increasing the strain. The
cracking of eutectic phase can be attributed to
interface decohesion.

Compared with fine fibrous eutectic silicon,
coarse polygonal a-Al(Fe/Mn)Si phase facilitated
stress concentration and crack initiation. The
relationship between Young’s modulus and
Poisson’s ratio of second phases as a function of
temperature was calculated by Jmat-Pro software.
The calculation results of Young’s modulus are very
close to the reported results [14,36]. As depicted in
Fig. 13, a-Al(Fe/Mn)Si phase shows the highest

Young’s modulus and the lowest Poisson’s
ratio. This means that the mismatch between
200 (@)
180
£ 160 Si
g \
2 140}
2 120} a-Al(Fe/Mn)Si
g
@ 100}
2
] 80
~ 60}
Al
40 i 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Temperature/°C
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o-Al(Fe/Mn)Si phase and the matrix generated in
the process of plastic deformation, then stress
concentration induced the earliest crack source [34].
After that, the cracking induced by a-Al(Fe/Mn)Si
phase led to a decrease in the effective bearing area
of the plane perpendicular to tensile direction,
finally resulting in elongation reduction.

To study the influence of a-Al(Fe/Mn)Si on
elongation, three tensile specimens (A01-2, A01-5
and A02-19) with low total porosity area (Fig.9)
were selected. SEM—BSE was used to analyze
the morphology and spatial distribution of a-
Al(Fe/Mn)Si particles, and the results are displayed
in Fig. 14. Figure 14(a) shows the SEM-BSE
image of Sample AO1-2, in which the bright areas
are o-Al(Fe/Mn)Si particles. Figures 14(b) and (c)
show the SEM—BSE images of Samples A01-5 and
A02-19, respectively. It can be clearly observed that

0.40 [
(b) Al
0‘35 L //
.8
g 0.30 -
=
2
2 025}
[
Si
0.20 -
a-Al(Fe/Mn)Si
0.15 . . . . . .
0 100 200 300 400 500 600 700
Temperature/°C

Fig. 13 Young’s modulus (a) and Poisson’s ratio (b) of second phases as function of temperature calculated by Jmat-Pro

sofware

Fig. 14 SEM—BSE microstructures of A01-2 (a), A01-5 (b) and A02-19 (c) along thickness direction
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the number density of a-Al(Fe/Mn)Si particles in
Sample AO1-5 is significantly higher than that in
Sample AO1-2. Compared with the core area,
o-Al(Fe/Mn)Si particles near the surface and the
segregation zone are characterized by small size
and high density.

Quantitative analysis was carried out using
Image-Pro software to study the number density of
a-Al(Fe/Mn)Si particles. Figure 15(a) presents the
variation law of a-Al(Fe/Mn)Si number density
with distance from surface. It can be seen that the
overall number density of a-Al(Fe/Mn)Si in Sample
A01-2 is significantly lower than that in the
counterpart. The number density curves of Samples
A01-5 and A02-19 show the same trend, that is,
density is very high on surface, decreases sharply at
segregation band, and then decreases gradually
towards the core. Overall, Sample A02-19 has the
highest number density of a-Al(Fe/Mn)Si phase.
Figure 15(b) shows that elongation decreases with
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Fig. 15 Number density of a-Al(Fe/Mn)Si particles as

function of distance from surface to core (a) and
elongation as function of number density (b)

increasing number density of a-Al(Fe/Mn)Si
particles. This implies that for samples with small
total porosity area, the number density of
o-Al(Fe/Mn)Si phase plays a leading role in the
fluctuation of elongation.

4.3 Reasons for formation of a-Al(Fe/Mn)Si
phases with different number densities

The a-Al(Fe/Mn)Si phase precipitates from the
liquid phase during solidification process, which
includes two steps: nucleation and growth. Due to
the large degree of undercooling required for
uniform nucleation (about 0.27m, T is the melting
point of material), solidification of metals is usually
a heterogeneous nucleation, and the total Gibbs free
energy change (AG) in the system can be expressed
as Eq. (2) [37]:

AG=(§Rr3AGV +4nrio, j

(2—3003 f+cos 6°® ]_
J =

(gnr3AGv+4nr20&jj(9) ()

where 7 is the nucleus radius, AGy is the change in
Gibbs free energy per unit volume, oga. is the
specific surface energy of the interface between the
crystal nucleus and the liquid phase, and @ is the
wetting angle. For experimental materials, AGy, ga.
and @ are all fixed values, so AG is a function of r.
Equation (dG/dr)=0 is brought into Eq. (2) to obtain
its critical nucleation radius (#")[37]:

* 2O-aL 2O-aL Tm
ry =— =
AG, L _AT

(3)

where L, is the heat of fusion. Therefore, the
critical nucleation radius of the second phase is
determined by the degree of undercooling (AT).
With the increase of undercooling AT, the critical
nucleation radius »° decreases, leading to the
increasing number of second phases.

Numerous studies have found that there is a
quantitative relationship between the secondary
dendrite arm spacing (SDAS) and the cooling rate
(O [38]:

SDAS=AC" 4)

where A4 is the coefficient, n is the roughening
index, and both 4 and n are constants for a specific
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alloy (n<0). WANG and CACERES [39] measured
n=—0.35 and 4=39.4 for Al-7Si-0.4Mg. CHEN
et al [40] measured n=—0.31 and 4=40.5 for
Al-7Si-0.36Mg. GU et al [41] measured n=—0.34
and 4=39.6 for Al—8.5S5i—0.3Mg—0.12Fe—0.58Mn.
Since AOI and A02 have the same compositions, it
can be considered that their 4 and »n are the same,
and the SDAS decreases with the increase of
cooling rate. Figure 16 exhibits the SDAS from the
surface to core of A02 and AO1. It can be seen that
the SDAS values of different samples are quite
different. According to Eq. (2), A01-2 possesses the
lowest cooling rate, followed by A01-5, A02-19 and
A01-6.
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Fig. 16 Comparison of SDAS between A0l and A02:
(a) SDAS from surface to core; (b) Average SDAS

The relationship between the average SDAS
and number density of a-Al(Fe/Mn)Si phase is
depicted in Fig. 17. It can be clearly observed that
number density increases with the decrease in
SDAS, suggesting that the number density of
o-Al(Fe/Mn)Si phase increases with the increase of
the cooling rate. This is because higher cooling rate
corresponds to a larger degree of undercooling,

which reduces the r* of the a-Al(Fe/Mn)Si phase
nucleus, resulting in high number density. By
observing both A02 and A01 alloys, it can be found
that the number density of a-Al(Fe/Mn)Si phases is
much higher in the surface layer than that in the
core, which is also related to the higher cooling
rate.
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Fig. 17 Relationship between average SDAS and number
density of a-Al(Fe/Mn)Si phase

The number density of a-Al(Fe/Mn)Si phase,
in addition to porosities, is also an important factor
that affects the elongation of HPDC alloys.
Although tensile samples of A0l were taken from
one thin-plate, the difference in local cooling rate
resulted in uneven distribution of a-Al(Fe/Mn)Si
phase, which induced the fluctuation of elongation.
Therefore, in order to improve the mechanical
properties of large-scale HPDC Al-Si alloy
components, it is necessary to control the cooling
rate at different locations to reduce the precipitation
of a-Al(Fe/Mn)Si phase.

5 Conclusions

(1) The yield and tensile strengths of the two
studied alloys did not exhibit substantial variations.
However, the remarkable fluctuation of elongation
was observed for both AO1 and A02.

(2) The total porosity area has a great influence
on elongation. The samples with large porosity area
showed low elongations.

(3) For samples with small total porosity area,
the number density of a-Al(Fe/Mn)Si phase played
a leading role in the fluctuation of elongation.
Brittle a-Al(Fe/Mn)Si particles acted as primary
crack sources. Eutectic Si particles tended to induce
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cracking subsequently. Samples with higher number

density of oa-Al(Fe/Mn)Si particles exhibited
reduced elongation.
(4) Cooling rate is an important factor

affecting the number density of a-Al(Fe/Mn)Si
phase. High cooling rate led to an increase in
number density, which acted as a crucial
influencing factor for elongation.
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