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Abstract

The aim of present work is to study the influence of
microstructure and defects on the mechanical properties of a
structural high pressure die cast (HPDC) component of a
commercial Al-Si based foundry alloy, EN AC-44300. The alloy
which contains mainly 12% Si and 0.7% Fe, is a successful
application of a die-casting alloy for the automotive market.
Tensile test specimens were extracted from both high pressure die
cast components and from ones with comparable microstructures
produced through gradient solidification technique, which offers
specimens with low levels of defects. The microstructure and
defects available in the component were well mapped via X-ray
inspection system, optical and scanning electron microscopy. The
results clearly confirmed the components’ performance
dependency to configuration of defects and Si morphology as well
as revealed the potential of the alloy in terms of ultimate tensile
strength and ductility.

Introduction

The use of aluminum cast components in automotive components
has increased in recent years thanks to their light weight, high
strength to weight aspect ratio and relatively good corrosion
resistance. High pressure die casting (HPDC) is a widely used
casting method that enables casting of thin-walled and complex
shaped components with high production rates. However,
presence of shrinkage cavities and air entrapments, that often are
coupled with other defects such as cold shuts and oxide films are
regarded inevitable in HPDC technology [1, 2]. Mechanical
properties of aluminum HPDC components are governed by
chemical composition, cooling rate and formation of defects
during mold filling and solidification. The influence of casting
defects on mechanical properties of cast aluminum alloys has
been well investigated, with porosity as the most commonly
occurring defect [3-5]. It is generally accepted that the overall
strength of cast materials containing defects is lower than that of
defect free materials [6]. It has been reported that the influence of
casting defects is more dominant under dynamic load, where
clongation to failure is affected, rather than static one [4].
Moreover, often the difference in mechanical performance of an
alloy cast under different conditions has been concluded to be
dominated by the presence of defects and there is little or no
understanding of the maximum potential of the alloy [6, 7].
However, studying the role of casting defects under static load can
reveal useful information about crack initiation and propagation.
Recent data also showed the importance of the distribution and
morphology of intermetallic phases in the microstructure of cast
aluminum components, also suggesting that other microstructural
features may have strong influence of the mechanical properties
[8, 9]. Chemical modification, like Sr, is also well-known to

change the size and morphology of silicon particles. However,
effect of modification can be discounted or even become
deleterious along presence of intermetallic phases and defects [9].
Finding an appropriate and reliable approach to identify the
ultimate potential of the alloy, in terms of mechanical properties,
and enable linking microstructural characteristics and casting
defects to various cast conditions, is still lacking. Gradient
solidification technique has been found as an aid towards filling
this gap.

The current study aims to explain the role of defects on the crack
behavior and mechanical properties of a structural HPDC
component using alloy EN AC-44300. In addition, the potential of
the alloy in terms of microstructural modifications, using Sr to
improve mechanical properties are revealed through the
production of near defect free tensile test samples with
comparable microstructure [9], using a gradient solidification
technique .

Experimental Procedure

Component
The casting that has been studied is a structural automotive

component, Figure 1. The component in its application is
subjected to cyclic torsion load. The studied component is
manufactured by HPDC using the commercial EN AC-44300. The
chemical composition of cast component is presented as Alloy 1
in Table 1, measured by optical emission spectroscopy,
SPECTROMAX.

Cast alloy, Melting and Gradient solidification technique

Four components that have been failed after the nominal life cycle
were selected for following experimental practices. They were cut
into smaller pieces and were re-melted in a 10-kW resistance
furnace with a silicon carbide crucible at 730°C. Initial cylindrical
rods (length 18 cm, diameter 1 cm) were cast then in a permanent
steel mold.

Additionally, in order to investigate effect of eutectic silicon
modification, the melts were modified with Sr, using Al-10%Sr
master alloy. The optimum Sr level of 150 — 250 ppm was
targeted based on previous study [9] as indicated in Table 1, Alloy
2.

Table 1 Chemical compositions of the alloys (wt.% except Sr).

Si Fe Cu Zn Mg Mn ' Al
(ppm)

Alloy1 1199 069 02 0.11 0.02 0.06 0 Bal.
Alloy2 1167 056 0.1 0.06 0.01 0.11 165 Bal.
EN AC-

44300 10-13 1 0.1

0.15 - 0.55 - Bal.




The unmodified and modified cast rods were then re-melted and
heated to 710°C for 20 minutes under Ar-atmosphere and
subsequently solidified using the gradient solidification technique,
Figure 2. The Gradient solidification set-up enables the generation
of well-fed and homogenous material, with low levels of oxides,
shrinkage- and gas-porosity over entire length of sample. Varying
the rate of the furnace motion, the scale of the micro structure is
controlled and the desired microstructure scale can be generated.
In order to produce defect free samples with a microstructure
scale similar to the HPDC component investigated, the rate of
furnace motion was set to 3 mm/s resulting in the same average
secondary dendrite arm spacing (SDAS). Measured SDAS of each
class is provided in Table 2.

Table 2 SDAS values of the alloys.

The
component Alloy 1 Alloy 2
SDAS (um) 11.2 £3.1 94+1.8 9.7+2.1

10 cm
Figure 1 CAD configuration of the combonent.

Tensile Test, Metallography, X-ray Analysis and Density
Measurement

Cylindrical tensile test bars were prepared out of the directionally
solidified rods according to ASTM B557M-10 [10] and then
tensile test was performed in room temperature at a constant strain
rate of 0.5 mm/min. The geometry and dimensions of the
specimen are presented in Figure 3.

Flat tensile test bars (Figure 3A), according to ASTM B557M-10
[10], were extracted from different locations of the components as
it is illustrated in Figure 2. Although thickness of the cast
component does not vary a lot (3 — 6 mm), solidification
consequences and filling conditions may not be same in different
locations of the casting resulting in obtaining specimens with
diversified tensile properties.

X-ray analysis offer possibility of detecting macro-pores which
degrade the mechanical properties of a casting. X-ray radiography
of both flat and round specimens was carried out just before
performing tensile test. The flat specimens were likely to have
different porosity level because they have been extracted from
different locations of the cast components whilst the gradient
solidified samples were assumed be free of macro-porosity. The
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porosity level of flat and round specimens was assessed through
X-ray examination and supported by density measurements.
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Figure 2 Schematic illustration of gradient solidification
furnace

The specimens were classified with respect to their porosity level
as range 0 (reference specimen), 1 and 2 (Category A, for instance
A; and A,) according to ASTM standard [11]. In what follows,
the specimens will be referred to A, for the gradient solidification
specimen_ A; is representatives of the component specimens
without porosity detection under X-ray and A, is representative of
component specimens which contain porosity as detected by X-
ray radiography. Samples in A; and A, are extracted out of three
components and from different locations. Typical locations of
extracted specimens are illustrated with solid red lines in Figure 1.
Moreover, the gradient solidification samples which are exposed
to modification by Sr are classified as Ag,. Each and every class
contains at least six specimens. Figure 4 illustrates the porosity
level of A, and A, classes in terms of size.
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Figure 3 Geometry and dimensions of the standard A) Round
and B) Flat tensile specimens used in this study. All values
presented in mm.

Density of specimens, as well as the standard error of
measurements, was measured and the pore volume fraction f was
calculated from the following equation:



PP
P,

/

where p, is the average density of A, specimens as reference
material and p is the density of considered specimen. The results
are summarized in Table 3. In addition, nine specimens from each
region (1-4 in Figure 1) were extracted out of three components
and subsequently the density of them was measured. The results
are summarized in Table 5.

Table 3 Density, p, standard error, SE, and volumetric pore
fraction, f, of specimens

Ay Ay A, Agr

p (kg/m’) 2715 2645 2539 2702
SE 20 34 71 28
£(%) 0 2.57 6.48 -

Tensile fracture characteristics were examined using optical and
scanning electron microscopy (SEM). The optical microscope was
used to probe the longitudinal sections as well as cross-sectional
sections near the fractured surfaces in order to investigate tensile
fracture characteristics. SEM was employed to reveal the
fractography of the fractured surfaces and detect the type of
casting defects in different fractured regions. Elemental analysis
using EDS technique was also carried out to analyze the phases
and particles presents in fractured surface.

Figure 4 Picture in the middle shows X-ray image of a
specimen in A, class. Right and left pictures show porosity
found in A; and A, classes respectively.

Results and Discussions

Microstructure and Tensile Properties of the Component

SDAS is being used as reliable index to distinguish microstructure
scale in aluminum cast materials and components. It is a function
of the local solidification time and quantifies size of
microstructure as well as its constituents. Since the cast alloy
contains low levels of alloy elements (e.g. Cu and Mg), the
microstructure of the component mainly consists of a primary
phase, a-Al, and Al-Si eutectic. However, Fe-bearing intermetallic
phases are also observed (Figure 5). Differences in local
solidification time between wall and center sections of a cast
component reflect upon dimension and morphology of a-Al phase
and eutectic Si particles. SDAS increased from the wall to the
center due to lower solidification rate. The morphology of the a-
Al showed mainly an equiaxed globular geometry in regions close
to wall sections due to rapid solidification. It gradually turned into
branches and dendrite form as moving toward the center. The
difference in SDAS, however, is not remarkable due to not
varying thicknesses of sections of the component (~ 3-6 mm).
Prior to testing, the bars that have been extracted out of

components, were subjected to X-ray examinations and only
shrinkage and gas pores larger than 200 pm, were detected
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Figure 5 Configuration of microstructure
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(Figure 4). However, the smaller pores, which were not detected
through X-ray radiography due to instrumental limitations, were
also found in the following metallographic images. Due to
variation in porosity, which is qualitatively monitored (Figure 4)
and quantitatively reported (Table 3), comparing A,, A; and A,
the static tensile tests showed a notable decrease in the ultimate
tensile strength (UTS) and elongation to failure as shown in Table
4. Reported data are average value of at least six tensile test
specimens from three components.

Table 4 Mean values and standard errors of static tensile tests
performed on specimens. Data for EN AC-44300 are reported
according to DIN EN 1706 [12]. * F is representative of “as
cast” condition.

EN AC-44300 Ay A A,
Yield strength (Mpa) 130 115 | 115 | 101

SE - 2 0.3 3
UTS (MPa) 240 251 | 210 | 167

SE - 2 14 10
Elongation to failure (%) 1 7.1 3.1 1.5
SE - 0.5 0.5 0.2

Material condition F F F F
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The decrease in UTS and elongation to failure is a function of
density in the studied specimens (Figure 6). The decrease in UTS
becomes more significant when the degree of porosity is increased
from A, to A; while it is slighter from A; to A, The presented
trend is in agreement with other similar studies [4, 7]. Since the
employed X-Ray does not reveal other casting defects such as
surface oxides, cold fills and inclusion particles, it is worthwhile
keeping in mind that the observed decrease in tensile properties
could also be affected by the aforementioned casting defects,
mainly in the crack initiation and propagation stages. However,
porosity is introduced as the mostly investigated defect in
literatures data as well [3, 4].

By means of SEM and light microscopy, gas cavities and oxide
films were found as the most frequent defects in the component
which are evidence of turbulent filling conditions, see Figure 7.
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Figure 6 Static mechanical characteristics of different classes.

Moreover pre-solidified droplets (Figure 7C) were found in the
components, which originated from turbulent filling events when
fine melt droplets get into contact with the mold and rapidly
solidify. The interface between the droplets and surrounding
materials lacked coherency made the interface suitable for crack
nucleation. By nature, the HPDC process is turbulent where the
inevitable remaining air and gases inside the cavity is entrapped
into the casting to a certain degree, even venting is provided.
However several approaches have been employed to reduce air
entrapment during filling process [13] such as reducing the speed
of melt injection by controlling the plunger speed, which may lead
to obtain less turbulent cavity filling. Considering thicker gate,
optimizing height to length of the gate lips and improving
efficiency of sprue-runner and feeding channel by changing the
design may result in minimized defect in the cast component. The
indicated approaches are helpful as if the mold design is
optimized in advance.

Besides, K and CI containing particles (Figure 7G), which most
likely originated from slag residues trapped after melt cleaning
with salts, other slag residues, were also found. Micro-porosity
and oxide films are present as well in different sections that can
act as sites for crack initiation and propagation. In addition, oxide
layers which contribute to failure, and are not detectable trough
radiography, are found in non-fractured regions as well.

Density measurements of specimens extracted from different
regions of components (Figure 2 region 1-4) did not show any
meaningful density trends neither as a function of location in the
casting nor between the components. It is a sign that the porosity
distribution is not localized to certain regions but evenly scattered
along the filling path. Density measurements and standard errors
(SE) of at least three specimens belong to different regions (1-4),
out of three components, are summarized in Table 5.

Gradient Sample
The gradient solidification equipment was assigned to produce

samples having similar SDAS (~ 10 pm) to the cast component,
but containing a minimized level of defects. Figure 5 shows the
microstructural features of a specimen in A, class.

Table 5 Density measurements and standard error of
specimens belong to different regions (1-4 in Figure 1),
extracted out of 3 components. All values presented in kg/m3.

Regions 1 2 3 4 Average
Component 1 | 2671 2629 2654 | 2649 2650
SE 71 40 63 21 48
Component2 | 2639 2642 2596 | 2612 2622
SE 29 38 31 50 37
Component3 | 2666 2619 2586 | 2656 2631
SE 18 28 54 33 33
Average 2658 2630 2612 | 2639 2634
SE 39 35 49 34 39
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The microstructure was defined by SDAS, size and morphology
of eutectic silicon particles and intermetallic compound. Due to
excellent feeding condition, A, class possesses homogenized and
well-organized dendritic structure compared to A; that show non-
uniform structure. However, both classes showed similar
microstructural behavior with respect to SDAS, plate-like
morphology of eutectic Si and other intermetallic compounds.
None of the fracture profiles of A0 and Al clearly revealed that
Fe-bearing and other intermetallic compounds were driving the
crack propagation. Instead it seemed as if the non-modified silicon
were controlling the propagation with a slight help from the Fe-
rich particles and other constituents [9, 14]. It is important to note
that the plate-like eutectic Si only drives the crack to failure where
the level of porosity is low.

The stress-strain curves of specimens belonging to A; and A,
classes follow the curves of A, class which is obtained by gradient
solidification (Figure 8). Moreover, all classes hold similar yield
strength values which confirm this behavior (Table 4).
Nevertheless fracture occurs at lower stress and strain level in
specimens of A; and A, classes. The remarkable improvement of
tensile properties, which is clearly mapped in Figure 8, is mainly
caused by minimizing the levels of casting defects. Concerning
the specimen subjected to a tensile load, region of porosity would
yield first due to the reduced load bearing area concentrating the
stress near the voids [4]. It is counted as the main reason of
lowering strength and ductility of specimens of A; and A, classes.
Through the gradient solidification technique, it was proven that
the alloy and component has a potential to be improved more than
300% increase in elongation and 50% in UTS due to reduction of
defects. The results is in an agreement with data in literature [15,
16].

Another mean to improve the tensile properties further, is to
modify the eutectic silicon particles. The modification of eutectic
silicon particles can be achieved by using a chemical modifier (Sr)
or by controlling the cooling rate during solidification. There is no
doubt that chemical modification can significantly improve the
ductility and slightly enhance UTS. However, when it comes to
casting, the degree of improvement in the ductility depends on the
size and morphology of intermetallic phases as well as casting
defects present in the component [9]. In the alloys that show
interdendritic fracture (A,), addition of Sr can turn fracture mode
to transgranular (Figure 9)which will remarkably improve both
UTS and elongation to failure [9], Table 6.




Figure 7 SEM and light microscopy images of casting defects present in crack surface of the specimens. A and D present micro

porosity in fracture surface. B and E shows large oxide film in crack surface. C, F and I show a pre-solidified droplet in in the
area near the crack surface. G and H shows the slag residue found in fractured surface.
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Figure 8 Tensile test curves for specimens of different classes.

The indicated spots are representative of UTS and elongation
to failure of each specimen.

It was conceived that Sr can improve the tensile properties even
further, only when the level of porosity is minimized. Moreover,
the addition of Sr did not cause any increment in porosity level, as
sometimes is debated in the literature [17, 18], see Table 3.

Table 6 Results for static tensile tests and standard errors of
unmodified and modified specimens

AO Asr
UTS (MPa) 251 269
SE 2 4
Elongation to failure (%) 7.1 8.5
SE 0.5 0.7
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Conclusions

The effect of microstructure and casting defects (in particular
porosity) on tensile and fracture characteristic of specimens
obtained by high pressure die casting and gradient solidification
technique of Al-Si based alloy, EN-44300, have been assessed.

The experimental and analytical results point out the following
conclusions:
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Figure 9 Schematic representation of two types of fracture
mode: (A) Transgranular and (B) Interdendritic. A) A, class,
Unmodified, Plate like eutectic silicon which drive the crack
linkge. B) A, class, Sr-modified, fine fibrous eutectic silicons

deviate the crack linkage into dendritic cell [8].

e  The mechanical performance of the alloy dramatically
decreases with the increase of volume fraction of
porosity.

e  Gradient solidification technique is proven to be a
reliable method to predict the full potential of tensile
properties of the alloy.

e  The eutectic Si-particles have an active role in the crack
propagation, when the morphology and size of Fe-
bearing phases are controlled, through the cooling
conditions, and the porosity level is low.

e  Sr modification helps in improving the elongation to
failure even further without leading to any increase in
porosity.
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