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a b s t r a c t

Gas porosities and Fe-rich phases and entrapped double oxide films (hereafter: oxides) are known to be

the most detrimental defects in cast Al–Si–Mg alloys. The effects of H (gas porosities) and Fe (b-Al5FeSi

phase) on reproducibility of tensile properties in Al–7Si–0.35Mg alloy have been investigated in this

study. Four different casting conditions (Low H–Low Fe, Low H–High Fe, High H–Low Fe and High H–High

Fe) were studied. In each case, 30 tensile test samples were prepared by casting in a metallic mold and

machining (total of 120 tensile test samples). Results of tensile test were analyzed by Weibull three-

parameter analyses. The microstructures of samples were studied by optical microscope. Total of 800

metallography images (200 images for each experiment) were taken and analyzed by image analysis

software. Finally, the relationship between tensile properties and defects characteristics was discussed.

According to the results, Fe (b-Al5FeSi phase) showed considerably larger negative impact on tensile

properties of the alloy compared to H (pores). Results of Weibull analysis revealed that the scattering of

tensile properties was mainly due to the presence of b phase within the microstructure. Results of image

analysis showed that the pore area% and number of pores/cm2 were mainly controlled by H and Fe

content of the melt, respectively. Also, it was shown that Weibull modules of UTS and El% increased

linearly with increasing the shape factor of pores. Furthermore, tensile properties of the examined alloy

showed strong dependence to the number of pores.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Al–Si–Mg cast alloys offer a good combination of mechanical
properties and castability, which explains their wide use in auto-
motive and aerospace applications [1–4]. Nevertheless, aluminum
castings have been rarely used in safety-critical applications due to
concerns about the variability in mechanical properties, especially
in elongation and fatigue life [1,2,5]. This high level of variability is
the consequence of structural defects in castings, i.e. pores, Fe-rich
phases and oxides, which degrade mechanical properties [6]; they
cause premature fracture in tension [2,7] and fatigue [8], resulting
in low ductility, tensile strength and fatigue life [9,10]. Therefore,
the presence of major structural defects results in the high level of
variability in mechanical properties [10,11], as evidenced most
notably by lower Weibull module [2,12–14]. Hence, the minimiza-
tion and even elimination of structural defects is vital for wider use
of Al–Si–Mg castings in structural applications in aerospace and
automotive industries.
ll rights reserved.
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Another important defect which occurs in cast aluminum alloys is
gas porosities. Hydrogen is the only gas that is appreciably soluble in
aluminum and its alloys. Actual liquid and solid solubilities in pure
aluminum just above and below the solidus are 0.69 and 0.04 ppm
[15]. These values vary only slightly for most cast aluminum alloys.
During cooling and solidification, precipitation of the hydrogen results
in formation of primary and/or secondary voids. Many researchers
[16–20] investigated the effect of porosities on mechanical properties
of cast Al–Si–Mg alloys. It has been suggested that porosity is a
leading cause in the reduction of mechanical properties, particularly
elongation and fatigue resistance, as well as a loss of pressure
tightness and a degradation of the surface appearance in cast parts
[15]. Liu et al. [21] claimed that oxides have deleterious effect over
the mechanical properties whereas Wang et al. [22] suggested that
porosity is more detrimental than oxides.

Iron is the most common impurity that can be found in cast
aluminum alloys since it cannot be removed economically [23]. In the
Al–Si–Fe system there are five main Fe-rich phases: Al3Fe, a-Al8Fe2Si,
b-Al5FeSi, d-Al4FeSi2 and g-Al3FeSi [24]. In addition, Fe and Mg may
result in the appearance of p-Al8Mg3FeSi6. Therefore, a, b and p
phases are normally precipitated in cast hypoeutectic and eutectic
aluminum alloys containing magnesium [25]. Many researchers
reported that increasing of iron content decreases the mechanical
properties of cast Al–Si alloys [26–30].
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Several researchers investigated the different interactions
between pores and Fe-rich phases in cast aluminum alloys
[31–34]. It has been suggested [31] that, increasing the iron
content in the cast Al–A319 alloy increased the porosity, particu-
larly shrinkage porosity. It is due to the precipitation of long and
thick (needle or platelet) b-Al5FeSi phases which are often
branched into several needles. The branched morphology of b
phase decreases the permeability of the interdendritic network
[31,34,35] and results in reduced feeding of liquid metal through
the interdendritic channels. Subsequently, the tendency for for-
mation of extended porosity defects within the castings will be
increased [35]. The nucleation of porosity on b phase is more
important in sand mold castings, where the slower cooling rates
favor the formation of b phase [32]. Taylor et al. [34] suggested
two mechanisms for the role of iron in porosity formation. The
first theory suggests that the b platelets form in the interdendritic
channels during solidification and cause a physical restriction to
the movement of compensatory feed liquid. This results in
inadequate feeding and favors the formation of porosity. The
second theory considers the b phases as active pore nucleation
sites that physically constrain the growth of the pores and
influenced their ultimate shape.

From the above literature survey, pores and Fe-rich phases are
two of the main defects that influence the tensile properties of
cast Al–Si–Mg alloys. On the other hand, these defects represent a
complicated interaction with each other. Therefore, the aim of
this study is to investigate the effect of these defects on tensile
properties of Al–Si–Mg alloys and their effects on reproducibility
of tensile properties in these alloys.
Fig. 1. Geometry of pattern used in this study (after [39]).

Table 2
Dimensions of running system component in Fig. 1 (all in millimeter) [39].

Running system component Dimensions

Pouring basin 50�70 (depth 60)

Sprue cross section Up (10�45), down (9�13)

Sprue height 320

Filter print 50�50�22

Runner cross section Before filter (11�14), after filter (12�14)

Gate cross section 11�48.4

Riser 220�40�40

Tensile samples Height 220, diameter 20
2. Experimental procedure

The alloy used in this experiment was a 2L99 alloy with a
specific chemical composition of 7.2 wt% Si, 0.35 wt% Mg and
0.09 wt% Fe that was received as 5 kg ingots. The alloy was
divided into two groups, with low and high Fe contents. The Fe
content of low and high Fe alloys was designed to be 0.1 and
0.8 wt%, respectively. Al-20 wt% Fe master-alloy was added into
the 2L99 molten alloy in order to increase the Fe content of the
alloy. Table 1 shows the actual chemical composition of the
investigated alloys (sample was taken from the melt), which
was analyzed by ICP–AES (inductively coupled plasma–atomic
emission spectroscopy).

The pattern used in this study, was tensile test bar mold
shown in Fig. 1. The dimensions of the gating system are listed in
Table 2. This mold was designed based on the naturally pressur-
ized running system. According to Table 2, the runner height after
filter that is indicated in Fig. 1 was 12 mm. This height was
determined with considering the melt critical velocity. According
to this theory, the critical velocity has been shown both theore-
tically and experimentally to be approximately 0.50 m/s for liquid
aluminum alloys [36,37]. This states that, if the molten aluminum
flows with velocity greater than 0.50 m/s, then there will be
surface turbulence and the probability of oxide generation, which
will then be incorporated into the bulk of the liquid metal [38].

On the other hand, it was shown that if a stream of melt falls
from the height of h, the melt velocity, v, could be calculated by
Table 1
The chemical composition of investigated alloys.

Si Mg Fe Ti Cu

Low Fe 6.98 0.35 0.09 0.15 0.01

High Fe 7.01 0.34 0.85 0.14 0.01
Eq. (1) [36]:

v¼ ð2ghÞ1=2
ð1Þ

where; the gravitational acceleration (g) is 9.81 m/s2, then the
distance h, in millimeters, that the metal has to fall to reach the
critical velocity is given by Eq. (2):

h¼ v2=2g ¼ 0:52= 2� 9:8ð Þ ¼ 12:7 mm ð2Þ

since, the runner height of the mold was 12 mm (less than
12.7 mm), the velocity of free falling melt was 0.48 m/s (less than
critical value). Therefore, these castings had no or very small
amount of entrapped oxides. Furthermore, in all castings, a 30 ppi
ceramic filter was placed in the filter print. Ardekhani and
Raiszadeh [2] showed that a 30 ppi ceramic foam filter can
remove almost all previously formed inclusions and oxides, and
also reduce the speed of flow of the molten alloy filling the mold
in order to prevent further oxide from being entrained.

In order to control the hydrogen content of the melt, in
castings with Low H, a rotary fluxing and degassing machine
was used to obtain a Low H content (rotor speed 150 rpm, flux
Ni Zn Sn Mn Al

0.013 o0.015 o0.005 o0.005 Balance

0.016 o0.015 o0.005 o0.005 Balance



Table 3
Different casting conditions investigated in the present study.

H Fe Designation H content

(ml/100 g of melt)

Fe content

Low Low LL 0.11 0.09

High LH 0.10 0.85

High Low HL 0.43 0.09

High HH 0.45 0.85
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feed rate 18 g/min. and injection time 200 second). The H mea-
surement was performed using a HyScan II (a product from
Severn System Company). On the other hand, for castings with
High H, no degassing was carried out. Therefore, four different
melt was prepared according to Table 3; with two levels of
hydrogen and Fe.

The pouring temperature was 750 1C for all experiments. In all
cases, the melt was carefully skimmed to remove oxides and
inclusions from surface of the melt. The alloy was carefully
poured into a mold, which had already been placed in a roll-
over device. Immediately after pouring, the mold was slowly
rotated through 1801 and left for about 10 min, to ensure direc-
tional solidification of the test bars towards the runner bars,
which would now be acting as feeders, and hence solidification
shrinkage in the test bars was avoided. Five molds were poured in
each case, giving 30 test bars, for each experiment in Table 3.

After casting, the test bars were heat treated according to T6
condition using the following schedule [4]:
�
 Solution treated at 540 1C for 10 h in an air circulating furnace;

�
 Water quenched at 60 1C;

�
 Naturally aged at room temperature for 24 h;

�
 Artificially aged at 165 1C for 12 h.

After heat treatment, the samples were machined according to
British Standard (BS EN 10002-1: 2002) [BSI 2001], to dimensions
of 6.75 mm diameter and 25 mm gauge length on a 40 mm
parallel length. Tensile testing was done with an Instron
1195-5500R machine with a cross-head speed of 1 mm/min.
The elongation of the sample was determined from the load–
displacement curves derived from the cross head movement of
the machine.

A Weibull analysis was carried out to determine the reprodu-
cibility of the properties obtained from each casting condition.
The Weibull analysis is a convenient way to determine the
dispersion of mechanical properties [4,14,39–42]. It is more
accurate than standard deviation, which assumes symmetrical
distribution of data about a mean value [43,44]. Green and
Campbell [12] concluded that the Weibull distribution most
accurately describes the distribution of tensile properties.
For aluminum castings, the two and three-parameter forms of
Weibull distribution is widely adopted [13,45]. The cumulative
probability function of the three-parameter Weibull distribution
is expressed as Eq. (3) [46]:

P¼ 1�exp � s�sTð Þ=sCÞ
m

�
ð3Þ

where P is the probability of failure at a given stress (strain,
fatigue life, etc.) s or lower. The threshold value sT is the value
below which no specimen is expected to fail. The term sC is the
characteristic stress at which 1/e of specimens survived. It is
similar to a mean value in representation of a set of normally
distributed data [13,39]. ‘‘m’’ is the shape parameter, which is
alternatively referred as the Weibull modulus. Taking the
logarithm of Eq. (3) twice gives

ln½�ln 1�Pð Þ� ¼m ln s�sTð Þ�m ln sCð Þ ð4Þ

The Weibull module ‘‘m’’ is therefore the slope of a plot of
ln[� ln(1�P)] against ln(s�sT), where P is a measure of the
probability of failure for the nth sample [45]. P can be estimated in
various ways. It has been proposed [43] that the following
estimator gave the most accurate determination of the probability
of failure (P):

P¼ n�0:5ð Þ=N ð5Þ

where n is the rank in an ascending fashion and N is the total
number of samples. The Weibull module ‘‘m’’ is therefore a single
value that shows the spread of properties. Higher Weibull
module indicates a narrower scattering of properties. In case of
castings, the higher Weibull module indicates castings with lower
number of defects and a greater reproducibility of properties
[2,4,12–14,39].

The goodness of fit of Weibull line and experimental data was
evaluated using Eq. (6) [47] which gives the critical values for
R2

0:05. This critical value can be used to evaluate the goodness-of-
fit. If R2 of the linear regression from the Weibull probability
analysis is less than R2

0:05, it can be concluded that the data
does not come from a Weibull distribution. On the other hand,
If R2

ZR2
0:05, the scattering of properties is according to the

Weibull distribution (Weibullian). In the present study, since
the value of n (number of samples) was 30, therefore, the value
of R2

0:05¼0.91324.

R2
0:05 ¼ 1:0637�0:4174=n0:3 ð6Þ

To investigate the effects of initial H content and Fe on morphol-
ogy of defects (pores), the microstructure of test bars was investigated
by optical microscope. Using standard metallography procedure, 10
metallography specimens were prepared for each experimental
condition. Subsequently, 20 random pictures were taken from
microstructure of each specimen (total of 200 metallography pictures
for each condition at magnification of 50X). The images that obtained
for each experiment were analyzed by Digimizer image analysis
software (a product from MedCalc Software). From the results of
image analysis, the fraction of pores area% (FP%), number of pores/
cm2 (pore density) and average shape factor of pores (SF) were
determined. As might be expected, many different Fe-rich phases
were present within the microstructure of samples. However, since
the b phase was the dominant Fe-rich phase, the surface fraction of
this phase was measured by image analysis of the microstructure of
the samples obtained in each experiment. To do this, 250 images
from microstructure of samples in each experiment were analyzed by
image analysis software.
3. Results and discussions

3.1. Tensile properties

Fig. 2(a and b) represents the tensile properties that obtained
from each experimental condition. In term of UTS data (Fig. 2a),
the maximum and minimum values correspond to experiments
with lowest (LL) and highest (HH) defect content, respectively.
Also, it is depicted that regardless of H content, the High Fe
experiments (LH and HH) showed the lower values of UTS than
High Fe experiments (HL and HH). In term of El% data (Fig. 2b),
increasing of either H or Fe resulted in considerable decrease of
El%. Also, it can be seen that the Low Fe experiments (LL and HL)
showed considerably lower standard deviation% than High Fe
experiments (LH and HH). Although it seems that the Low H–Low
Fe (LL) experiment had a very wider range of variation in El% data,



Fig. 2. (a) UTS and (b) El% data obtained from different experiments. Standard deviation %¼(standard deviation/average)�100.

Fig. 3. Weibull plots of (a) UTS and (b) El% data obtained from different experimental conditions.

Table 4
Summary of the Weibull analysis.

Data set Parameter Low H

Low Fe

Low H

High Fe

High H

Low Fe

High H

High Fe

UTS Threshold 5.7 5.6 5.6 5.5

Characteristic 308.0 276.2 282.2 261.0

Module 62.5 28.5 51.9 41.8

El% Threshold 1.57 0.27 0.90 0.40

Characteristic 4.80 1.31 2.46 1.50

Module 7.8 3.6 5.6 5.0
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this experiment corresponds to the lowest standard deviation %
among all samples. This example clearly indicates that using of
single analysis (i.e. standard deviation, standard deviation% or
even the graphs that show the distribution of a measured
property or quantity) could not reveal the effects of different
parameters completely. Therefore, it is necessary to utilize other
techniques for interpretation of the results. In this study, we used
Weibull analysis to evaluate the scattering of the tensile proper-
ties of the alloy. From Fig. 2(a and b), increasing of only H content
(from LL to HL) decreased the UTS and El% by about 8.48 and
50.54%, respectively. On the other hand, increasing of only Fe
content (from LL to LH) decreased the UTS and EL% by about 11.13
and 74.40%, respectively. Therefore, it can be seen that Fe was the
main parameter that depressed the tensile properties, especially
the El%.
3.2. Weibull analysis

Fig. 3(a and b) shows the Weibull plots of UTS and EL% data
obtained for each experiment, respectively. Also the correspond-
ing linear fit and adjust R-square values of fitted lines are shown
in these figures. From Fig. 3(a and b)
�
 The Adjust R-squares of all fitted lines (both UTS and El% data)
was higher than critical adjust R-square (R2

0:05¼0.91324) that
obtained from Eq. (6). This indicates that the data were
distributed in a Weibullian manner and no further analysis
(i.e. Weibull mixture analysis) was required.
�
 The Weibull plots of High Fe experiments (LH and HH) shifted
to lower values of UTS and El% compared to Low Fe experi-
ments (LL and HL).

Results of Weibull analysis are summarized in Table 4 and
Fig. 4 represents the variation of the Weibull modules of UTS and
El% graphically. From Table 4 and Fig. 4(a), increasing Fe (form LL
to LH) and H contents (from LL to HL) decreased the Weibull
module of UTS by 54.4 and 16.96%, respectively. Also from Table 4
and Fig. 4(b), increasing of Fe (form LL to LH) and H contents
(from LL to HL) decreased the Weibull module of El% by 53.84 and
28.2%, respectively. Therefore, Fe had considerably larger negative



Fig. 4. Graphical representation of the results of Weibull analysis of (a) UTS and (b) El% data.

Fig. 5. Typical microstructure that was analyzed using image analysis software. (a) Original microstructure, (b) Original microstructure overlaid with binary image of

pores and (c) the final binary image of (a).

Table 5
Results of image analysis.

H Fe Exp. FP% Number density

of pores (cm�2)

SF Surface fraction

of the b phase (%)

Low Low LL 0.36 1007 0.45 0.11

High LH 0.41 1603 0.36 3.62

High Low HL 2.41 1301 0.42 0.16

High HH 4.79 3620 0.40 3.51
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impact on scattering of tensile properties than H. Also, it can be
seen that increasing of Fe content resulted in further decrease of
UTS and El% Weibull modules from (HL to HH). In Fig. 4(a and b),
it is interesting to notice that increasing of H to the samples that
already had high amount of Fe (LH experiment), increased the
Weibull modules of UTS and El% (from LH to HH). Unfortunately,
this increase of Weibull modules of UTS and El% has no practical
benefits, since the increasing of H in High Fe samples results in
decrement of UTS from 271 to 257 MPa (Fig. 2). The increase in
Weibull module of UTS and El% from LH to HH samples is
discussed in Section 3.3.

3.3. Study of microstructure and image analysis

Fig. 5(a) shows a typical image that obtained from a HL sample
and Fig. 5(b and c) shows the Fig. 5(a) after processing (binariza-
tion) by image analysis software. The gray areas in Fig. 5(b) (red
areas in Fig. 5c) are identified as pores by software. Table 5 shows
the summary of the results obtained from image analysis for each
experiment.

From the results of image analysis in Table 5, the FP% of Low H
experiments (LL an LH) is considerably lower than High H
experiments (HL and HH). Therefore, it is clear that the variations
of FP% were mainly due to the variation in H content of the melt.
In this table, the High Fe experiments (LH and HH) showed higher
density of pores than Low Fe experiments (LL and LH). Therefore
the main factor that influenced the density of pores was Fe
content. Also, it can be seen that SF decreased with increasing
the Fe content (from LL to LH and HL to HH).

It is interesting to notice that the SF increased with increasing
the H content of the melt in High Fe samples (from LH to HH).
This explains that why the Weibull modules of both UTS and
El% of HH sample were higher than LH samples. In the author’s
previous work [14], it has been suggested that the diffusion of H
into the pores expands them and changes their morphology from
planar to spherical (increase the SF). They simulated the effects of
this morphological change on maximum Von Misses stress and
equivalent plastic strain around the pores and showed that both
maximum Von Misses stress and equivalent plastic strain
decreased with increasing the SF of pores. This decreased max-
imum Von Misses stress and maximum equivalent plastic strain
decreased the scattering of tensile properties and resulted in
higher Weibull module of UTS and El% in samples with high
amount of dissolved H (as shown in Section 3.2).

3.4. Relationship between defects, tensile properties and reliability

In this section, the relationships between characteristics of the
pores (FP%, density and SF of pores from Table 5) and tensile
properties (namely UTS and El % from Table 4) and reliability
(Weibull module of UTS and El % from Table 5) are discussed.

Fig. 6(a–c) represents the variations of UTS, El% with FP%,
density and SF of pores, respectively. It can be seen that there was
no clear relationship between the FP% and tensile properties
(Fig. 6a). Fig. 6(b) shows that the tensile properties of the alloy



Fig. 6. Variations of tensile properties with (a) FP%, (b) density and (c) SF of pores.

Fig. 7. Variations of Weibull modules of UTS and El% with (a) FP%, (b) density and (c) SF of pores.
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decreased with increasing the density of pores. From this figure,
increasing the density of pores to values less than 1600 resulted
in sharp decrease of tensile properties. On the other hand, in pore
densities larger than 1600, the tensile properties of the alloy
changed slightly with increasing pore density. Fig. 6(c) shows that
there was no clear relationship between the UTS and SF, but the
El% of samples increased with increasing the SF.

Fig. 7(a–c) represents the variations of Weibull modules of
UTS and El% with FP%, density and SF of pores, respectively.
Fig. 7(a and b) shows that there was no relationship between
Weibull modules of UTS and El% with FP% and density of pores,
respectively. On the other hand, Fig. 7(c) shows that Weibull
modules of UTS and El%, increased almost linearly, with increas-
ing of the shape factor of pores.
4. Conclusions

From the present study the following conclusions can be
drawn:
�
 Increasing of both H and Fe contents of the melts decreased
the tensile properties of examined alloys.

�
 The Fe-related defects (Fe-rich phase) showed the larger

negative effect on UTS and El% of examined alloys than
hydrogen.

�
 A clear relationship was found between the number density of

pores and the tensile properties of the alloy (UTS and El%). It
was shown that the tensile properties of the alloy decreased
with increasing the number density of pores. The reduction of
the tensile properties of the alloy with number density of
pores is directly related to the formation of b Fe-rich. The b
platelets restrict the flow of liquid metal through the inter-
dendritic feeding paths and favor the formation of shrinkage
porosity. The shrinkage porosities with irregular shape act as
effective stress riser sites and therefore, impair the tensile
properties of the alloy.

�
 The Weibull modules of UTS and El% of High Fe samples

increased with increasing the level of dissolved H (from LH
samples to HH samples). The authors suggest that this is due
to the diffusion of the hydrogen into the pores in High H
samples that changes their morphology from two dimensional
to three dimensional. This morphological evolution decreases
the shape irregularity of pores, which in turn, decreases the
severity of stress concentration around the pores and increases
the Weibull modules of UTS and El% of the alloy.

�
 The Weibull modules of UTS and El% decreased with increasing

the both Fe and H contents of the melt, but Fe showed
considerably larger negative impact than H.

�
 The Weibull modules of UTS and El% increased linearly with

increasing the SF of pores. The Higher SF means less irregular
pores with less stress concentration factor around them that in
turn, increases the Weibull modules of UTS and El%.

�
 It was shown that the El% of samples increased with increasing

the shape factor of pores.
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