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Abstract

Production of the defect-free casting of aluminium alloys is the biggest challenge. Porosity is known to be the most important defect.
Therefore, many cast parts are subjected to several non-destructive tests in order to check their acceptability. There are several standards,
yet, the acceptance limit of porosity size and distribution may change according to the customer design and requirements. In this work, the
aim was targeted to evaluate the effect of size, location, and distribution of pores on the tensile properties of cast A356 alloy. ANSYS
software was used to perform stress analysis where the pore sizes were changed between 0.05 mm to 3 mm by 0.05 mm increments.
Additionally, pore number was changed from 1 to 5 where they were placed at different locations in the test bar. Finally, bifilms were
placed inside the pore at different sizes and orientations. The stress generated along the pores was recorded and compared with the fracture
stress of the A356 alloy. It was found that as the bifilm size was getting smaller, their effect on tensile properties was lowered. On the
other hand, as bifilms were larger, their orientation became the dominant factor in determining the fracture.
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1. Introduction

Al-Si alloys are used in many industrial applications such as
automotive and aerospace due to their corrosion resistance,
fluidity, and high tensile strength to weight ratio. Porosity is
known to be the most important factor that deteriorates the
properties of aluminium alloys. There are several approaches in
the literature about porosity sources in casting operations. Some
claim that hydrogen solubility is an important factor. On the other
hand, bifilm defects are known to be the major source of porosity
since the folded oxide contains an air gap which is opened (i.e.
unfurling) during solidification contraction to form the porosity.

Two types of pores are available in cast alloys: micro
shrinkage and gas pore [1]. There are several works that show that
hydrogen is not the main factor for porosity formation, but can be
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a contributor [2-6]. If the oxide formed on the surface is entrained
into the liquid aluminium by turbulence (Figure 1) the dry sides of
the oxide collide with each other and fold over and thereby trap
the air inside.

alloy

Fig. 1. Formation Mechanism of Bifilms [7]
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These bifilms act like a crack in the liquid, a ceramic-ceramic
unbound interface occurs and causes the casting part to fail under
stress. This defect is also called a double oxide film. During
solidification, the folded bifilms may unravel in the form of a flat
crack (Figure 2). the porosity formation is enhanced by the
opening of bifilms mainly by solid/liquid contraction. As a result,
the pieces of the original bifilm oxide may end up fractured inside

the pore cavity in between the dendrites.
Y
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Fig. 2. Porosity formation by bifilms [7]

:

With this action, bifilms increase their harmful effects by ten
times. This mechanism is defined as folding/unfolding and
furling/unfurling [7]. These types of cracks can be suspended in
liquid aluminium for a long time. The reason for this is that the
density of the aluminium oxide is close to the density of the liquid
aluminium. Additionally, they have an air gap in between the
folded oxides. Therefore, they can float in the liquid and they
would never sediment to the bottom; or float to the surface. Thus,
the determination of the presence of these defects in the liquid
aluminium prior to casting plays a critical role in order to achieve
high-quality, defect-free castings.

Bifilm index [4] can be calculated as the sum of the maximum
length of pores (Lb) on the cross-section of Reduced Pressure Test
samples solidified under 100 mbar. The bifilm index range is
defined as follows [8]:

0-25 mm: best quality

25-50 mm: good quality

50-100 mm: average quality

100-150 mm: bad quality

> 150 mm: don’t cast!

Bifilms could not be detected for a long time because they
were very thin. This problem was solved by a reduced pressure
test. Solidification under vacuum helps the bifilms to open up.
This test is used to detect invisible, thin but harmful bifilms. It
works on the principle of expanding and making the bifilm
observable by expanding the gas trapped between the bifilm in a
partial vacuum environment. There are several works in the
literature [9-36] on the effects of bifilms on different properties of
cast aluminium alloys and how they can be removed from the
casting process. The critical issue is the establishment of
optimised degassing operation such that fine and small bubbles
are generated to float the bifilms to the surface of the melt [33].

The effect of porosity on high pressure die casting was
investigated [34]. The position and shape of the porosity were
determined by a Computed Tomography Scan and fracture
mechanics were examined. In this study, porosity was found to be
the effective parameter on the fracture mechanics. At the same
time, it was found that the shape of porosity was more effective
on fracture mechanics than its size.

The fatigue effect of bifilm using the X-ray tomography
method in A356 alloy was examined [36]. The results were
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analysed by the finite element method. They found that the
position of the pores was important. In the finite element method,
it was determined that pores create more stress than defect-free
test samples.

The fracture micro-mechanism at room temperatures of the
casting made by the lost foam method was studied [37]. The
microstructure optimized by computed tomography scan with
finite element method was analysed. The starting point of the
cracks that initiated failure was found to be the pores.

In-situ fatigue test and 3-dimensional finite element analysis
on A357-T6 alloy were performed [38]. The tomographic
examination was performed with computed tomography -Scan for
visualization of the internal defects. According to their findings,
crack nucleation was found on pore surfaces.

The relationship between bifilm and pores in Al-Si-Mg-Cu
based alloy [39] showed that a layer of aluminum oxide on the
inner surfaces of the pores was present which revealed that the
pores consist of bifilm.

The effect of micropores on the mechanical properties by X-
ray tomography [40] showed that the fracture strain was
decreased from 17 to 3 % with an increase in porosity content. In
the case of the specimens that contain pores higher than 100 mm,
the ultimate tensile strength was found to be decreased
monotonically.

The finite element method is a numerical technique for
solving problems that are defined by partial differential equations
or can be formulated as functional minimization. In this current
work, Ansys software that works on the finite element method
principle [41] was used to evaluate the size, shape, and location of
the pores with regard to the fracture stress that occurred in the
tensile bars in A356 alloy. There has been a long-going discussion
about the effect of pores on the mechanical properties of cast
alloys. This work aims to contribute the effect of the presence of
bifilms on tensile properties of A356 alloy with regard to their
shape, size, location, and orientation along the force exerted upon
the material.

2. Experimental work

In this study, A356, Table 1, was sand cast as 20 cylindrical
bars (150 mm length and 10 mm diameter) at 730°C.

Table 1.

Chemical Composition of A356 Alloy (%wt.)

Alloy  Si Fe Cu Mn Zn Ti Al
A356 68 035 002 003 0.04 004 Bal

After machining of the bars into the ASTM ES8 standards, the
test specimens were subjected to computed tomography Scan in
YXLON MU-2000. After the tensile tests were completed, the
fracture of the samples was correlated with the position and size
of the pores.

For a detailed analysis of the effect of pores on the tensile
properties, porosities of different sizes between 0.25-1 mm in
diameter; and pore numbers ranging from 1 to 5 were placed in
the tensile test specimen. These tensile test specimens were
analysed by the finite element method using Ansys under
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different loads from 5 MPa to 250 MPa. The material data was
used from the Total Materia database.

A sample from the computed tomography scan analysis was
taken and bifilm at different sizes and locations were placed in the
pores. Ansys analysis was performed to investigate the stress
generated along with the pores. For the effect of bifilms, young
oxide (amorphous) and old oxide (y-Al203) were defined in the
Ansys analysis. Using the mechanical property database, the
properties of two oxides were input as parameters to Ansys.

3. Results

In order to examine the effect of porosity on the fracture
mechanics of the cast sample, pores with different sizes and
numbers were placed in the tensile test specimen and stress
analysis was performed with the Ansys program under different
loads, Figure 3. As can be seen, when 75 MPa of stress is applied
to the test bar, 129.44 MPa occurs around the pore (diameter 1
mm). These values are 168, 180, and 195 MPa for 100, 110, and
125 MPa, respectively. Considering that the yield stress of A356
is 140 MPa, it can be seen from Fig. 3. that in the existence of a 1
mm pore, 100 MPa of stress is good enough to reach the
theoretical (defect-free) yield strength values.

Fig. 3. Stress analysis of tensile bar with a single pore under
different loads

A similar analysis was run for the test samples where there are
five pores in the cast piece, Figure 4. When the pores have a
radius of 0.5 mm, the stress values generated around the pores are
165.92, 179.11, 191.23, and 204.2 MPa for the loads applied at
90, 100, 110, and 125 MPa, respectively. From these calculations,
it can be understood that 90 MPa is good enough to plastically
deform the cast piece because the stress values reach the yield
value of A356.

As mentioned in the experimental section, Ansys analysis
were run for pores having radii changing between 0.25 to 1 mm
with their number changing from 1 to 5. From all these test runs,

statistical analysis results were obtained, and thereby counter
graphs were plotted. When the cross-section area of the pores
along the tensile axis is considered, Figure 5, that the material can
withstand the stress under yield point when the total area of pores
is smaller than 1 mm2. When the pore area is between 1 and 8
mm?, it was found that the stress generated on the tensile sample
was not significantly changing. However, the stress that occurred
on the sample is dramatically increasing when pores are larger
than 8 mm? and the stress applied to the sample is above 70 MPa.

110 MPa 125 MPa
Fig. 4. Stress analysis of tensile bar with five pores under
different loads

When the volume of the pores is considered, in Figure 6, there
is a similar trend to that of the area, Figure 5. In samples with a
pore volume of 1 mm?3, it is seen that it approaches the yield limit
under 100 MPa load. When the pore volume is above 1 mm?, the
yield stress limit can be reached at 80 MPa load.

Contour Plot of Occurrred Stress(MPa) vs Applied Stress(MPa), Area

Occurmed
Stress(MPa)

M 150 - 180
W 180 - 220
> 220

Applied Stress(MPa)

Area(mm?)

Fig. 5. Contour Plot of generated Stress vs Applied Stress per
area of the pore

Ten cylindrical bars were machined to standards as given in
Experimental Section. The samples were produced by casting into
a sand mould where 10 bars were produced with diameter of 10
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and height of 160 mm. They were then machined according to
ASTEM E-8 standards. All samples were subjected to computed
tomography Scan analysis, Figure 7. After the tests were
complete, the fracture locations and the size of pores at the
fracture point were recorded.

Based on the computed tomography results, Figure 7, bifilms
were placed inside the pore with regard to the possible locations
of the oxides, Figure 2. A matrix was formed where bifilms were
located inside the pore, Figure 8. The placement of bifilms was
chosen as:

A: complete bifilm: whole surface area inside the pore was
considered as an oxide

B: half bifilm: only half of the pore’s inner surface was oxide

C: quarter bifilm: 1/4™ of the pore’s inner surface was oxide

D: half of quarter bifilm: 1/8" of pore’s inner surface was
oxide

In addition to the size of the oxides inside the pores, their
locations were also considered, Figure 9, where;

Al: complete bifilm: only one position (since the whole
surface is oxide)

B1-6: left, right, top, bottom, front, back

C1-12: left-right, top-bottom, front-back and its combinations

D1-8: left-right, top-bottom, front-back

Contour Plot of Occurrred Stress(MPa) vs Applied Stress(MPa), Volume

Oceurrred
Stress(MPa)
< 20

120

W 20- 40

100 MW 40- 60
MW 60 - 80

80 - 100

00 - 13

W 113 - 140

W 140 - 160

M 160 - 180

W 180 - 200

200 - 220
> 220

Applied Stress(MPa)

2 4 6 8 10 12

Volume (mm?)

Fig. 6. Contour Plot of generated Stress vs Applied Stress per
volume of pore

The oxide structure depends on the formation mechanism.
Young oxide is known as amorphous oxide with a thickness of
approximately 200 nm. It is typically formed on the surface of the
melt instantly. For example, after the removal of the skim on the
surface, the shiny-looking oxide is amorphous which resembles a
stretch film that is transparent. The old oxide is the thick and
crystallized form of amorphous oxide, also known as y-Al20s.

www.czasopisma.pan.pl P N www.journals.pan.pl

'

©
Fig. 7. The breakpoints of tensile bars and CT Scan Analyses

An example of the stress generated on the pores according to
the bifilm size and location shows a distribution of stress, Figure
5. When the whole inner surface of the pore is covered with
oxide, the stress generated in the matrix of the alloy reaches 95.43
MPa while the stress on the oxide itself is around 817.5 MPa. In
the case of the presence of half an oxide, Figure 10 c-d, the stress
in the matrix becomes 136.6 MPa and 708.8 MPa on the oxide.

Complete Bifilm AFull
B-Half
C-Quarter
D-Half of Quarter
1-Down 2-Back

Half Bifilms 3Front  4-Right
A TS

@S

B2 B-4
Quarter Bifilms

] d—
‘ ah w5 w
- oals

Half of Quarter Bifilms
a B o2 il
- ., -

Fig. 8. Size and location of bifilms in the inner surface of a pore

A similar analysis was run for all the parameters, Figures 8
and 9. The findings of these data are summarised in Figure 11.
According to finite element method analysis, it can be seen that
the size and location of the oxide inside the pore have a dominant
effect on the stress generated in the test bar. When the bifilm
covers the whole surface of the pore, Figure 11, at a stress level of
60 MPa, the alloy reaches the yield point when the pore size is 0.7
mm. When half of the pore is covered with oxide (Fig. 11b) and
the oxide is on the right of the pore (i.e. parallel to the tensile
axis), 70 MPa of force is good enough to affect the alloy to reach
yield; i.e. plastic deformation starts. On the other hand, when the
oxide is placed at the bottom of the pore (i.e. perpendicular to the
tensile axis), 30 MPa of force will lead to plastic deformation
which is half the load needed when the oxide is parallel.
Therefore, this result was the first indication that the orientation
of bifilm along the tensile axis is important. The same scenario
applies when a quarter of the pore is covered with oxide as seen in
Fig. 11c. On the other hand, when the oxide is very small (as in
the case of half of a quarter of pore is covered with bifilm, Figure
11d), the orientation of bifilm becomes irrelevant and the force
applied does not affect the stress generated on the tensile bar.
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A-Full
B-Half
C-Quarter
D-Half of Quarter
1-Down 2-Back
3-Front 4-Right
5-Left 6-Up

Fig. 9. The coding of the location of bifilm inside the pores

ANSYS

2019R1

(d)

(2) (h)
Fig. 10. Stress generated on the matrix and the oxide for (a-b)
complete bifilm, (c-d) half bifilm, (e-f) quarter bifilm, (g-h) half
of quarter
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Bifilms are oxides, and oxides can be in various thicknesses.
Therefore, in order to determine the effect of thickness of the
oxide on the same test parameters that have been carried out so
far; all the tests were repeated for four different oxide thicknesses:
1, 5, 10, and 25 mm, Figure 12. When half of the inner surface of
the pore is covered with oxide, Figure 12a., the stress generated in
the tensile bar is the highest when the oxide is either on top to
bottom of the pore. The effect of thickness of the oxide is so
small, however, as expected, the thickest oxide always generated
the highest stress towards the matrix. For the case when 1/4™ of
the inner surface is covered with oxide, Figure 12b, the effect of
oxide thickness becomes more apparent: the higher the thickness,
the higher the stress on the tensile bar. The lowest stress on the
test bar is observed when the oxide is front and right of the pore.
When 1/8™ of the inner surface of the pore is covered with oxide,
Figure 12c, the location of the oxide becomes irrelevant. The
stress generated on the tensile bar is always the same regardless of
the orientation of the oxide along the tensile axis. On the other
hand, the effect of the thickness of the oxide becomes more
dominant.

B
8

8

. ;
‘g_ 100 Ema
B
§ %0 g% 575
w 60 —D125
£ w0 H 0134
g 3 40 0135
£ w % —D246
3 5 2 20 —0-256
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) 10 20 30 a0 50 6 0 10 20 30 0 50 60
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(©) (d)
140
160
2120 S
£ 100 €0
3
HE 3o
g 60 g
6
a a0 g .
20 i »
0+ o4
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Fig. 11. Stress occurred on the samples with regard to size and
position of bifilms
(a) complete bifilm, (b) half bifilm, (c) quarter bifilm, (d) half of
quarter bifilm
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Interaction Plot for C-Occured Stress (MPa)
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Fig. 12. Interaction plots showing the effect of bifilm thickness
and orientation over the stress generated in the test bar in the
presence of a pore (a) half, (b) quarter, (c) half of quarter of the
inner surface of pore is an oxide

4. Conclusions

Porosity has a great influence on the mechanical properties of
A356 alloy. The size, shape, and location of pores are the most
important parameters that influence the fracture of cast A356.

There is a linear relationship between the size of pores and the
tensile properties however when the number of pores increases,
the relationship becomes more complex. When the volume of 1
pore and 5 pores is considered to be equal (i.e. one large and five
small pores), the larger pore decreases the tensile properties more
significantly than the small but five pores.

When bifilms are present in the pores, as the size of bifilm
decreases, the effect on the mechanical properties decreases.

When bifilms cover more than half of the pores, their
orientation along the tensile axis becomes important in terms of
fracture. When they are located parallel to the tensile axis, the
stress applied to the test bar generates less stress to the matrix.

An analytical approach was established between the pores'
size and number with the mechanical properties. In this way, an
estimation of the potential fracture stress can be determined just
by looking into the computed tomography scan of a tensile bar
and locating the size and number of pores.
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