International Journal of Innovative Research and Scientific Studies, 8(11) 2025, pages: 501-512

International Jou
Innovative Research and S¢

ISSN: 2617-6548

¥ -~ s
L v ald % 2? A
= E3aiafs
lJ l RSS URL: www.ijirss.com B Sia'CH
Internatianal Journal of nswat ive oLyl
Research & Stientifes Squdes %

Study of gas and shrinkage porosity in Al-Si die cast couplings using X-ray micro-computed

tomography

Felipe Diaz*", "’Boris Riva?, "“’Matias Peralta®

!Departamento de Ingenieria Electromecanica, Universidad Tecnolégica Nacional-Facultad Regional Rafaela-CONICET, Acufia 49,
Rafaela, Santa Fe, Argentina.
2Departamento de Ingenieria Industrial, Universidad Tecnolégica Nacional-Facultad Regional Rafaela, Acufia 49, Rafaela, Santa Fe,
Argentina.
3Departamento de Validacion de Equipos y Componentes, Instituto Nacional de Tecnologia Industrial-Centro Litoral, Ruta Nacional
N°34 km 227,6, Rafaela, Santa Fe, Argentina.

Corresponding author: Felipe Diaz (Email: felipe.diaz@frra.utn.edu.ar)

Abstract

The purpose of this work is to demonstrate the feasibility of a quantitative methodology to study 3D porosity in two Al-Si
die cast couplings from an air-suspension system of heavy-duty vehicles, using X-ray micro-computed tomography and
digital image processing. Although both parts are homologous, one was rejected for commercialisation due to a leak
detected during a pneumatic test. The image post-processing, carried out using VGSTUDIO MAX 3.0 software, enabled
the design of a strategy to evaluate and compare pore subpopulations in regions of interest (ROIs) of both parts. Based on
the compactness parameter, it was possible to segment pore subpopulations according to their origin: gas and shrinkage.
The results shows that the gas porosity volumes in the ROIs of both parts are similar. However, the shrinkage porosity
volume is higher in the ROI of the rejected part, which involves changes introduced in the mould filling pressure and/or
speed that affected solidification in this part. Finally, the quantitative methodology proposed in this work could be a
valuable tool in the stages of research, product development, and quality control of both cast parts and other porous
components obtained from different manufacturing processes.
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1. Introduction

Al-Si die-casting is a production process by which this alloy is injected at high pressure into a mould to obtain parts of
complex design and geometry. Silicon is a key element in this alloy, as it reduces the melting point, increases fluidity, and
improves resistance to high temperatures [1]. This casting process, efficient for mass production, offers several advantages:
good dimensional accuracy, good surface finish, and little need for further machining. Numerous automotive, aerospace
and communications components, requiring high strength-to-weight ratio, good corrosion resistance and/or high thermal
conductivity, are manufactured via Al-Si die-casting [2-4]. However, the greater or lesser porosity associated with this
process is always a concern because it could alter different mechanical properties [5]. Even so, for components where
tightness is the most important requirement, porosity could be more tolerated.

If the porosity associated with the die-casting process exceeds a permissible volumetric value, it could cause failures in
parts that, in service, interact with fluids subjected to medium or high pressure. Defects producing fluid leaks could have
their origin in: excess air during mould filling, the release of gases and/or defects in the mould feeding. These defects
would produce shrinkage porosity that could open leak paths in zones of the solidified part, which do not present regularity
in their shape or specific zones of occurrence [6]. The micro-mechanisms of formation of these defects have been analysed
in the literature [7-11]. It is worth noting that the presence of shrinkage porosity, unlike that generated by gases, is always
accompanied by porosity in adjacent areas. In the interdendritic regions, which take longer to solidify, sufficient spaces
would be generated that could constitute potential escape channels for fluids [1].

On the other hand, traditional non-destructive evaluation techniques, including radiography and ultrasound, provide
good porosity visualisation, characterisation, and diagnosis capabilities. However, at the stages of research, product
development, prototyping, and also in the inspection and quality control of castings, more efficient techniques are required
to assess the nature, extent, and distribution of porosity. An advanced non-invasive technique for evaluation of defects,
porosity, and structural integrity of cast components is X-ray micro-computed tomography (UCT) [12-14]. This technique
generates multiple data sets from the attenuation of X-rays as they pass through the solid being evaluated at different
rotational positions. A complex algorithm then processes the generated data at each angular position to reconstruct the 3D
volume of the solid [15, 16]. It is worth noting that digital image processing techniques associated with uCT allow
performing multiple quantitative assessments to characterise, individually and collectively, a large number of pores, both
quasi-spherical and irregular in shape, according to their spatial coordinates, surface area, volume, shape, and nearest
neighbour distances. Regarding shape, these digital processing techniques allow evaluating each pore using the
compactness parameter (C), which is obtained from the pore volume (V) and the volume of the sphere surrounding the pore
(Vs)

C=VIVs Q)

It is worth noting that this shape parameter was exhaustively evaluated and identified as a very accurate geometric
parameter, even superior to the sphericity parameter [17, 18].

This paper presents, compares, and discusses the results of 3D porosity characterisation and visualization, obtained via
MCT and digital image processing, in homologous parts of Al-Si die-casting corresponding to an air-suspension system of
heavy-duty vehicles. Although porosity does not affect the mechanical strength of these parts, and the pore count is similar
in both, only one part was considered acceptable according to the production parameters of structural integrity. The other
part was rejected for commercialisation because it did not meet the tightness requirements. The quantitative methodology
proposed in this work includes 3D reconstruction of the evaluated solid, visualisation of defects in different planes and
regions of interest, 3D defect evaluation via transparencies, and a comprehensive study of the compactness parameter
distributions. The use of this geometric parameter enabled the exhaustive analysis of pore subpopulations segmented by
their origin (gas and shrinkage) and size, a phenomenon not yet examined in the literature via this accurate parameter.
Finally, the methodology proposed in this work allowed correlating the results obtained via uCT with the production
process from which the parts were obtained.

2. Materials and Methods
2.1. Die Cast Components

In this work, two homologous Al-Si die cast couplings are evaluated. The coupling is located between the compressed
air supply system and the air-ride suspension system of heavy vehicles [19]. The dimensions are 68 x 35 x 35 mm. One of
the couplings is classified as apt (A) and the other as not apt (NA) for commercialisation. Figure 1 shows a 3D image of the
A part, which has inlet and outlet zones for compressed air, as well as a vent cone. In these lines, tightness is essential for
maintaining air pressure in service. It is worth noting that the vent cone acts as a safety valve incorporating a diaphragm.
When the air-ride suspension system is subjected to backpressure due to uneven ground, the diaphragm will activate,
releasing excess air pressure [20].
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Figure 1.
Accepted part (Al, air inlet; AO, air outlet; VC, vent cone).

The die-casting process for manufacturing these components, carried out at an auto parts company (Rafaela,
Argentina), can be divided into phases. Figure 2 shows a production process diagram. First, the Al-Si alloy used as raw
material (ALCOA 380) is heated in a furnace to 680°C and poured into a pan, from which the amount of molten material
needed for each injection is taken. The chemical composition of the Al-Si alloy is shown in Table 1. Then, the action of a
piston injects the material into the mould. It is worth noting that each parameter, such as injection pressure, will directly
influence the pore network generated. The part is then released and subjected to different processes to determine whether it
is accepted for commercialization. First, shot peening is performed to clean the outer surface. Then, the threaded holes
required for service and to carry out the next process are machined. This process involves impregnating the coupling with a
sodium silicate compound to seal potential leaks. In the final phase, a pneumatic test was performed to evaluate the
tightness of the lines. This test involves injecting compressed air at 5 bar through the inlet opening (see Figure 1),
hermetically sealing the outlet and verifying the pressure drop after 30 seconds. If the drop is greater than 0.03 bar, the
coupling is rejected and will not be commercialised.

2.2. X-Ray Micro-Tomography

To select the optimal parameters for the micro-tomography process, the density, geometry, and dimensions of the
components to be scanned were evaluated. In addition, the general characteristics and state of the scanner and the level of
wear of its consumables parts were also taken into account. The couplings were scanned using a General Electric scanner
(Phoenix V |tome| x S 240), with an acceleration voltage of 170 kV and a filament current of 100 pA. The magnification
and resolution parameters were 2.04x and 97 pm/voxel, respectively. Scanning each coupling took approximately 1 hour
and consisted of recording 1000 projections, with three frames averaged for each projection. Using a ball bar type distance
pattern, a dimensional adjustment of the scanner was carried out before scanning the couplings [21].

It is worth noting that, in the process of acquiring a tomographic image, the preferential absorption of low-energy X-
rays generates beam hardening [22, 23] which can produce different distortions in the 3D image called artefacts [24, 25].
Because the scanned parts are small and made of Al-Si alloy, which has low density, it was not necessary to carry out a
physical or hardware filtering for the removal of low-energy X-rays. However, from the 3D image reconstruction software,
a digital removal of the generated artefacts was carried out by applying a beam hardening correction filter. This filter
causes the brightness values in each voxel of the 3D reconstruction to tend to be similar.
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Figure 2.
Casting process diagram (SF: smelting furnace, T: tray, C: cylinder, M: mould, P: piston, IC: injection chamber).
Table 1.
Chemical composition of ALCOA 380.
Chemical composition (wt %
Si Cu Zn Fe Mn Mg Al
9 3.5 1.3 0.85 0.5 0.4 balance

2.3. Pore Characterization

In the couplings, the pores were characterised by their shape, size, relative position, and distribution. The vent cone (see
Figure 1) was evaluated as a region of interest (ROI) because the probability of leak paths is higher in this region. Several
pore subpopulations corresponding to this ROI were also studied to correlate the detected porosity with the die-casting
process. The morphological, volumetric, and distributional analysis of the pores in both couplings was performed using
Volume Graphics VGSTUDIO MAX 3.0 (version 3.0, Volume Graphics, Heidelberg, Germany) [26] a software commonly
used in pCT laboratories. The different pore subpopulations were segmented using the VGDefX™ algorithm, a
VGSTUDIO MAX 3.0 subroutine.

On the other hand, volume and compactness distributions were evaluated in different pore subpopulations using
VGDefX™, As mentioned above, compactness is an important parameter that allows evaluating the geometry of each pore.
According to Equation 1, the C value for a spherical pore is equal to 1. Since a pore in a real material is never a sphere, C
values will always be less than 1. Figure 3 shows pore morphologies of both couplings retrieved from the VGDefX™
algorithm. This figure shows that C values increase as the pore shape tends to be a sphere.

(d) (e)

Figure 3.
Random pores from both ROIs. The values of the compactness parameter are: (a) C = 0.25, (b) C = 0.35, (c) C =0.45, (d) C=0.55and (e) C = 0.65.

2.4. Gap Definition

The Gap parameter was also evaluated in this work. This parameter measures the distance between a pore and its
nearest neighbour. As shown in Figure 4, the measurement is performed from the surfaces of the circumscribed spheres of
both pores. For the ideal case of spherical pores, the Gap will always be positive, or zero if both spheres intersect at a point.
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However, because real pores are never spherical, the Gap value will be negative when the circumscribed spheres intersect.
If the Gap value is positive, it will increase as the neighbouring pores are distanced. Conversely, if it is negative, it will
increase as the irregularity of nearby pores increases. Therefore, the Gap provides information about the greater or lesser
tendency of pores to generate clusters and also about the shape irregularity of neighbouring pores.

3. Results and Discussion
3.1. Vent Cone Porosity

Figure 5a shows an image corresponding to a longitudinal plane of the A part. It is worth noting that this part contains
four holes and the threading of the air outlet duct, which were manufactured after the part was accepted for
commercialisation. The image clearly shows that the most affected region is in the walls of the vent cone. Figure 5b shows
an image generated from a vertical section plane of the A part. This plane also shows the affected vent cone, which will be
evaluated in this work as a ROI using VGSTUDIO MAX 3.0 software.

Q.
-3

Figure 4.
Schematic representation of the Gap parameter.
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Figure 5.
(a) Horizontal and (b) vertical slices of the accepted part.

3.2. 3D evaluation of ROlIs

The compactness value of 0.5 can be established as the limit between quasi-spherical and irregular shapes [17, 18].
Figure 3, which shows different pore morphologies and their values of compactness, corroborates this limit value. In this
work, quasi-spherical pores, originating from gases retained in the alloy in its liquid state [7] will be associated with
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compactness values greater than 0.5. On the other hand, irregular pores, generated by shrinkage due to poor solidification
[6] will have compactness values less than 0.5.

Figure 6 shows gas (C>0.5) and shrinkage (C<0.5) porosity for the ROIs of both parts. Figures 6a and 6c,
corresponding to gas porosity, show small pores and corroborate the quasi-spherical shape of them. In both ROIs, the
porosity is uniformly distributed with some zones of concentration. It is worth noting that, in the A part, solidification was
most efficient at the end of the liquid metal feed path (upper zone of the cone). Figure 6b shows shrinkage pores in the ROI
of the A part. These pores are irregularly shaped, widely spaced, and further away from the top edge and the outer surface.
In contrast, the pores in the other ROI (Figure 6d) form blocks or clusters near the inner edge. From these clusters, a high
count can be predicted for small Gap values, both positive and negative. The pores in this ROI are distanced from the outer
surface, starting at the bottom edge. It is worth noting that the pore count is low at the top edge of the cone.

Volume (mm?)
58

35

23

12

0.0

Figure 6.
(a) Gas and (b) shrinkage porosity in the A part ROLl. (c) Gas and (d) shrinkage porosity in the NA part ROI. The shrinkage
porosity is evaluated in the 0.2-0.6 mm?® volume range.

3.3. Pore Distribution Evaluation

Because more than 99% of the pores in both ROIs have a volume corresponding to the 0-0.6 mm? range, different pore
populations and subpopulations corresponding to this value range were analysed. Figure 7 shows the volume distributions
for the ROIs of both parts. In both cases, the distribution is hyperbolic, with high pore count in the 0-0.1 mm3 range (small
pores). It is possible to notice that the pore population corresponding to the NA part has a higher pore count in the 0-0.3
mm?3 range. Figure 8 shows the compactness as a function of pore volume. In these graphs, each pore is represented by a
blue circle. Different concentration zones can be observed in these graphs. In the A part (Figure 8a), this zone is quasi-
triangular and corresponds to the 0-0.2 mms3 range. In the NA part (Figure 8b), the concentration zone extends the range to
0-0.3 mm3. Furthermore, the extension of the concentration zone includes low compactness pores (0.05-0.3 compactness
range). Therefore, these pores are generated by shrinkage [6].

3.4. Subpopulation Analysis

Figure 9a shows the pore counts for gas-generated (C>0.5) and shrinkage-generated (C<0.5) subpopulations for both
ROIs. As expected, the shrinkage pore count is high compared to the gas-generated pore count. The ROI of the A part has a
higher number of shrinkage pores. In contrast, the ROI of the NA part has a higher gas pore count. Figure 9b shows the
volume occupied by porosity in both ROIs for the same subpopulations. Considering only gas-generated pores, the volume
is similar for both ROIs. Therefore, the gas-generated pores, whose volume is low, will not generate leak-tightness
problems. In contrast, for shrinkage pores, the porosity volume of the NA part ROI is significantly larger than that of the A
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part ROI, despite the latter having more pores. As expected, fluid leakage problems would be linked to the fact that the
shrinkage porosity volume in a critical zone (ROI) would exceed the permissible limit.

(a) A part ROI
700
600 °
500 (g
400 ®
300 ®
200 e
100 ."..I. o
0 ...-.II.I..lllIIIIIC.-.IIIIIII o @0
0 0.1 0.2 0.3 0.4 0.5 0.6
Volume (mm?3)

ount

C
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Figure 7.
Volume distributions of the (a) A and (b) NA part ROls.

Table 2 contains porosity count and volume values. The pore count is similar for both ROIs. The percentage values for
gas and shrinkage pore counts are also similar. In contrast, the difference in porosity volume between the ROIs is
significant (105.8 mm3). However, the percentage values for gas and shrinkage pore volume are similar in both ROls.
Taking into account the shrinkage pores, the volume difference between the two ROIs is 104.9 mm3. This value would
explain the pressurised air leaks that only occur in the NA part. On the other hand, the average value of the volume
corresponding to shrinkage pores is 0.073 mm? for the A part and 0.114 mm3 for the NA part, the latter value being 56%
higher.

3.5. Small, Medium and Large Pore Analysis

In this work, pore subpopulations generated according to a size criterion were also analysed. Small, medium, and large
pores, corresponding to the following volume ranges: 0-0.1 mm3, 0.1-0.2 mm3, and 0.2-0.6 mm3, respectively, were
evaluated. Figure 10a shows a high count of small shrinkage pores, with the highest corresponding to the A part ROI.
Regarding medium and large pores, as might have been predicted, the highest count corresponds to the NA part. On the
other hand, the count of small pores, generated by gases (Figure 10b), is very high for both subpopulations, and, in
addition, the count for the medium and large pore subpopulations is very low.
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Distribution of compactness vs volume in the (a) A and (b) NA part ROls.
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(a) Count and (b) volume of shrinkage and gas porosity in both ROls.
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Table 2.
Porosity count and volume.
Part Pore Gas pore count | Shrinkage pore | Pore volume Gas pore Shrinkage pore volume
Count (%) count (%) (mmd) volume (%) (%)
A 4071 8.5 915 279.3 13.8 86.2
NA 3881 6.4 93.6 385.1 18.8 814
Shrinkage porosity Gas porosity
30004 7004
[ ]ApartROI [ ]JApartROI
2500 1 [ ] NApartROI 600 1 1 NA part ROI
[ ] 5001
4%* 2000 + 4§
400 -
O (e}
O 1500+ V)
300+
1000
200
[ — -
0 . T 0 T 1
Small Medium Large Small Medium Large
(a) (b)
Figure 10.

(a) Shrinkage and (b) gas porosity count in small, medium and large pore subpopulations.

Although the difference in shrinkage pore counts in both ROIs is not high (see Figure 9a), Table 3 shows that the
percentage values for the small and large pore subpopulations are significantly different. The ROI corresponding to the A
part has a high percentage of small pores and a low percentage of large pores. In contrast, in the NA part ROI, the small
pore percentage decreases significantly, and that of large pores increases. The medium-sized pore count shows similar
percentage values in both ROIs.

Table 3.

Shrinkage porosity count.

Part Small pore count (%) Medium pore count (%) Large pore count (%)
A 82.3 13.7 4.0

NA 70.3 16.3 13.4

In the case of quasi-spherical pores generated by gas, the count is slightly higher for the NA part ROI (see Figure 9a).
Regarding the subpopulations of small, medium, and large pores, the percentage values are similar for both ROIs (Table 4).
This would indicate that the excess air during mould filling and the release of gases during the production process were
identical for both parts [11]. Furthermore, this anomaly would not be linked to leak-tightness problems. It is worth noting
that almost all of the quasi-spherical pores in both ROIs correspond to subpopulations of small pores, which corroborates
the porosity shown in the 3D images in Figures 6a and 6c.

3.6. Porosity Volume Analysis

Figure 11 shows the volume corresponding to shrinkage-generated porosity in the small, medium, and large pore
subpopulations. In both ROIs, the differences between small and medium pore volumes are not significant. In the case of
small pores, the volume occupied by porosity is greater in the A part, which corroborates that small pores do not play a
significant role in the leakage problem [11]. However, when the large pore subpopulations are evaluated, the porosity
volume is much greater in the NA part ROI. Table 5 shows that the percentage values for the medium pore subpopulations
are similar. However, the percentage values for both small and large pores differ significantly in both ROIls. In the A part
ROI, more than half of the shrinkage porosity volume corresponds to the small pore subpopulation. In contrast, for the NA
part ROI, almost 40% of the porosity volume corresponds to the large pore subpopulation.

Table 4.

Gas porosity count.
Part Small pore count (%) Medium pore count (%) Large pore count (%)
A 96.1 2.5 14
NA 95.1 3.7 1.2
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Table 5.
Shrinkage porosity volume.

Large

Part subpopulation

Small pore volume (%)

Medium pore volume (%)

Large pore volume (%)

A

51.3

30.8

17.9

NA

345

26.0

39.5

Table 6 shows the pore volume mean values for the small, medium, and large pore subpopulations. Considering each
size category, the mean values are similar for both ROIs. Importantly, the mean values for the small pore subpopulations
are very close to the lower limit of the range, which indicates that the pores of these subpopulations are very small. On the
other hand, the mean values for the medium pore subpopulations are very close to the midpoint of the range.

Table 6.

Pore volume mean values.

Part Small pore volume (mm?®) | Medium pore volume (mm?) Large pore volume (mm?)
A 0.041 0.147 0.293
NA 0.046 0.149 0.275

3.7. Gap Parameter Evaluation

Figure 12 shows the distributions of the Gap parameter for the large shrinkage pore subpopulations. It is worth noting
that, in both distributions, negative values are a measure of the irregular shape of nearby pores. The distribution of the NA
part has a quasi-Gaussian shape, more extended to the right. The count is high for low Gap values, which corroborates the
tendency of these pores to cluster. Both distributions are similar at the extremes and the count of the A part distribution is
lowest in the range -0.7 to 0.7 mm. Moreover, this distribution is more extended to the right, reaching the high value of 2.8
mm. Furthermore, it is worth noting that both distributions have a similar count for the range 0.7-1.7 mm.
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Figure 12.

Gap distributions of the large size shrinkage pore subpopulations.

The high count of small negative values shown in the NA part distribution indicates that the pores are not only
irregular but also very close together, which can be corroborated by observing Fig. 8d. This fact reveals thin walls between
large pores, so any defect in these walls could open channels between pores [5]. The count values of negative GAP are
shown in Table 7. The highest percentage value corresponds to the subpopulation of the NA part, which is almost double
that of the A part.

A thorough evaluation of different pore subpopulations, the analysis of the Gap parameter distributions, and the 3D
images observed in Figures 6b and 6d indicate that the failures during the procedure carried out to obtain the NA part
would be associated with inadequate mould filling and/or cooling. Probably, in this procedure, there were slight
modifications in the filling pressure and/or speed in the ROI evaluated, making it impossible to avoid regions of premature
solidification, which prevented laminar flow [6]. This fact made it possible that, in that ROI, the volume occupied by large
shrinkage pores exceeded the value of 40 mm3, consequently generating pressurised air leaks during the pneumatic test.

Table 7.

Gap values from large shrinkage pore subpopulations.
Part Count Negative Gap pore count Negative Gap pores (%)
A 124 40 32.3
NA 412 248 60.2

Finally, the methodology proposed in this work, which includes the quantitative study of pore subpopulations
generated from the compactness parameter, and the quantitative evaluation of Gap parameter distributions, could be very
useful in the stages of research, product development, prototyping and quality control of both cast parts and other porous
components obtained from different manufacturing processes.

4. Conclusions

This work proposes a methodology, using X-ray micro-computed tomography and digital image processing, to evaluate
subpopulations of shrinkage and gas pores in ROIs of two Al-Si die cast couplings, one accepted and the other rejected for
commercialisation. The main conclusions are as follows:

e The boundary compactness value (C = 0.5) between the quasi-spherical and irregular shapes is corroborated by
tomographic images of pores from both couplings.

e Inthe ROI of the A part, solidification was more efficient at the end of the liquid metal feed path (upper zone of the
vent cone).

¢ In both ROIs, the shrinkage pore count is greater than the gas-generated pore count, and the gas porosity volumes are
similar.

e In the subpopulations of small, medium, and large pores generated by gas, the percentage values are similar for both
ROIs, revealing that the air in excess during mould filling and the gas release during the production process were
identical for both parts.
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The volume occupied by large shrinkage pores is high in the ROI of the NA part. Almost 40% of the shrinkage
porosity volume in this ROI corresponds to the large pore subpopulation, which would indicate modifications in the
mould filling pressure and/or speed that affected solidification.

Finally, the methodology proposed in this work, which has proven to be very efficient for comprehensively
evaluating pore subpopulations in Al-Si castings, could be used to study the quality of other cast alloys and of other
porous materials obtained from different manufacturing processes.
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