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Abstract: The porosity of die-cast aluminum alloys is a determining factor for the quality of the
product. In this paper, we studied the porosity of a selected part of a die-cast AlSi9Cu3(Fe) compressor
part by computer tomography and metallography. In the case of this part, the achievable resolution
by CT, a non-destructive testing method, was 30 µm—this method could not detect smaller cavities.
Based on metallographic analysis, the percentage of defects larger than 30 µm ranges from 10 to
30% of the total number of defects, which represents 75–95% of the defective area (area ratio).
Impregnation with methacrylate resin (used to seal cavities to prevent leakage) can be detected with
UV-illuminated optical microscopic examination on metallographically prepared specimens. As
confirmed by scanning electron microscopy, partial filling and partial impregnation can occur in a
system of shrinkage cavities.

Keywords: aluminum alloy; die casting; gas tightness requirement; porosity; impregnation; computed
tomography; metallography; UV illumination; scanning electron microscope

1. Introduction, Background

The solidification of aluminum alloys is accompanied by a shrinkage of about 5–7% [1,2].
The change in crystallization volume and the degree of gas porosity and air entrapment
can be compensated for with a variety of die-casting processes (e.g., melt treatment, post-
pressure, post-compression). With these methods, porosity can be reduced to 0.2–0.5% in
quality casting [3–5]. This amount of porosity is unacceptable where gas permeability is
not allowed. Porosity cavities can be sealed, and leakage can be prevented by impregnation
with methacrylate resin. Cast products are usually impregnated when they are fully
finished. The main steps of the process are as follows: vacuuming, immersion in resin under
vacuum; application of atmospheric pressure on the liquid surface of the impregnation
resin, lifting out; washing with cold water; and washing with hot water, during which the
resin is cured between 90 and 95 ◦C [6]. The technology is generally efficient and reliable,
but leaking is nevertheless common. In order to detect leaking castings, a helium leakage
test is carried out on each casting in the assembly line.

Leakage is primarily associated with the machined surfaces, as the external surface
of a casting usually seals the internal shrinkage cavity system in a gas-tight manner (the
bi-film oxide layer effect on leakage is not investigated in this study). The inherently closed
cavity network inside a cast piece can become an open system during machining. The
internal surface of holes and threads can cut spatial porosity cavity systems, and, as a result,
leakage often occurs through the internal holes.

The reason for leakage in impregnated castings is assumed to be the limited im-
pregnation efficiency of the complex-shaped shrinkage cavity system with different cross-
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sections. Both vacuuming and saturation with resin may be impeded by small cross-sections
in a cavity system with complex geometry, particularly if the cavity system includes
capillary sections.

In aluminum alloy die-cast pieces, porosity can develop, mainly in the larger cross-
sections. Even if porosity is adequate for the casting as a whole, the degree of local
porosity may be critical from the point of view of gas tightness in certain casting sections.
Technological solutions to reduce the porosity of the casting will result in the compaction
of the porous material area. These solutions reduce the volume of porosity to a significant
degree but do not necessarily eliminate the shrinkage cavity system. Compression may
also result in a reduction of cavity and channel dimensions in the cavity system in the
typical cross-sections.

X-ray computed tomography (CT) is among the most widespread non-destructive
examination methods used to analyze the porosity and shrinkage cavity system of a sam-
ple [7–9]. CT is an imaging method based on the absorption of X-rays in materials and
makes non-destructive three-dimensional analysis of samples and their internal struc-
tures possible.

As the thickness of the sections increases, the resolution of the X-ray image decreases
(larger focal spot used), and less detailed information can be extracted from the images.
Different types of CT equipment work with different sample sizes; thus, their resolution
varies. The resolution of industrial CT is 5–150 µm, that of micro-CT is 1–100 µm, and that
of nano-CT is around 0.5 µm. With X-ray microscopy, resolutions as low as 100 nm can be
achieved [10]. Recently, Zhuang et al. [11] developed a method to analyse porosities below
the resolution of CT. The accuracy and analysis of the results are influenced by a number of
additional factors, such as transparency and segmentation [12–14].

Limodin [15] studied the relationship between the porosity and mechanical properties
of an Al–Si–Mg alloy. The micro-CT study was performed with a voxel size of 1.7 µm.
The author notes that a compromise between resolution and sample size had to be found,
as a high resolution provides less representative results. In the end, the decision was
made to analyse the volume fractions of 3.8 and 18 mm3. The images were processed and
binarized with the ImageJ software. In the 18 mm3 sample, 1104 pores were identified
(61 pores/mm3). The size distribution of the complex-shaped pores was given as a function
of the Feret diameter, with the most common value being 16 pores/mm3 at Feret diameters
between 30 and 40 µm.

The porosity of the aluminum alloys produced by die casting is of crucial importance,
not only because of gas tightness but also because of the fatigue properties. To this end,
Garb and co-workers [16] conducted an extensive series of micro-CT studies to statistically
characterize the microporosity of aluminum castings. They used two different resolutions
(3 and 8 µm) to find out how resolution affects the accuracy of determining the porosity
distribution. Resolution limits the size of the volume, which can be investigated. A
cylindrical sample of 6 mm in diameter with a length of 5.4 mm was used at a resolution
of 3 µm, and a 15.5 mm long sample was used at an 8 µm resolution (the sample volumes
were 0.155 and 0.490 cm3). In the 0.155 cm3 volume investigated at a 3 µm resolution,
approximately 7000 pores were detected. Different statistical distribution functions were
fitted to the equivalent diameters of the identified pores; the maximum for the distribution
curve was between 8 and 10 µm. The authors found that the shrinkage pores often contain
large-volume patches connected by thin cavities with dimensions below the resolution.
Investigations under nearly identical conditions and similar results are reported in a study
by Weidt et al. [17], who reported investigations under nearly identical conditions and
similar results in a study on Al–Si–Cu alloys.

The relationship between fatigue characteristics and pores, revealed by micro-CT and
metallographic examination, is discussed in the study by Nicoletto et al. [18]. The tested
volume of the AlSi7Mg sample was 12.5 mm3, and the voxel size was 1.7 µm. The authors
presented some pore shapes revealed by CT and metallography but no statistical data
on the dimensions and distribution. They concluded that the identified pores could be



Crystals 2023, 13, 1014 3 of 12

considered a complex system of larger hollow spaces and narrow channels connecting them.
Recently, additive manufacturing of aluminum alloys by selective laser melting (SLM) is
also of research interest. Zhang et al. [19] investigated the SLM-built AlSi10Mg thin-walled
parts and their macro-mechanical behavior in correlation with the relative densities.

There is very little reliable test information available in the literature on the impregna-
tion of hollow systems with complex geometries in aluminum alloy castings. Publications
of impregnant producers provide some informative data. According to laboratory impreg-
nation experiments on sintered metal alloys with a controlled pore structure [20], cavities
with a size below 100 µm are totally filled in every case. The impregnation problem may
be mainly the sealing of larger pores between 100 and 500 µm, about one-third of which
were not sealed in the experiments. Above a pore size of 500 µm, impregnation has been
shown to be essentially ineffective in ensuring the gas tightness of sintered samples. The
pore structure of Al–Si–X die-cast components with gas tightness requirements contains
cavities and channels typically below 100 µm; however, impregnation often fails to seal the
leak paths.

Soga et al. [21] detected and studied the impregnating resin in a cavity system by
computed tomography. The technique is based on the detection of contrast differences
caused by the impregnating resin, the aluminum matrix and the gases in the cavities. They
reported that, in simple-geometry castings, the filling of larger (several mm) cavities with
resin could be assessed (voxel size 100 µm). The authors do not discuss the possibilities of
investigating smaller cavities (10–100 µm) or more complex spatial geometries.

Many details of porosity problems and the formation of leakage paths are still unclear.
In this study, an impregnated cast part—produced with a gas tightness requirement and
nevertheless showing leakage, despite impregnation—was examined in detail. The aim of
the investigations was to determine the location and geometric characteristics of potential
leaking paths in the casting. The shape and size of the cavities and porosities in the
investigated castings were determined using metallographic and micro-CT methods. The
parallel metallographic and micro-CT analyses of the continuity defects identified in a
given cross-section of the cast part provide an opportunity to compare the advantages and
disadvantages, as well as the limitations of both methods.

2. Materials and Testing Methods

We determined the porosity map of a selected part of a mass-produced EN AC
46000 AlSi9Cu3(Fe) die-casting (compressor) part. The impregnated casting, finished
after pressure die-casting, showed leakage between the inner and outer space in the helium
inspection test prior to assembly and was therefore taken out of production. The leakage
was identified in the greater wall thickness of the thin-walled cylindrical casting. The front
face of the shell is machined, and the sides have cast surfaces. This part contains holes for
connecting the associated elements, one of which has a threaded internal surface. Leakage
to the external space is through the inner part of the threaded hole.

A detailed structural analysis was conducted on the cast piece (Figure 1). The ma-
chined specimen contains a volumetric size of about 4.5 cm3, including the threaded bore.
Therefore, it can be assumed that there are discontinuities associated with leakage in this
region. The defect distribution characteristics were determined by computed tomogra-
phy (micro-CT) and metallographic analysis, for which the sample was embedded in
metallographic resin. The tests were carried out within the planes presented in Figure 1.
The examined planes were parallel to the base plane. The sample was studied by light
optical microscopy (LOM), without etching, after metallographic preparation (grinding
and polishing). Lower magnification metallographic images, showing the complete cross-
section of the sample, were produced with an OLYMPUS DSX1000 (Olympus Scientific
Solutions Americas Corp., Waltham, MA, USA) opto-digital microscope with a resolution
of 3.4 µm. Higher-resolution images of the elements of the revealed structure were pro-
duced with the opto-digital microscope (LOM) and a JEOL JSM 5310 LA scanning electron
microscope (SEM).
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metallography. 

The micro-CT scans were performed on the YXLON FF35 (YXLON International 
GmbH, Hamburg, Germany) machine at the 3D Laboratory of the University of Miskolc. 
Porosity was studied by porosity/inclusion analyses using the VGStudio MAX 3.0 
software at the 3D laboratory of Óbuda University. The relatively large sample volume 
allowed a resolution of 30 µm, which meant the detection of 2·× 108 spatial pixels (the size 
of the resulting file was 196 GByte). Limodin [14], Garb [15], and Weidt [16] measured 
approximately the same number of voxels but used a significantly smaller sample to 
achieve a better resolution. The results of the porosity analysis in a 3D reconstructed image 
are shown in Figure 2. 

 
Figure 2. Volumetric distribution of porosities in a 3D reconstructed CT image at 60% transparency. 

The position of the plane in the optical image can also be reconstructed from the 
spatial micro-CT results and thus, the metallographic and CT scan results can be 

Figure 1. The sample from the leakage region and positions of the cross-sections examined by metallography.

The micro-CT scans were performed on the YXLON FF35 (YXLON International
GmbH, Hamburg, Germany) machine at the 3D Laboratory of the University of Miskolc.
Porosity was studied by porosity/inclusion analyses using the VGStudio MAX 3.0 software
at the 3D laboratory of Óbuda University. The relatively large sample volume allowed
a resolution of 30 µm, which meant the detection of 2·× 108 spatial pixels (the size of
the resulting file was 196 GByte). Limodin [14], Garb [15], and Weidt [16] measured
approximately the same number of voxels but used a significantly smaller sample to
achieve a better resolution. The results of the porosity analysis in a 3D reconstructed image
are shown in Figure 2.
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Figure 2. Volumetric distribution of porosities in a 3D reconstructed CT image at 60% transparency.

The position of the plane in the optical image can also be reconstructed from the spatial
micro-CT results and thus, the metallographic and CT scan results can be combined for a
given scan section. The ImageJ 1.52a image processing software was used to analyse the
images acquired by both methods.

The impregnation resin fluoresces in ultraviolet light, and thus, the filling of cavities
in metallographic surfaces with impregnation resin can be checked with the use of UV
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illumination. The UV-illuminated micrographs were produced with an OLYMPUS DSX1000
opto-digital microscope with a Labino 135 UV reflector.

We could not detect the impregnation resin in the cavities by micro-CT scanning.

3. Results and Discussion

Shrinkage cavities, gas porosities and other discontinuity defects in the polished sur-
face section of the test specimen, revealed by metallography, were identified by optical
microscopy. We observed gas porosities and microcavities on the metallographically pre-
pared surfaces. Figure 3 shows some characteristic defects of the studied part at a distance
of 0.7 mm from the base plane (level 1). Spherical gas pores and discrete shrinkage cavities
are clearly visible at low magnifications; however, the characterization of microcavities
requires higher resolutions. Figure 3a,b show the typical appearance of gas pores, shrinkage
cavities and microcavities.
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Figure 3. Porosity, as shown by optical microscopy; (a) gas porosities and shrinkage; (b) microporosity.

A high-resolution view of several cm2 sample areas was produced from a series of
panoramic images. Depending on the actual size of the sample area, each macro image was
produced by automatically stitching 48–72 photographs at a magnification of 100×.

From the 3D CT-scan data set, the position of the metallographic plane can be deter-
mined from the geometric data of the specimen; thus, a two-dimensional CT image of the
investigated plane can be reconstructed. The comparison of the image produced by the
optical microscope and the CT image showing the same plane allows a joint analysis of the
results of the destructive and non-destructive tests.

We performed a systematic comparison of the optical and CT examination results
in nine examined planes. The sections were marked in a position parallel to the base
plane (see Figure 1) at a distance of 0.7–7.1 mm from it. Figure 4 shows the cross-section
explored in a plane that is 3.9 mm from the base plane (cross-section 6). The images in
Figure 4a,b show the total area of the sample; in this section, the convex area of the sample
is 6.3 cm2. The position of the threaded hole and the location of the larger individual
defects show that the metallographic section and the 2D CT image represent the same
plane. The cross-section examined shows a large number of small to large continuity gaps,
most of which can be matched with the two inspection methods. The enlarged images
of the section marked in Figure 4a are shown in Figure 4c. Again, the larger individual
continuity defects look the same with both methods; however, the identification of the
smaller defects is not straightforward. The one order of magnitude lower resolution of
the CT image and its inherently poorer image quality result in blurred contours of smaller
defects and, thus, an uncertain identification of shapes. This difference is clearly visible
with a higher magnification of the surface area, as shown in Figure 4b (Figure 4c). The
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contour of the large cavity is significantly blurred, and some small cavities are not even
identifiable in the CT image. Although the resolution of the CT images is 30 µm, the lower
limit of the sizes of objects that can be identified with confidence is around 50 µm due to
image quality.
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Figure 4. Optical microscopy (left) and micro-CT (right) images of cross-section 6. (a) Image of the
complete section by optical microscopy (LOM); (b) image of the section by CT; (c) magnification of
the marked area in (a) (LOM); (d) magnification of the marked area in (b); (e) magnification of the
marked area in (c); (f) magnification of the marked area in (d).

The cross-sectional images were binarized with the use of the automatically offered
threshold of the ImageJ software. No image correction was applied. In the case of the
CT images, due to the poorer image quality, the number of false signals of a few pixels
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in size increased during binarization. We did not modify the binarized image in any way.
Figure 5 shows the optical and CT images of Figure 4d after binarization. The binarized CT
image on the right shows several continuity gaps of 1 pixel in size, which are not found
in the optical image (left), which we consider the reference. In order to reliably evaluate
the area of larger cavities, we did not apply erosion and dilation to the image. Optical
microscopy images can have similar defects, but to a lesser extent, due to the significantly
better image quality.
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Figure 5. Images of cross-section 6 after binarization; (a) optical microscopy; (b) micro-CT.

In the full cross-section of the sample (Figure 5), 3901 defects can be detected in the
optical microscopy image and 849 defects in the CT image.

The diagram in Figure 6a shows the size distribution of the identified defects. In
this diagram, the diameter of a circle with the same area as the defect area, the so-called
equivalent circle diameter, is used to characterize the size of the defect. The frequency of
defects increases sharply with decreasing size, based on both the metallographic and CT
examination results. The higher value identified in the CT image in the 35 µm equivalent
defect size category is caused by the binarization of the gray image, as explained above.
The 35 µm equivalent defect size category is representative of the presence of continuity
defects of a few pixels in the CT image.

Crystals 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 

the marked area in (a) (LOM); (d) magnification of the marked area in (b); (e) magnification of the 
marked area in (c); (f) magnification of the marked area in (d). 

The cross-sectional images were binarized with the use of the automatically offered 
threshold of the ImageJ software. No image correction was applied. In the case of the CT 
images, due to the poorer image quality, the number of false signals of a few pixels in size 
increased during binarization. We did not modify the binarized image in any way. Figure 
5 shows the optical and CT images of Figure 4d after binarization. The binarized CT image 
on the right shows several continuity gaps of 1 pixel in size, which are not found in the 
optical image (left), which we consider the reference. In order to reliably evaluate the area 
of larger cavities, we did not apply erosion and dilation to the image. Optical microscopy 
images can have similar defects, but to a lesser extent, due to the significantly better image 
quality. 

  
(a) (b) 

Figure 5. Images of cross-section 6 after binarization; (a) optical microscopy; (b) micro-CT. 

In the full cross-section of the sample (Figure 5), 3901 defects can be detected in the 
optical microscopy image and 849 defects in the CT image. 

The diagram in Figure 6a shows the size distribution of the identified defects. In this 
diagram, the diameter of a circle with the same area as the defect area, the so-called 
equivalent circle diameter, is used to characterize the size of the defect. The frequency of 
defects increases sharply with decreasing size, based on both the metallographic and CT 
examination results. The higher value identified in the CT image in the 35 µm equivalent 
defect size category is caused by the binarization of the gray image, as explained above. 
The 35 µm equivalent defect size category is representative of the presence of continuity 
defects of a few pixels in the CT image. 

  

(a) (b) 

Figure 6. Assessment of the discontinuities identified in cross-section 6. (a) Frequency distribution of
defect size (equivalent circular diameter); (b) sum of defect areas in descending order.

More than 3.000 defects, or about 78% of the total number of defects, cannot be detected
by CT because their size falls below the resolution of CT, in the equivalent diameter range
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of 4–30 µm. However, this amount of defects account for about 19% of the area of defects,
i.e., more than 80% of the defect area in the examined section was detectable by CT. We
sorted the detected defects in decreasing order as a function of their area measured in the
plane and then plotted the sum of the defect areas 1 to n (n ≤ number of defects) (Figure 6b).
The value of the points representing the sum function provides the sum of the area of the
detected defects, with a maximum value of 6.4 mm for optical microscopy and 5.3 mm
for CT.

The area sum function for CT is continuously below the area sum function determined
by optical microscopy. The area of the first defect, i.e., the largest defect (the largest defect
in the images in Figure 2), is 1.03 mm2 in the optical microscopy image and 0.98 mm2 in the
CT image. The summed areas of the first ten largest defects show a similar difference, with
2.48 and 2.17 mm2, respectively. The cumulative defect area up to the first 849 defects (all
the defects detected by CT) is 6.259 mm2, determined by optical microscopy, and 5.222 mm2,
determined by CT. The cumulative area of the 3901 defects detected by optical microscopy
is 6.340 mm2. The 3901 − 849 = 3052 defects identified on the metallographic section
account for 6.340 − 6.259 = 0.081 mm2 of the cumulative defect area, proportionally 1.3%
of the total value.

As shown above, there is a systematic discrepancy between the defect area sum
functions determined by optical microscopy and CT scanning. This is proved by the linear
correlation coefficient (R = 0.993) between the defect area data pairs determined with the
two methods. The tangent of the line fitted to the data pairs is m = 0.912, i.e., the defect
area on the sample surface determined by CT is, on average, 91.2% of the defect area
measured with the help of optical microscopy. The sections shown in Figure 5 have the
same field of view at the same magnification; the area of the shapes extracted from the CT
images is smaller than that of the shapes detected by optical microscopy. The difference is
presumably due to the different imaging quality and different resolution.

We performed the above analysis on nine sections of the test sample. Table 1 shows
the results of the measurement series. Based on the mean value in Table 1, 83% of the defect
area detected by metallographic (optical microscopy) examination can be identified on CT
scans, i.e., approximately 17% of the defect areas are not detected by CT scans. This 17%
area ratio represents 80% of the total number of defects. We calculated the linear correlation
of the defect area data pairs that were measured by optical microscopy and CT scans; the
data were sorted in descending order of size. The average correlation coefficient for the
nine sections is R = 0.981. The proportion of defect areas identified by CT scanning and
optical microscopy ranges from 0.644 to 0.942, with an average value of m = 0.827.

Table 1. Results of a series of measurements in nine sections of the sample.

Cross-Section
Number

Distance from
the Base, mm

Defective Area in the
Sample Area, %

Specific Defect Number,
Defect/mm2

Opt/CT Defect
Area

Correlation

Optical Microscopy CT CT/Opt Optical CT CT/Opt m R

1 0.7 2.20 1.09 0.79 24.81 1.79 0.07 0.792 0.974
2 1.2 1.53 0.83 0.80 21.61 1.46 0.07 0.799 0.990
3 1.5 1.18 0.83 0.80 12.78 1.37 0.11 0.801 0.974
4 2.8 0.83 0.78 0.94 2.65 0.27 0.10 0.942 0.982
5 3.2 1.13 0.80 0.64 13.02 1.25 0.10 0.644 0.968
6 3.9 1.23 1.05 0.91 7.48 1.70 0.23 0.912 0.993
7 4.6 1.05 0.71 0.77 4.75 1.50 0.32 0.769 0.983
8 5.9 1.06 0.75 0.91 3.51 1.30 0.37 0.906 0.980
9 7.1 1.39 1.13 0.88 4.83 2.00 0.41 0.877 0.986

average 1.29 0.88 0.83 10.60 1.41 0.20 0.827 0.981
deviation 0.40 0.16 0.09 8.10 0.49 0.14 0.093 0.008
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Based on metallography and optical analyses, the number of defects larger than 100
µm is 3–5%, and this represents 65–80% of the discontinuity area. The percentage of defects
larger than 30 µm (i.e., the resolution of CT) ranges from 10 to 30% of the total number of
defects in the nine sections. This 10–30% number of defects represents 75–95% of the total
number of defects detected (Table 2).

Table 2. Defect size rates in nine cross-sections of the sample by equivalent diameter range.

Equivalent Diameter, µm Number of Defects, % Percentage of Defective Area %

>100 µm 3–5 65–80
>30 µm 10–30 75–95
>10 µm 40–60 95–98

4. The Filling of the Cavities

The gas tightness of castings can be ensured by sealing the leakage paths and impreg-
nating the cavity systems connecting the outer and inner spaces. Thousands of cavities,
identified by optical microscopic metallographic analysis and CT scans, as described in
Figure 6, may be part of an interconnected microcavity system, even running to the ma-
chined surface, or a localized isolated continuity gap. The latter has essentially no effect
on gas tightness. Due to the complex spatial shape of a leaking cavity system, it is not
possible to determine from a cavity identified in a planar section whether it plays a role
in leakage or not. If the cavity contains impregnation resin, its continuation is certainly
connected to an external surface; however, if the presence of resin cannot be verified and
the casting is proven to leak, the cavity is part of a leaking pathway. The CT scan does not
detect sections of the spatial cavity system below the detection limit. In this case, at 30 µm,
the filling of the cavity with resin cannot be demonstrated with this scan. Conventional
bright-field microscopy cannot be used to show resin in the cavities since the cavity appears
as a dark-toned spot, as seen in Figures 4 and 5, whether the resin is present or not. The
detection of resin in the cavities is only possible by scanning electron microscopy on a
metallographically prepared section, fractured surface or by examination under UV light.
Both methods are only suitable for the identification of the impregnating agent on the
examined surface.

We detected impregnation resin in the cavities by scanning electron microscopy in
sections 5, 6, and 9 and by UV-illuminated optical microscopy in section 9. Figure 7 shows
some typical images of impregnation resin-saturated and non-saturated cavities.
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section 5. (a) Complex cavity; (b) magnification of the area marked in (a).

Figure 7 shows a complex cavity partially filled with resin. The continuity gap extend-
ing below the plane of the section on the left side of Figure 7a forms a system with a thinner
channel on the right. The meeting point of the smaller and larger cross-sectional cavity
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sections—the detail marked in Figure 7a—is shown enlarged in the image in Figure 7b. In
the cavity system, a 15–20 µm constriction can be identified in the section marked with
an arrow, the right side of which contains resin, while the left side does not. It can be
assumed that during impregnation, the resin flowed into the cavity system through the
cavity section on the right; however, for some reason, the filling of the left-hand section
could not be completed. The constriction marked by the arrow must have increased the
flow resistance, and thus the pressure difference or the time available was probably not
sufficient to fill the cavity on the left.

Figure 8a shows the entire surface of cross-section 9 using LOM when the sample
is under UV light. Due to the fluorescence of the impregnation resin, the discontinuities
filled with resin glow in a bluish-white color, while the base matrix has a purple tint. The
structure of the metallographic embedding resin is visible around the part and in the bore
in Figure 8c,d.

Crystals 2023, 13, x FOR PEER REVIEW 11 of 13 
 

 

  
Figure 8. Material continuity defects identified in cross-section 9. (a) The entire surface under UV 
illumination (LOM); (b) the appearance of cavities under UV; (c) cavities filled with resin (SEM 
image); (d) a large cavity with resin (SEM image); (e) spherical cavities without resin (SEM image). 

Due to the unidirectional UV illumination, the edges of the cavities are shimmering 
white, and thus automatic image analysis is limited for these images. Visual inspection of 
each area at higher magnifications reveals that the impregnating resin covers 
approximately half of the total cavity surface. The number of unsaturated cavities, mainly 
small ones, is significantly higher than the number of saturated cavities. The spherical 
continuity gaps, with a few exceptions, are generally free of resin and can probably be 
considered separated gas inclusions. 

Figure 8b shows a larger magnification of the resin-filled cavity near the hole. Figure 
8d shows a scanning electron micrograph of the larger cavity and its surroundings in the 
upper-right-third of the image. The large cavity clearly contains resin, and the 
surrounding smaller cavities, which are spherical and irregular in shape, do not. The 
presence of resin is also clearly visible in the scanning electron micrograph of the string-
like shrinkage cavity row (Figure 8c), but the impregnating agent cannot be identified in 
the spherical cavity in Figure 8e (the cavities in the lower-right-third of Figure 8b). The 
UV-illumination optical microscopy inspection procedure clearly identifies cavities 
containing an impregnating resin on the metallographic section in our experience. 

Figure 8. Material continuity defects identified in cross-section 9. (a) The entire surface under UV
illumination (LOM); (b) the appearance of cavities under UV; (c) cavities filled with resin (SEM
image); (d) a large cavity with resin (SEM image); (e) spherical cavities without resin (SEM image).

Due to the unidirectional UV illumination, the edges of the cavities are shimmering
white, and thus automatic image analysis is limited for these images. Visual inspection of
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each area at higher magnifications reveals that the impregnating resin covers approximately
half of the total cavity surface. The number of unsaturated cavities, mainly small ones, is
significantly higher than the number of saturated cavities. The spherical continuity gaps,
with a few exceptions, are generally free of resin and can probably be considered separated
gas inclusions.

Figure 8b shows a larger magnification of the resin-filled cavity near the hole. Figure 8d
shows a scanning electron micrograph of the larger cavity and its surroundings in the upper-
right-third of the image. The large cavity clearly contains resin, and the surrounding smaller
cavities, which are spherical and irregular in shape, do not. The presence of resin is also
clearly visible in the scanning electron micrograph of the string-like shrinkage cavity row
(Figure 8c), but the impregnating agent cannot be identified in the spherical cavity in
Figure 8e (the cavities in the lower-right-third of Figure 8b). The UV-illumination optical
microscopy inspection procedure clearly identifies cavities containing an impregnating
resin on the metallographic section in our experience.

5. Conclusions

Die-cast aluminum alloy components with gas tightness requirements manufactured
with high care in melt treatment and casting technology can still have leaking problems
after impregnation, especially in castings with larger cross-sections. In order to map
the nature and location of the possible leakage pathways, a detailed investigation of the
material continuity defects and porosity of the casting is required. Leakage is likely to
occur along contiguous leak paths with complex geometries of holes produced by gases
and shrinkage cavities. The investigations presented in this study were carried out on a cast
part, showing leakage. The inner structure of the cast part was analyzed by metallographic
macro photography through an optical microscope and micro-CT images of the same planes
in nine parallel cross-sectional positions. The optical microscopic and micro-CT procedures
allowed resolutions of 3.5 and 30 µm, respectively.

The statistical evaluation of the cavities in the investigated planes (see Tables 1 and 2)
shows that the defect density in the critical part of the casting is very high, exceeding 10
defects/mm2 based on the optical microscopic examinations. However, the typical defect
size is small; 80% of the defects are less than 30 µm. Overall, the ratio of the defected area is
1.3% for the surfaces tested. The defect density and defect rate, determined by the micro-CT
examination, were significantly lower, which is a consequence of the lower resolution of
this examination technique. For the defects larger than 60 microns, optical and micro-CT
analyses yielded approximately the same statistical characteristics.

The cavity systems attached to the surface were partially saturated with resin during
impregnation. In the case of the tested casting, the presence of impregnation resin in the
cavity was not detectable by the micro-CT method. This is because the typical cavity size
and cross-section are very small in relation to the wall thickness of the casting, and the
resin comprises a small atomic number of elements. Therefore, there is minimal contrast
difference between the resin-saturated and non-saturated cavities. Optical microscopy
under UV illumination is suitable for the detection of impregnation resin in cavities.
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