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Abstract 
Typical casting defects are known to influence the mechanical properties of castings massively. In 
contrast to common non-destructive test procedures computed tomography (CT) permits the detection 
of these defects three-dimensionally (3D). However, there is no standard for the assessment of CT data 
regarding 3D defect distributions and their correlation with mechanical properties so far.  
The present work is aimed at a standardized description of porosity in aluminium cast parts by means 
of CT. For this purpose material testing specimens of two different aluminium alloys were produced by 
high pressure die casting and scanned with a micro-focus CT facility with a resolution of 100 µm. For 
the volume porosity analysis a reference body with known void volume was designed permitting the 
determination of the adequate grey scale threshold. After the mechanical testing the CT scans were re-
analysed regarding the local volume porosity at the crack. A distinct correlation between this local 
volume porosity and the mechanical properties of flat tensile specimens of industrial Al alloys was 
determined. Furthermore detailed investigations have taken into account the distance of the respective 
porosity to the sample surface as well as the shape of the porosity in order to account for its notch 
effect. First results have shown an influence of the porosity shape on the static-mechanical properties. 
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1  Introduction  
The assessment of castings and their quality regarding porosity has been subject of scientific studies 
for a long time. In these studies (from the relation of the material and defect characteristics) several 
porosity classes with specific properties were established [1, 2]. A porosity sphericity factor defined in 
Ref. [2] from the area and the perimeter of a porosity cross section was used in a theoretical approach 
for the prediction of the mechanical properties of cast iron [3]. In the wake of these studies, amongst 
others, a guideline for the two-dimensional assessment of porosities was developed by the German 
foundry association VDG [4]. 
 
Improved CT facilitates to become a valuable tool for non-destructive testing enabling a three-
dimensional view into various materials (see e.g. [5]). Its application for the 3D-detection of casting 
defects, such as pores and shrinkage cavities, is obvious. Moreover, the lack of information in the third 
dimension with methods such as radioscopy or metallography has forced over-conservative safety 
regulations and unnecessary costly higher reject rates. 
There is a variety of standards for computed tomography (see e.g. [6, 7]) defining the terminology and 
describing experimental procedures, image analysis, etc., as well as artefacts in the reconstructed 
tomograms caused by physical effects. However, a standardized evaluation of CT data of castings 
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regarding porosities and their correlation with the mechanical properties is still lacking and therefore 
highly desirable. 

2  Experimental  
In this work the correlation of porosity and tensile properties is determined empirically in contrast to 
model-based analytical approaches [8] or finite element simulations [9]. In total approx. 200 tensile 
test specimens of two different aluminium alloys, i.e. Al 226 (EN AC-Al Si9Cu3) and SF 36 
(Al Si9MgMnSr), were prepared by means of high pressure die casting in a Bühler SC D/53 with 
5300 kN closing force using a standard test specimen high pressure die casting mould. The specimen 
size was 160x12x6 mm. 
 
To facilitate different porosity levels in the specimens the die filling velocity and the holding-pressure 
were varied from 1 to 5 ms-1 and 300 to 900 bar, respectively. Furthermore, reduced pressure tests and 
subsequent chemical analyses were performed in order to ensure reproducible melt quality. 
 
In the case of SF 36 oxides in the form of aluminium chips were intentionally induced into the melt in 
order to study their influence on the mechanical properties as well. In doing so, different amounts of 
fine- and coarse-grained aluminium chips ranging from 1 to 5 g were used.  
 
CT scans were performed on a Phoenix v|tome|x c equipped with a 240 kV cone-beam X-ray tube. For 
each specimen 1000 X-ray images were recorded within a scan time of about 25 min using a GE DXR-
250 RT 1000x1000 px flat panel detector with 14 bit dynamic range. As a compromise between the 
necessary specimen size, scan time, and spatial resolution a magnification of roughly 1.8 was chosen 
yielding a voxel size of about 100 µm. For the volume reconstruction, a modified Feldkamp algorithm 
for the filtered back projection as implemented by the system supplier was used. Potential artefacts 
could be corrected during the reconstruction to a large extent.  
 
For the volume porosity analysis a reference body was designed consisting of 7 aluminium spheres 
with a diameter of 2.5 mm placed in an aluminium cylinder (Fig 1a). This geometry was chosen 
because of the tapered contours between spheres and cylinder, which strongly resemble shrinkage 
cavities in castings [10]. The exact void volume of this reference body is known, enabling the 
determination of the adequate threshold between the grey scale value of the material and that of a pore. 
This defect detection approach was performed with the volume analyser and the threshold defect 
detection tool of the software package VG Studio Max 2.2. Fig. 1b shows the volume porosity 
determined by means of a grey scale threshold for a flat tensile specimen. 
 
Tensile tests were performed on a Zwick Z250 testing machine according to the ISO 6892-1 B 
standard. After the mechanical testing the fracture surface was examined regarding its position relative 
to the volume defect distribution detected earlier and visually for the presence of oxide films. If an 
oxide film was detected the respective specimen was omitted for further analysis (see results below).  
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Figure 1: (a) CT scan of a reference body with 7 aluminium spheres placed in an aluminium cylinder. (b) CT scan 
of a flat tensile specimen with the detected porosity marked yellow. The largest pore is depicted red.  

 
For the remaining specimens the CT data sets were re-analysed at the fracture position determining the 
local volume porosity in a 3D Region of Interest (ROI). In analogue to a square in the above 
mentioned VDG 2D guideline [4] this ROI is chosen as the largest possible cube fitting into the 
specimen.  
 
Since unexpectedly many samples had a low porosity level due to the resolution used giving the 
impression of a defect free casting, areas of low porosity would be overrepresented in subsequent 
fitting procedures. Thus some measuring points with low porosity were randomly removed to obtain a 
rather uniform distribution over the total volume porosity. 

3  Results 
Fig. 2 shows the relation between the tensile strength Rm, the yield strength Rp,0.2, as well as the 
elongation at fracture A and the total volume porosity Фtot of flat tensile specimens made of Al 226. 
While the yield strength Rp,0.2 remains more or less constant, Rm and A are decreasing with increasing 
total porosity showing a weak overall trend.  
 

      
Figure 2: (a) Tensile strength Rm (•), yield strength Rp,0.2 (•), and (b) elongation at fracture A (•) in dependence of 
the total volume porosity Фtot as determined by means of computed tomography.  
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However, the porosity analysis in a ROI at the fracture revealed a complete different picture. As shown 
in Fig. 3 at small local porosity levels Rm and A exhibit values typical for Al 226. However, with 
increasing ФROI both Rm and A are decreasing significantly showing an exponential decay with a much 
stronger trend. 
   

    
 

Figure 3: (a) Tensile strength Rm (•), yield strength Rp,0.2 (•), and (b) elongation at fracture A (•) in dependence of 
the local volume porosity ФROI determined in a ROI at the fracture. For Rm and A an exponential decay, for Rp,0.2 a 
linear decay is fitted. 

 
As a next step, an analysis was made, which takes also into account both the dimensionless distance d 
(i.e. the distance in relation to the wall thickness) of the porosity to the sample surface and the shape of 
the porosity. The latter was performed by means of a form factor F defined by the surface-to-volume 
ratio S/V of each porosity normalized with the radius r of a sphere with the same volume (Eq. 1). 
 
 𝐹: = 𝑟

3
∙ 𝑆
𝑉

 (1) 
 
For the least squares fit, the local volume porosity ФROI was weighted according to the approach in 
Eq. 2 with the fit parameters y0, a, b, α, and β. For F and d the data of the respective largest pore was 
considered. The resulting plots are shown in Fig. 4. The coefficients of determination R2 of the fits 
improve from 0.79 to 0.85 in the case of Rm and from 0.76 to 0.85 in the case of A. The fitting 
procedure showed a strong influence of F and almost no influence of d on the fit quality.  
 

  (2) 
 
The investigations on the influence of oxide inclusions in the SF 36 specimens revealed that the 
intentionally induced oxides are dominating the mechanical properties. No dependence of the tensile 
strength Rm or the yield strength Rp,0.2, or the elongation at fracture A on the total volume porosity Фtot 
could be determined. However, a dependency of the mechanical properties on the oxide film area on 
the fracture surface was observed. For this reason specimens with oxide inclusions as the obvious 
reason for fracture were omitted for further analysis. 
 

𝑓(𝜙) = 𝑦0 + 𝑎 ∙ 𝑒−𝑏𝜙′  

𝜙′ = 𝜙 ∙ 𝐹𝛼 ∙ 𝑒−𝛽𝑑  
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Figure 4: (a) Tensile strength Rm (•) and (b) elongation at fracture A (•) in dependence of the local volume porosity 
ФROI. For each point of Rm and A the shape and distance of the largest pore is taken for a least square fit according 
to Eq. (2) resulting in the respective weighted porosity fits (-•-).   

4  Summary & Discussion 
The results presented in this article clearly revealed distinct correlations between the volume porosity 
and the mechanical properties of Al cast specimens regarding the tensile strength Rm as well as the 
elongation at fracture A. An analysis in a ROI at the fracture yielding the local volume porosity ФROI 
showed an even stronger trend with an exponential decay. The quality of the fits was improved taking 
into account the porosity’s shape factor F. The porosity’s dimensionless distance d to the specimen 
surface, however, had almost no influence on the fit quality under the present loading conditions. 
Eventually the oxide inclusions have shown to superpose the influence of volume defects and dominate 
the material characteristics. 
 
There are few similar studies in this field. Regarding sand casting with the alloy EN AC-Al Si7Mg0.3 
comparable results were determined concerning the tensile strength showing an exponential decay as 
well [12]. However, it was possible to show only an influence of the porosity on the yield strength and 
none on the elongation at fracture. 
Another study also on Al Si7Mg0.3 F specimens revealed a correlation between tensile strength and 
area porosity following a power function [13]. In contrast to our findings, no influence of the 
porosity’s distance or of the porosity’s sphericity on the tensile strength was determined. 
 
These partially different results could be due to the different casting processes as well as to the 
possible different strategies of analysis. The latter has certainly to be taken into account targeting for a 
standardized assessment of volume defects in castings and, not least, minimum standards regarding CT 
picture quality, resolution, artefacts, etc. have to be defined. 
In conclusion computed tomography offers substantial advantages over other non-destructive test 
procedures. Since its role as a standard tool for industrial applications will increasingly grow, a stand-
ardized assessment of CT results regarding castings is necessary, to which this project is aiming to 
contribute. 
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