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Abstract
The detection of inhomogeneities such as shrinkage pores, gas pores or cracks in light metals
or plastics by means of microfocus x-rays computed tomography (µXCT) has become a common
non-destructive testing method in recent years. The evaluation of CT-data of Fe-based materials
is more difficult, since they are usually noisy, of poor contrast and the interpretation is affected
by measurement artefacts. Thus inhomogeneities as mentioned above and non-metallic
inclusions are much more difficult to detect in continuously cast steel slabs, because of the
higher x-ray absorption coefficient of the base metal. Suitable measuring parameters and
evaluation routines are presented and rules for the detectability and classification regarding
contrast and shape are specified. Verification is provided by target scanning electron microscopic
(SEM) -metallography.
Various XCT-methods are applied to correlate the information gained at different size scales.
Measurements of non-metallic inclusions and pores in steel slabs are performed by using highresolution µXCT and synchrotron tomography (sXCT) providing spatial resolutions of
(6.1 µm)³/voxel, (1.7 µm)³/voxel and (0.3 µm)3/voxel respectively. These types of
inhomogeneities can be distinguished clearly via the grey value only with monochromatic
synchrotron radiation. A rough classification of non-metallic inclusions consisting of different
phases can be achieved by µXCT assisted by discrimination via the 3D shape of the
inhomogeneity.
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1. Introduction
Non-metallic inclusions in steels define the degree of steel cleanness, which is of increasing
importance for high-quality steelmaking. The testing methods can be divided into two groups:
•

•

Statistical methods such as light-microscopy (or scanning-electron-microscopy) which cover
the range of very small sized “micro inclusions” (typically <10 µ m, but also up to 100 µm).
These methods are applied to 2D sections of small samples usually taken from the final
product.
Ultrasonic testing which usually covers the range of large “macro inclusions” (typically
>100 µm). This method detects inhomogeneities within the volume of wave penetration and
can be applied to larger samples or even to the whole product (100% control).

The range between 10 and 100 µm is of increasing interest[1-5] as improved steelmaking
methods have reduced the number and size of classical macro inclusions. Those medium sized
inclusions have a significant effect on product quality such as ductility, formability and fatigue
strength. The conventional method for the detection of those inclusions are randomly located 2D
sampling areas, where the problem is the statistical confidence level because of the small area
(volume) which can be evaluated at a reasonable time by metallographic methods.
Computed X-ray tomography (XCT) is a new method to detect and measure inhomogeneities
giving an absorption contrast in volumes, where number density of defects with typical diameters
from 2 to 200 µm may be less than 1/mm³. The mass density of these typically oxidic and
sulphuric inclusions is about half the density of iron providing a sufficient difference in the x-ray
absorption coefficient for quantifying these particles as well as pores of over critical size reliably
with XCT-techniques[6]. In order to distinguish between the different kinds of inhomogeneities,
destructive metallographic methods like light optical microscope or SEM can be applied for
analysis. However, the exact position of the inhomogeneity determined by XCT is revealed by
target preparation. The quantitative characterisation of the distribution of non-metallic inclusions
and of pores separately is presented applying multi-scale XCT.
2. Experimental methods
The experiments were carried out with various XCT-methods including microfocus “µXCT”,
“high-resolution µXCT”[7-9] and synchrotron XCT “sXCT”[10] in combination with destructive
metallography.
The µXCT-measurements were carried out on a HWM Rayscan 250E device, the highresolution µXCT on a Skyscan 1172 system and the sXCT on ID19 at the ESRF in Grenoble (F).
The visualizations of the XCT-data are accomplished with the program VGStudio MAX 1.2.1.
2.1 Cone beam XCT (µXCT and high-resolution µXCT)[11]
Due to measurement speed and quality, XCT-systems with cone beam geometry and matrix
detectors have gained a general acceptance in materials science as well as in the market of
industrial XCT-systems. Using XCT, a specimen is placed on a rotary stage between the x-ray
source and the detector. The specimen is rotated step by step, producing a projected image of
absorption contrast at each angular position (see Figure 1). A computer cluster reconstructs the
3D volume dataset from a series of projections. The resulting dataset of grey values corresponds
to the spatial distribution of the x-ray attenuation coefficient.
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Figure 1: a) Principle of industrial XCT with cone beam geometry, b) Microfocus X-ray computed tomography
system with 225 keV and 450 keV X-ray tubes, c) high-resolution µXCT with 180 keV tube at the FH OÖ-Wels.

2.2 Synchrotron Tomography (sXCT)
Compared to x-ray tubes synchrotron radiation offers a significant advantage with its nearly
parallel beam of high brilliance[12]. The spatial resolution can be increased by applying
monochromatic radiation, which allows to produce phase contrast of internal interfaces between
phases without absorption contrast as well[9]. These advantages cause less artefacts, improved
contrast and resolution. SXCT is known since the 1990s, now with available resolutions below
1 µm and reaching 0.2 µm at ESRF/ID19. Principally the method is non-destructive, but the
specimen has to be machined to diameters as small as 1000-times of the spatial resolution (at
least voxel dimension) required.
3. Results and Discussion
3.1 µXCT of medium sized and macro inclusions
Sample A was taken about 80 mm from the surface of an experimental slab. The cross
section of the sample was 3.9 × 3.9 mm2 and a preliminary inspection with an automated SEMEDX cleanness analysis system showed oxide and sulfide inclusions with diameters up to 40 µm.
By using µXCT-measurements at a voxelsize of (6.1 µm)3 inhomogeneities in the size range
from 30 µm to 500 µm could be found (see Figure 2a). Before determining the vol.% of
inclusions, the observed contrasts have to be correlated either to inclusions or to pores. The first
approach was to try discrimination via segmentation of the grey values in 3D. Therefore, the
dimensional measurements of 25 inhomogeneities were taken from the CT-dataset and they were
investigated by SEM-EDX analysis after target preparation. These investigations classified the
inhomogeneities as pores or inclusions. In Figure 2b) a µXCT-slice of a typical pore and the
corresponding metallography is shown. A multiphase inclusion is given in Figure 2c).
Because of the limited spatial resolution and the appearance of physical artefacts, it was not
possible to differentiate between these two types of inhomogeneities by means of the contrast
level. Analysing the metallography and the CT-data the inclusions appear more spherical than
the pores. Thus, a shape factor F which describes the sphericity was introduced:
where F ∈ [0, 1], ideal sphere = 1

(1)

The results of applying F on a volume of 3.9 × 3.9 × 5.1 mm3 is shown in Figure 2d). A suitable
threshold of F=0.5 was found and inclusions are visualized in green and pores red.
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Figure 2: Evaluation of inhomogeneities with µXCT in sample A, a) µXCT-slice, some inhomogeneities and the
position of the sample B, b) µXCT-slice of a pore (left) and the corresponding light optical microscope picture
(right), c) µXCT-slice of an Ø 50 µm inclusion (left) and the scanning electron microscope picture (right), d) 3D
Visualization of inclusions (green) and pores (red) in the whole sample A..

Figure 3: Comparison between high-resolution µXCT and sXCT slices with measurement parameters and detection
limits and some marked inhomogeneities in sample B: a) Inhomogeneity #1 = pore, b) Inhomogeneities #2 and #3 =
inclusions.

3.2 Multi-scale XCT of micro- and medium sized inclusions
The µXCT evaluation in chapter 3.1 does not include inhomogeneities <30 µm in diameter
because of the limited spatial resolution of the µXCT-device and the size of sample A. On this
account a relatively big (approx. 250 µm) inhomogeneity #1 was selected for further
investigations. For this purpose a sample B was cut from A (position is marked in Figure 2a) by
electrical discharge machining. The dimensions of sample B were 0,41 × 0,32 × 3 mm3 and it
was measured with µXCT, high-resolution µXCT and sXCT.
In Figure 3, appropriate CT-slices of inhomogeneities #1, #2 and #3 in slices of the used
XCT-method are shown and detection limits are given.
Additionally, sXCT-slices of different types of inhomogeneities are presented in Figure 4.
There, three different grey value-contrasts appear. The contrasts can be classified as vacuum,
low-density (LD) and high-density (HD) inclusions.
To evaluate their detectability, grey value-contrasts were calculated with the mean grey
values of the inhomogeneities and the surrounding material (steel) as shown in Table 1:
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Figure 4: Different contrast levels detected in the sXCT-scan: #2 comprised vacuum and LD (low-density inclusion),
#3 comprised vacuum, LD and HD (high-density inclusion), #4 only vacuum, #5 only LD and #6 comprised only HD
(#2 and #3 are shown in a different scale in Figure 3).

where C ∈ [0, 1]
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0.9

#2

0.2

0.6

Vacuum: 0.9
LD:
0.4

#5

0.1

0.4

0.5

#3

0.1

0.3
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Table 1: Contrasts of inhomogeneities #1 - #6 (some of them are shown in Figure 3 and 4) in respect of the applied
XCT-method.

According to Figure 3, 4 and Table 1, the following statements can be given concerning the
mentioned measurements:
• Only the sXCT-measurement allows a differentiation of inhomogeneities via grey value
segmentation. Due to a monochromatic, parallel beam geometry and a high spatial resolution
used in the sXCT the contrasts are very high for vacuum (C = 0.8 - 1) but also inclusions give
enough contrasts (C = 0.3 - 0.5) and this difference of about 0.5 is adequate for distinguishing
inhomogeneities >2 µm. Smaller inhomogeneities down to 0.9 µm in diameter can be
identified but not classified by grey value segmentation.
• The contrast values of the inhomogeneities #1 - #3 and #5 of the µXCT and high-resolution
µXCT-scan (which both use a polychromatic, cone beam geometry), are lower in comparison
to sXCT. With both methods it wasn’t possible to distinguish between the different types of
inhomogeneities on the basis of contrast levels.
• The contrasts of the µXCT are about 1/3 of the high-resolution µXCT-measurements. Thus,
inhomogeneities #2 and #3 in the high-resolution µXCT can be seen clearly (C = 0.3 - 0.6),
but with µXCT the contrasts reach only about 0.1 – 0.2 which means they are quite hard to
identify. According to sXCT inhomogeneity #3 has a diameter of about 20 µm and this is the
absolute lower limit for detection with µXCT.
Unlike the contrast of inhomogeneities in the µXCT-scan, the contrast in the high-resolution
µXCT is good enough for accomplishing segmentations. In Figure 5a) the segmented
inhomogeneities (blue) of the high-resolution µXCT-measurement and the semi-transparent
surface of the scanned volume are illustrated in 3D.
Based on the very good contrast in the sXCT-scan another segmentation was accomplished
on a section with approximately half of the high-resolution µXCT’s scope in the sXCT-dataset.
Gas or vacuum pores are allocated with the colour blue, LD-inclusions red and HD-inclusions
green. Based on this segmentations a volume fraction of 0.15 vol.% pores, 0.02 vol.% LDinclusions and a very small amount of 7 × 10-5 vol.% of HD-inclusions were observed. The 3D
alignments of the classified inhomogeneities are shown in Figure 5b) and in the two enlarged
areas in Figure 5c).
Comparing the segmented inhomogeneities in Figure 5a) with the sXCT-segmentations a
relatively good correlation was found. Even smaller inhomogeneities e.g. #5 with a diameter of
~ 10 µm (see Figure 4) were detected with high-resolution µXCT. However the shape of such
inhomogeneities deviates slightly from that resulting from sXCT. The shape of the above
mentioned and classified inhomogeneities is demonstrated in the 3D view in Figure 5c).

(a)

(b)

(c)

#4
#5
#3
10 µm

#5
#1
#6
#2
10 µm
Free Tib et!

200 µm

100 µm

Figure 5: 3D visualization of the segmented inhomogeneities and their related numbers shown in Figure 3 and 4:
a) high-resolution µXCT-scan, all segmented inhomogeneities are colored blue, b) sXCT-scan, evaluated volume is
marked in (a), (classifications: pores: blue, LD: red, HD: green), c) two enlarged areas which are marked in (b).

4. Conclusion
The presented study shows the applicability of XCT as a non destructive characterisation
method for non-metallic inclusions in steels.
Samples of more than 80 mm³ can be transmitted in one µXCT-scan, which would be more
or less equivalent to approximately two hundred cross sections for analysing with metallographic
methods. Using a shape factor is an appropriate method to differ between pores and non-metallic
inclusions in the CT-data. Thus, size distributions, volume fractions and the 3D alignment of the
inhomogeneities can be determined. Detailed analysis can be obtained in regions of interest,
where high-resolution tomography or sXCT with reduced specimen size can be added, to
correlate the information gained at different size scales. The combination of different XCT
techniques covers a large and for steel manufactures relevant range of possible sizes of
inhomogeneities in continuously cast steel slabs for an appropriate evaluation of cleanness.
Table 2 shows the detectability limits and the possibilities in classification of various
inhomogeneities regarding contrast and shape by the applied XCT-methods.
Furthermore these studies can be applied to all casting alloys (Al, Mg, bronze, steel, etc.) and
the solidification procedures distributing the inclusions and pores can be concluded by means of
analysing their spatial distribution in 3D with adequate XCT-techniques.
Detectability
MediumMacro- incl.
(10-100 µm) (>100 µm)

Micro(<10 µm)
Method
µXCT
>20 µm
(4 µm)3/voxel
High-resol. µXCT
>10 µm
(1.7 µm)3/voxel
sXCT
>0.9 µm
(0.3 µm)3/voxel

Differentiation between inclusions and pores
Via grey value-contrast

Via geometrical shape

Not possible

Possible

Not possible

Possible

Possible

Possible

Table 2: Detectability limits (for appropriate diameter of the sample) and the possibilities to distinguish pores from
low density inclusions via grey-value contrast and shapes of XCT-methods (black = not possible, grey = possible).
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