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Abstract 

Non-metallic inclusions like Al2O3, CaO or CaS determine to a high amount the quality and cleanness of steels, 

which is of increasing importance for high-quality steelmaking. Inclusions are often the reason for the functional 

failure especially in dynamic stressed components made of steels. Therefore, it is important to have accurate, fast 

and reproducible characterization methods to detect such inclusions in Fe-alloys. Within this paper we compare 

two different methods: detection of non-metallic inclusions (NMIs) by first X-ray micro computed tomography 

(CT) and second fatigue life testing. The evaluation of CT-data of Fe-based materials can be rather difficult, 

because of the high absorption and penetration lengths limits and since CT-results of Fe-alloys are usually prone 

to image noise, offer poor contrast and the interpretation is affected by artefacts. Suitable scan parameters as well 

as evaluation routines are presented and rules for the detectability and classification are specified. The 

degradation of steel samples by oscillation fatigue life testing is a way to measure the appearance of harmful 

NMIs. If there is a NMI of critical size in the test sample, a functional failure occurs and the fracture surface can 

be investigated by scanning electron microscopy (SEM). The chemical composition of the NMI is measured by 

energy dispersive X-ray spectroscopy (EDX) to identify the type of the inclusion. 
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1.  Introduction and Motivation 
 

Steel is beneath aluminium the most important metal in the industrialized world with a global 

production of 1412 million tons in 2010 [1]. Since the year 2000 the steel production has 

been growing enormously. The worldwide competition is a challenge for the European steel 

industry. Therefore innovative as well as steel production processes with respect to health and 

environmental issues are becoming much more important. The combination of these main 

topics is leading to an increasing competitiveness of the European metallurgical industry to 

keep it ahead from its competitors. Topics such as minimising energy consumption and 

improving the energy efficiency of the process, zero waste processing in metallurgy and 

optimization of metallurgical products are heavily emphasized in today’s research activities. 

Furthermore the material steel has to deal with increasing demands from the customers on the 

material itself. One of these demands is the steel cleanness combined with higher mechanical 

properties which occur due to weight savings. Therefore high strength materials with 

optimized design e.g. thin walled applications are increasing. 

 

This work will emphasize on the optimization of the metallurgical process. One important 

optimization goal is the cleanness improvement of high-quality steel alloys. This is done by 

systematically identifying and finally avoiding fracture-inducing non-metallic inclusions 

(NMIs) within the production process (see Figure 1). These NMIs determine to a high amount 

the quality and cleanness of steel. One way to achieve this goal is to adapt the chemical 

composition of the NMIs during the metallurgical steel processing to meet the needs (e.g. 

deformability behaviour of the NMIs) in the final product. Therefore, it is important to have 

accurate, fast and reproducible characterization methods to detect such inclusions in Fe-

alloys. Within this paper two different testing methods have been compared: (i) micro-focus 

cone-beam X-ray computed tomography (CT) as a non-destructive tool for analysing material 
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inhomogeneities such as NMIs in a 3D volume and (ii) fatigue life testing as a destructive tool 

with subsequent analysis of the resulting fracture surface with a scanning electron microscope 

(SEM). For the chemical analysis of the NMI an energy dispersive X-ray spectroscopy (EDX) 

was used to identify the type of the fracture-inducing inclusion (Al2O3, CaO, CaS or a mixture 

of these components). 

 

 
Figure 1: Production steps of steel in terms of characterization and further development of 

metallurgical processes for the production of high-tech steels 

 

2.  Experimental setup 
 

2.1  Sample Treatment 

 

The overall concept of this work was the detection of harmful NMIs in rolled commercial 

quenched and tempered (QT) steel bars by non-destructive CT-testing in comparison with 

fatigue life testing. First the samples for the fatigue testing were analysed using CT. In order 

to detect harmful NMIs, which are leading to a fatigue fracture, a cyclic load tension test was 

performed afterwards. Finally, the fracture surface as well as the origin of the fracture (mainly 

caused by a NMI) has been examined using a SEM equipped with an EDX detection unit. The 

chemical analysis of the rolled steel bar is given in Table 1.  

 

Table 1: Chemical composition of the steel grade in [wt.%], the rest is Fe 

 

C Si Mn S Cr Al Mo 

0.43 0.21 0.79 0.02 1.03 0.037 0.18 

 

To evaluate the mechanical properties, which are necessary to apply the starting stress level 

for the fatigue testing, a tensile test according to DIN EN ISO 6892-1 was carried out. The 

mean values out of three tensile specimens are shown in Table 2.  

 



Table 2: Mechanical properties of the steel grade 

 

Tensile strength 

Rm 

[MPa] 

Lower yield 

strength ReL 

[MPa] 

Higher yield 

strength ReH 

[MPa] 

Elongation at 

fracture A50mm 

[%] 

1195 1142 1336 14.6 

 

Furthermore the steel cleanness according to DIN 50602 (method K0, oxidic) was checked 

directly on the steel bars and resulted in a steel grade with a K0 value of 4 as well as a 

maximum size respectively kind of NMI of OG 2. 

 

Out of the steel bars several fatigue-testing specimens were machined according to Figure 2, 

which shows the schematic drawing of such a test sample. The geometry of the test sample is 

a standard fatigue test sample showing a cylindrical shape with a diameter of 7 mm in the 

centre of the sample. 

 
Figure 2: Drawing of fatigue test specimen, dimensions are given in [mm] 

 

Since the main focus was on the detection of NMI inside the specimen, a shot peening  

process (performed by the company OSK-Kiefer GmbH) was used to apply a defined 

compression stress level (intensity of 0.1 mm Almen) on the specimen’s surface, with a 

surface coverage of about 98%. The authors want to point out, that the main goal of the 

fatigue testing was the production of fractures due to NMI and not to determine a specific 

fatigue strength value. 

 

2.2  Setup for X-ray Computed Tomography 

 

The micro-focus CT-scans were performed with an industrial cone beam CT-device, namely a 

RayScan 250E system equipped with a 225 kV micro-focus X-ray tube by Viscom and a 

2048×2048 pixels flat panel detector by Perkin Elmer. Micro-focus tubes are defocusing the 

electron beam proportionally to the electric power, to prevent the target from thermal 

destruction. The target material is made out of tungsten. To ensure a minimum image blurring 

caused by the focal spot of the X-ray tube, the electric power is set in accordance with the 

voxel size as one important parameter selection criteria. The minimum focal spot of the 

micro-focus tube as well as the minimum voxel size of the system is approximately 7 µm.  

 

Since the critical NMIs for crack-inducing failures are expected to be lying slightly above the 

detection limit of the CT-system, a simulation aided parameter selection routine has been 

along polished surface rouhghness 1,6µm

toleranz ±0,2
z 

y 



performed, in order to evaluate a suitable parameter combination for the optimal detection of 

these kinds of NMIs for a large number of specimens within a manageable time frame. The 

parameter selection is based on the results provided by the CT-simulation tool SimCT, which 

is modelling a cone beam CT-system [2]. The simulation results suggest a suitable parameter 

combination of acceleration voltage and pre-filter material respectively thickness, which are 

considered to be important optimisation parameters for CT-scans [3], leading to a sufficiently 

high penetration of X-rays and a good signal-to-noise ratio (SNR). In addition to the scan 

parameters suggested by the CT-simulation, a voxel size of (9 µm)
3
 has been chosen as a 

compromise between image quality, detail detectability and scanning time in order to 

investigate a sufficiently high number of samples. This setup allows inspecting the whole 

testing length of approximately 25 mm for each steel sample with two super-imposed CT-

scans, leading to an investigated volume of around 1000 mm³. The final scan parameters, 

which have been applied to all specimens, can be found in Table 3. These scan parameters 

should allow a reliable detection of NMIs with a diameter bigger than 45 µm (5 voxels).  

 

Table 3: CT-scan parameters 

 

Acceleration 

voltage in 

[kV] 

Beam 

current in 

[µA] 

Exposure 

time in [ms] 

Number of 

projections 

Voxel size 

in [µm]³ 

Scan time in 

[min] 

Cu pre-

filter in 

[mm] 

190 60 1999 1440 9 180 0,5 

 

2.3  Fatigue Testing 
 

The degradation of steel samples by an oscillation fatigue life test is another way to measure 

the appearance of NMIs. Therefore a high frequency testing machine No. 8601 fabricated by 

the company RUMUL was used. This method has also the advantage, that the tested volume 

is approximately 500 mm
3
 in volume, which is rather big compared to an e.g. metallographic 

examination. The number of load cycles was set up to 2×10
6
 cycles with a load increment of 

25 MPa, a stress ratio R of zero and a frequency of approximately 100 Hz. If there is a NMI 

of critical size in the testing length of the sample, a functional failure occurs and the fracture 

surface can be investigated by SEM. Furthermore the harmful NMI can be examined by using 

the EDX method to identify the inclusion type. 

 

3.  Results and Discussion 
 

3.1  Evaluation of CT-data 
 

Material inhomogeneities like shrinkage holes, gas pores, inclusions and cracks as well as 

their shape factor can be detected and quantified in steel alloys with sufficiently high volume 

expansion and good contrast between material inhomogeneity and matrix material [4-6]. In 

general, the evaluation of CT-data of Fe-based materials can be rather difficult, if the 

conditions mentioned above are not completely fulfilled. Due to the high absorption and 

penetration length limits for Fe-alloys, the CT-results are usually prone to image noise, offer 

poor contrast and the interpretation is affected by artefacts, due to the polychromatic nature of 

the X-ray source. Artefacts are structures in the CT-image that do not correspond to real 

structures. 

 

The virtual specimen used for CT-simulations consists of a steel cylinder with 7 mm in 

diameter imitating the central part of the fatigue samples with Al2O3 inclusions as material 



inhomogeneities distributed over the volume. These NMIs are beside Calcium-aluminates 

(CA) and Calcium-sulphates (CaS) or a mixture of these three types the common as well as 

expected inclusion types in Aluminium killed steel grades. The simulation results of these 

kind of NMIs with defined size, under the assumption of being perfectly shaped spheres, in 

dependence of the voxel size at different penetration lengths ranging from positions close to 

the surface (position 1) to the centre of the steel cylinder (position 7) are shown in Figure 3. 

The simulation results in Figure 3 show CT-slices with a varying diameter of Al2O3 inclusions 

from 3-5 voxels from top to bottom as well as diagrams concerning the image quality measure 

contrast-to-noise ratio (CNR). In this work the CNR value is defined by the difference of the 

mean grey values of Fe-matrix and of the NMI in certain region-of-interests divided by the 

standard deviation of the Fe-matrix. This definition of the CNR is sensitive to noise and 

artefacts in CT-data. 

 

 
Figure 3: CT-simulation results of steel bars with 7 mm in diameter and Al2O3 inclusions of 

different sizes (3-5 voxels in diameter) and positions within the volume in sagittal view 

(position 1 near surface, position 7 in the centre of the sample) 

 

The CNR values of the simulated NMIs with only 3 voxels in diameter show rather poor 

contrast as the CNR values are only slightly above one, meaning that the grey value 

difference between NMI and matrix is comparable with the noise level of the matrix. With 

increasing diameter of the NMIs, the CNR values are increasing, leading to an overall better 

detail detectability. Figure 3 shows that the detail detectability in the centre of the specimen is 

sufficient to detect NMIs of 4 voxel in diameter. Since the CNR values show a slight decrease 

towards centre position, a CNR limit for visual inspection with a threshold of 3, based on the 

Rose criterion, has been chosen. The original Rose criterion states that if the SNR > 5, the 

signal region will be detected in most situations [7]. For reliable detection, the actual detail 



detectability of potential NMIs is therefore expected to be above 5 voxels in diameter, since 

nearly all CNR values for the NMIs with 5 voxels in diameter are above this threshold, 

indicated by the horizontal green lines in the CNR plots. 

 

Concerning real world CT-scans, in total 34 samples (from different metallurgical trials) have 

been inspected using CT and 14 samples have been finally chosen for further fatigue testing. 

These 14 samples belong to one heat and represent a specific metallurgical treatment. 

Furthermore these specimens used for fatigue testing respectively for the different stress 

levels were drawn arbitrarily. Figure 4 shows the CT-results of the fatigue specimen No.3 as 

sagittal and axial CT-slices. Three spots inside the testing length marked with A, B and C 

could be identified as potential NMIs. Their positions are measured in reference to the centre 

respectively to the surface of the sample, in order to correlate the positions detected by CT 

with them on the fracture surface after fatigue life testing. All other potential NMIs for each 

inspected fatigue sample are listed and summarized in Table 4. 

 

Table 4: Number of potential NMIs identified by CT 

(*sample No.5 was not taken into account for fatigue testing) 

 
Fatigue sample No. 1 2 3 4 5* 6 7 8 9 10 11 12 13 14 

Number of potential 

NMIs found with CT 
3 3 3 5 4 4 7 3 3 2 3 1 0 5 

 

 
Figure 4: Sagittal (left) and axial (right) CT-slices of sample No.3 with marked NMI position 

(A, B and C), fracture occurred at position B 



3.2  Results of the fatigue testing 

 

After checking the testing length of the specimens using CT and choosing appropriate 

samples, the fatigue testing was started. The starting stress level of 975 MPa has been 

evaluated with sample No.5. Therefore sample No.5 has not been considered for further 

evaluations. Finally, the starting stress of 975 MPa and a load increment of 25 MPa were 

applied to all other samples. The ultimate number of cycles was set on 2×10
6
 cycles and the 

stress ratio R of zero. Three samples on each stress level were tested, except 4 samples on the 

stress level of 1025 MPa, since no failure occurred within the first three samples. The results 

of the fatigue testing of 13 different samples are shown in Figure 5. The numbers on the right 

side of the diagram represent the amount of samples which survived without a fracture at the 

respective stress level (some points lying upon each other). 

 

 
Figure 5: Results of the fatigue testing 

 

Table 5: Summarized results from the fatigue testing  

(*as there was no breakage, an alternative specimen was tested) 

 

Specimen 

No. 

Stress level 

[MPa] 

No. of 

cycles 

Failure 

[yes/no] 

NMI properties 

Diameter 

[µm] 

Distance from 

surface [µm] 

14 975 2,000,000 no - - 

10 975 2,000,000 no - - 

7 975 1,877,981 yes 40 420 

2 1000 2,000,000 no - - 

13 1000 2,000,000 no - - 

3 1000 0,541,806 yes 105 990 

6 1025 2,000,000 no - - 

1 1025 2,000,000 no - - 

4 1025 2,000,000 no - - 

9* 1025 9,179,255 yes 50 880 

12 1050 1,860,690 yes 35 1120 

11 1050 1,996,717 yes 30 910 

8 1050 0,768,675 yes 30 900 

 



Table 5 shows the summarized results from the fatigue testing. Specimens marked red broke 

due to NMIs. The size and the distance from the surface are given in Table 5. It can be seen, 

that the risk of suffering a fracture is increasing when the size of the NMI increases and the 

distance from the surface is decreasing [8]. 

 

Representative for all broken samples, specimen No.3 is used exemplarily for further 

discussions. After fatigue testing for sample No.3 the crack originated at the NMI position B 

(compare to the CT-slices in Figure 4), since this NMI had both the most severe size as well 

as position in terms of fatigue cracking. The fracture surface was examined using SEM. An 

EDX detector was used to identify the chemical composition of the harmful NMI. A typical 

fracture surface as well as the chemical composition of the NMI of sample No.3 at the 

position B (where the crack originated) is shown in Figure 6 and 7. 

 

 
Figure 6: SEM image of fracture surface of sample No.3 (left) and detailed view of NMI 

(right); applied stress level: 1000 MPa and fracture after 541,806 cycles 

 

 
Figure 7: EDX spectra showing chemical composition of sample No.3 concerning EDX field 

position 3 shown in detailed view in Figure 5 (left) 

 

The harmful NMI is an Alumina-oxide surrounded by a Calcium-sulphide layer (spherical 

shape). This NMI originates from the de-oxidation process where Alumina is used to remove 

the free oxygen from the steel bath and should be removed into the slag. This NMI type 

shows a bad deformation behaviour, which can be clearly seen from the non-deformed 

spherical shape and the cavities generating in the Fe-matrix where further cracking is easily 

initiated [9].  



3.3  Correlation of non-destructive and destructive results 
 

A correlation between the non-destructive and destructive testing methods can be done with 

respect to some assumptions. As the specimens were drawn randomly, there is no direct 

correlation between the amount of detected NMIs from the CT and the applied stress level. 

But in any case, a big NMI is more severe compared to smaller ones. In our test series 

approximately 50% of the critical NMIs with respect to the applied stress level could be 

detected and related with the CT-results. A correlation between CT and fatigue testing is 

given in Table 6.  

 

Table 6: Correlation between CT-results and fatigue testing  

(*these specimens showed no cracking at the applied stress level) 

 
Fatigue sample No. 1* 2* 3 4* 6* 7 8 9 10* 11 12 13* 14* 

Correlation  no no yes no no yes yes yes no yes yes no no 

 

Since seven specimens showed no cracking at the applied stress level, the remaining 

specimens were tested at a stress level of 1050 MPa after the official testing procedure. 

Finally, at this stress level all samples failed at NMIs, which have been also detected with CT. 

Therefore a correlation between the non-destructive and destructive testing methods is 

possible, if the stress level is high enough. As mentioned before, the size and position of the 

NMI at a given stress levels are the most critical factors for fracture initiation. 

 

4.  Conclusions and Summary 
 

Non-metallic inclusions determine to a high amount the quality e.g. the cleanness of steel 

alloys and are often the reason for the functional failure especially in dynamic stressed 

components. In this paper we compared two different testing methods for an accurate, fast and 

reproducible detection and characterization of harmful NMIs in steel bars. The main goal of 

CT was the non-destructive detection of potential NMIs and the main goal of the fatigue 

testing was the production of fractures due to NMIs and not to determine a specific fatigue 

strength value. 

 

Fracture-producing NMIs can be detected reliable both with CT and fatigue life testing, with 

certain limitations. The correspondence between these testing methods is stated to be very 

good, if the applied stress level is high enough. Both methods are compared to e.g. 

metallographic 2D examination much more meaningful in a sense that bigger volumes can be 

characterized in a shorter time frame. With CT and fatigue testing, the testing volume for the 

detection of harmful NMIs in the inspected cylindrical steel bars is growing significantly. 

Disadvantages of the fatigue testing method in comparison to CT are that it is destructive and 

a time-consuming testing method. NMIs below 45 µm in diameter cannot be detected reliable 

with CT, caused by low CNR values at high penetration lengths of Fe-alloys. 

 

Both methods can be seen as complementary testing methods, since the results from CT-scans 

are used as selection criteria for suitable samples in order to perform the time-consuming 

fatigue life testing routine. Afterwards the inspection of fracture surface with SEM and EDX 

allows the identification of the type of the inclusion. The characterization of the fracture 

surface allows NMI designing by modifying their chemical composition during the secondary 

metallurgy processing. Therefore the steel has room for further improvements. 
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