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Abstract 
One of the key properties of special steels is the cleanliness. The cleanliness is determined by the size, 
distribution and amount of non metallic inclusions. These inclusions are formed during the steel 
production process. Non metallic inclusions consist of e.g. oxygen, sulphur and different metals e.g. 
Al, Si, Mg, Mn, … . The size, the typ, chemical analysis, distribution are quality criteria for the steel 
and influences for example mechanical properties, corrosion resistance and polishability. 
State of the art of testing steel cleanliness is using light optical microscopes (LOM) according to 
international test standards. The aim of this work is the comparison of LOM-results to results derived 
from more time consuming, if possible 3-dimensional tests like extraction, fatigue tests and X-ray 
computed tomography (CT).  
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1  Methods 
Different standard methods for the determination of non metallic inclusions were used in this study. 
These methods were fatigue test, X-ray computed tomography (CT), extraction, scanning electron 
microscope (SEM) coupled with an energy dispersive X-ray detector (EDS) and light optical 
microscopy (LOM). Table 1 shows an overview of advantages and disadvantages of these techniques. 
Several special steels were investigated. The used special steels had a different level of cleanliness due 
to different processes: Conventional, ESR and VAR. Conventional means electric arc furnace and 
secondary metallurgy, ESR means conventional plus electric slag remelting, VAR means vacuum 
induction melting plus vacuum arc remelting. 

Table 1: Comparison of used methods 

 fatigue test CT 
extraction + 
SEM/EDS 

SEM/EDS LOM 

chemical analysis yes (EDS) no yes yes no 
morphology no yes yes yes yes 
size distribution no yes yes yes yes 
volume distribution no yes yes no no 

smallest inclusion [µm] > 20-50 
> 5, depending 

on volume 
> 2 > 1 > 2 

tested volume/area very high very small very high small middle 
time for preparation high very high small high high 

time for analysis ~12 h ~1-6 h 
0,5 h to 2 

weeks 
1-5 h < 1 h 
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1.1 X-ray computed tomography (CT) 
Samples with 2 mm diameter and a length of ~10 mm were investigated with a GE phoenix|x-ray 
nanotom 180 NF device. To obtain an overview of a larger volume, tomograms with a resolution 
between 4 and 4.75 µm voxel size were recorded. After that, in the most inhomogeneous area, for each 
sample a region for a detail scan was chosen and scanned with ~1.15 µm voxel size. An overview of 
applied measurement parameters are given in table 2 [1].  
 

VS 
[µm] 

U 
[kV]

I 
[µA]

n 
Tint 
[ms] 

Tmeas 
[min] 

Filter 
[mm] 

Target FOV 
[mm³] 

4.75 150 100 700 500 ~ 60 0.5 Cu W ~10.9³ 

4 … 4.75 95 130 900 900 ~ 120 0.1 Cu Mo ~9.2³ 

1 … 1.35 120 ... 150 150 … 100 1800 1200 ~ 325 0.1 Cu W ~2.3³ 

Table 2: XCT-Measurement parameters for GE phoenix|x-ray Nanotom 180 NF. The described values are the 
voltage (U) and the current (I) on the nano-focus tube, the integration time (Tint) on the detector, the number of 

projection images (n), resulting measurement time (Tmeas) and the maximum field of view (FOV) at the specific 
voxel size (VS) 

Figure 1 presents some cross sections of an overview scan performed at 4.75 µm voxel size and a 
detail scan performed at 1.35 µm voxel size. In the overview, only large inhomogeneities (#1) could be 
observed. In the detail scan several smaller inhomogeneities (#2 and #3) were visible in addition. The 
large inhomogeneity #1 has a diameter of ~20 µm and a length much larger than 250 µm.  
 

   
Figure 1: Axial CT cross section (left and right) and frontal cross section (middle) of a large inhomogeneity within 

a conventional material at 4.75 and 1.35 µm voxel size. 

The Inhomogeneities (expected to be an NMI) were segmented semi-automatically in VGStudio Max 
(VG). As described in [2] for synchrotron CT on steel samples, a separation of the inhomogeneities 
between NMI and possible micro pores due to different grey values was not possible. Larger 
inhomogeneities with good contrast were segmented automatically by a threshold/segmentation 
algorithm implemented in the defect detection tool of VG; smaller and unsegmented inhomogeneities 
were segmented manually by a region growing algorithm. For comparison with other methods, text 
files of the defect list of the detail scans were exported.  
Figure 2 presents a 3D visualisation in VG of segmented inhomogeneities in an overview scan of a 
conventional material (left) and the detail scan (middle) of a region of interest. The right picture shows 
the 3D distribution of segmented inhomogeneities in a remelted material scanned with 1.14 µm voxel 
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size, were the amount of defects and the maximum defect volume is quite lower compared to the 
conventional material.  
 
 

                                                         
Figure 2: CT-Data visualisation of segmented non-metallic inclusions (left and middle conventional material, right 

remelted material) 

The CT investigations included only 1 sample per special steel. These means approx. 6 mm³ per 
material were tested with the higher resolution.  

1.2 Giga cycle fatigue test (GCF)  
Samples are dynamically tested with an ultrasonic test equipment with an sinusoid wave with an 
frequency of 20 kHz (see figure 3). The tests were performed to failure (approx. 109 cycles). 
Subsequently the fracture surface was investigated by scanning electron microscope (SEM/EDS) to 
find the initial point of fracture. In most cases this was the biggest non-metallic inclusion (NMI) or 
stringer of non-metallic inclusions within the tested volume of approx. 300 mm³ of each sample. For 
statistical reasons approx. 20 - 25 samples were tested [3]. 
 

 
Figure 3: Test equipment for giga cycle fatigue tests 

1.3 Extraction 
The samples were machined and electrolytically dissolved. The solution was filtered in two steps with 
12 µm and 1 µm grid size so that the acid resistant inclusions remained in the filters. These filters were 
dried and investigated with SEM/EDS. Figure 4 shows e.g. an alumina inclusion. The disadvantage of 
this method is that inclusions which are soluble in water or HCl cannot be detected.  
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Figure 4: SEM of alumina found in conventional special steel by extraction 

The investigations included only 1 sample per special steel. These means approx. 30 mm³ per material 
was tested. 

1.4 Scanning electron microscope and energy disperse X-ray analysis 
(SEM/EDS)  
The scanning electron microscope was used to scan several hundred mm² of a polished sample. During 
the scanning non-metallic inclusion were detected due their different threshold values. The size, 
position and chemical analysis of the inclusion was measured and documented. The main advantage of 
this method is that the chemical analysis of every NMI is measured [3].  

1.5 Light optical microscope (LOM)  
This is the standard method for the determination of steel cleanliness. Samples are cut, cold mounted, 
ground and polished. Subsequently non metallic inclusions (NMI) are detected on an area of 2000 or 
4000 mm² with an optical light microscope due to different threshold values. In LOM steel appears 
bright, while NMI due to higher light absorption appear darker (example see figure 5). The size, 
distribution and different threshold values are documented. For this investigation the following 
standards were used: ISO 4967, ASTM E45, EN 10247, DIN 50602 and JIS G0555 [4]. 
 

  
Figure 5: NMI with an approx. diameter of 9 µm found by LOM 
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2  Comparison of different methods  
The different methods [5, 6] were compared in twofold: firstly the application of the method (see 
Table 1) and secondly the size and distribution of the non-metallic inclusions which could be detected. 
For these comparison results of 2-dimensional test methods (LOM, SEM/EDS) are transferred into 3-
dimensional and compared with 3-dimensional methods like CT, extraction and GCF. 

2.1 Analytical calculation 2D in 3D after Saltykov  
The method of Saltykov [5] uses reciproke diameters. For these calculations only NMI greater than 10 
µm length are taken into account. Figure 6 (left) shows the comparison of a conventional steel. On 
average there are 18 NMI/mm³. CT represents the smallest, SEM the highest value. Figure 6 (right) 
shows electric slag remelted steel. The average value is smaller than 10 NMI/mm³. The values of LOM 
and SEM are identical, the value of CT is slightly smaller. The relative standard deviation is 
significantly lower than that of the conventional steel.  

 
Figure 6: Amount of NMI in conventional special steel (left), amount of NMI in ESR special steel (right) 

The average value of vacuum arc remolten special steel is approx. 3 NMI/mm³ (see figure 7). In this 
case the values of NMI in CT an LOM are identical and the value of NMI in SEM is slightly higher.  

 

Figure 7: Amount of NMI in VAR special steel 

Figure 8 show the longest NMI resp. stringer of NMI found depending on the testing method used and 
steel grade investigated. The Y-axes show the length of the NMI in logarithmic orders. If there are 
several samples per method the longest NMI resp. NMI stringer of each sample is documented. The 
largest and smallest value is shown in the following figures. The triangle shows the longest NMI of all 
investigated samples per method. The rhomboids represent the smallest of the longest NMI of these 
samples, the quadrangle the mean value. 
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Figure 8 (left) shows the comparison of the longest NMI of a conventional special steel. GCF 
represents 20 samples, LOM and SEM 4 samples, CT and extraction 1 sample each. GCF, CT, 
extraction and LOM show a good agreement. The 2D methods (LOM and SEM) show shorter NMIs. 
This depends on the position of the investigated plane. In some cases this plane cuts the NMI at its 
maximum length, however in most cases the plane above or below showing quasi smaller resp. shorter 
NMIs [7]. This explains why the 3D methods show a better agreement between each other whereas the 
2D methods tend to underestimate the size of NMIs and give smaller values for the NMI size. 
Additonally it has made to be sure that the investigated area of SEM is representative. 

  

Figure 8: Maximum length of NMI in a conventional special steel (left) and in a VAR special steel (right) (3 
values represent maximum, mean and minimum value when several samples were investigated e.g. GCF, SEM, 

LOM) 

Figure 8 right shows the results for a vacuum arc remolten special steel. The size of NMIs is one 
magnitude smaller than those of other processing routes. All investigative methods show a good 
agreement on the longest NMI found within samples. Here the mainly globultic NMI facilitate a better 
size correlation during sectioning in 2 D and detection in 3D methods than that shown in figure 8 left 
for a conventional special steel. 

3  Conclusion 
The cleanliness of special steels produced by 3 different production routes was tested by 5 different 
measuring methods with varying degree of effort for sample preparation and testing. Depending on 
method chosen the cleanliness is determined of an area (2D) or of a volume (3D). However, the 3D 
methods tend to be more time consuming and thus expensive. 
Overall the results represent a good relationship between standardized methods (standards based on 
LOM) and more time consuming methods. With CT, it is possible to obtain an overview within a small 
volume of a sample and distribution of the NMI within the sample. With fatigue tests and extraction it 
is only possible to find the largest resp. the longest NMI , however, in a greater volume. By SEM/EDS 
and LOM several sections have to be evaluated to facilitate better statistics on the size and distribution 
of NMI. 
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