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Abstract: Up to now, the Fe content of nonmetallic particles has often been neglected in chemical
evaluations due to the challenging analysis of matrix elements in nonmetallic inclusions (NMI)
in steel by scanning electron microscope and energy dispersive spectroscopy analysis (SEM/EDS).
Neglecting matrix elements as possible bonding partners of forming particles may lead to inaccurate
results. In the present study, a referencing method for the iron content in nonmetallic inclusions in
the submicrometer region is described focusing on the system Fe-Mn-O. Thermodynamic and kinetic
calculations are applied to predict the inclusion population for different Fe/Mn ratios. Reference
samples containing (Fe,Mn)-oxide inclusions with varying Fe ratios are produced by manganese
deoxidation in a high-frequency induction furnace. Subsequent SEM/EDS measurements are
performed on metallographic specimens and electrolytically extracted nonmetallic inclusions down
to 0.3 µm. The limits of iron detection in these particles, especially for those in the submicrometric
regime, as well as the possible influence of electrolytic extraction on Fe-containing oxide particles are
examined. The measured inclusion compositions correlate well with the calculated results regarding
segregation and kinetics. The examinations performed are reliable proof for the application of
SEM/EDS measurements to evaluate the Fe content in nonmetallic inclusions, within the physical
limits of polished cross-section samples. Only electrolytic extraction ensures the determination
of accurate compositions of dissolved or bonded matrix elements at smallest particles enabling
quantitative particle descriptions for submicrometric (particles ≤ 1 µm) steel cleanness evaluations.
Keywords: nonmetallic inclusion; automated/manual SEM/EDS analysis; electrolytic extraction;
thermodynamic simulation; Fe-containing particles; matrix interaction; reference measurements;
(Fe,Mn)oxides; submicro steel cleanness

1. Introduction
Along with increasing quality demands, steel cleanness has recently gained major importance in
modern steelmaking. Studying inclusion formation and modification over the production process is the
basis for increased knowledge regarding steel cleanness control and optimization. Especially inclusion
size [1,2] and composition [3] are known to essentially affect material properties which are finally
crucial for material failure [4–8]. Thus, a comprehensive and reliable characterization of nonmetallic
inclusions is indispensable [9]. Research groups and industries have been analyzing and simulating
characteristics of nonmetallic inclusions in liquid and solid steel to improve final product properties
for years [10]. Depending on the detectable inclusion size, available sample volume and required time
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effort, different characterization methods for steel cleanness exist. However, none of them covers the
entire spectrum of inclusion properties for particles. As far as steel cleanness in the micro and submicro
regime is concerned, automated and manual SEM/EDS analyses are well-established and powerful
methods for studying nonmetallic inclusions. Their output consists of the number, size, distribution and
chemical composition of particles on a given sample area. The measurement of chemical compositions
needs to be considered with respect to the physical limits [11–13]. Several parameters and sources of
errors need careful attention for an objective and scientifically sound evaluation: interaction volume,
topography effects or stereological effects while measuring minor or trace elements [14,15].
Additionally, depending on the specific inclusion size, the surrounding matrix is often stimulated
during SEM/EDS analysis. The first studies including matrix elements in particle considerations
were conducted by Doohstmohammadi et al [16] and Pistorius et al. [14] with a different approach
utilizing the intensity of Fe characteristic X-rays for (noniron-containing) particle depth assumptions.
As of yet, the iron content of particles has more or less been neglected in particle considerations,
often disregarding the effect of solute or bonded Fe on the inclusions’ behavior in various states as
agglomeration, clogging or separation effects [17–20]. As an example, the question of mathematical
correction of matrix interaction gets more and more relevant, the smaller the detected particle size.
Even if inclusion characterization by means of SEM/EDS is a state-of-the-art method nowadays, various
simplifications are still made when evaluating measurement results, which might have a substantial
influence on the final data quality and subsequent conclusions.
The present paper deals with the fundamental question of how accurately matrix element contents
in particles can be evaluated by SEM/EDS. Accordingly, the development, analysis and evaluation
of Fe-containing nonmetallic inclusions in steel down to submicrometric particles are investigated.
Special focus is put on the sample production itself, thermodynamic and kinetic calculations and the
application of two different methods for inclusion analysis: automated SEM/EDS measurements on
cross-section samples and filter residues after extraction of particles from the steel matrix. Different
approaches to dissolving the surrounding steel matrix to enable a 3D analysis of particles have already
been discussed in the literature [16,21,22]. The present paper uses an alternative approach, applying
a new electrolyte in combination with samples out of the well-known Fe-Mn-O system. The aim
is to study the practicability of electrolytic extraction of iron-containing inclusions in steel without
affecting the particles’ composition or morphology. Based on that, the error of matrix interaction
in SEM/EDS analysis for different size ranges is studied. As a result, a standard production and
treatment methodology for related problems is derived. This referencing method especially improves
the investigative problems for particles ≤ 1 µm in micro and submicro steel cleanness evaluations.
2. Materials and Methods
The procedure of creating a standard for analyzing Fe-containing particles in different samples
was outlined by a holistic description of predicting, developing and evaluating nonmetallic inclusions.
The aim was to classify the applicability of combining dissolution experiments with SEM/EDS
technology on high iron-containing particles. For this purpose, an appropriate inclusion population
needs to be defined and developed possibly avoiding distinct agglomeration or segregation effects.
The theoretical setup was based on Mn deoxidation of a Fe-O master alloy. Different deoxidation
levels were defined, resulting in deoxidation products with varying FeO contents. Due to the complete
solubility of Fe and Mn in oxidic form, with an increasing Mn/O ratio, the amount of Fe in the
particles decreases. Firstly, the change in the nonmetallic inclusions’ composition was described by
thermodynamics and kinetics and secondly investigated on a laboratory scale. As a further step,
the particles were analyzed by SEM/EDS in extracted and cross-sectional form. Finally, quantification
of EDS results and a comparison to the theoretic calculations was performed leading to a referencing
approach for matrix interaction error determination at inclusions < 0.5 µm during SEM/EDS analysis.
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Table 1. Chemical compositions of Samples 1–7 in wt %.
Table 1. Chemical compositions of Samples 1–7 in wt %.
ID
Mn
O
Fe
Mn/O

ID
(-)

Mn
(%)
(%)

1
1
2
32
43
54
6
5
7

0.050

(-)

O
(%)
(%)

0.140

Fe
(%)
(%)

bal.

Mn/O
(-)
(-)

0.36

0.050
0.140
bal.
0.36
0.105
0.119
bal.
0.88
0.105
0.119
bal.
0.881.98
0.250
0.126
bal.
0.323
0.092
0.250
0.126
bal.bal.
1.983.51
0.341
0.080
0.323
0.092
bal.bal.
3.514.26
0.427
0.079
bal.
5.41
0.341
0.080
bal.bal.
4.2612.44
0.759
0.061
6
0.427
0.079
bal.
5.41
Chemical composition evaluated by OES and LECO spectrometry
7
0.759
0.061
bal.
12.44
Chemical composition evaluated by OES and LECO
SEM/EDS point measurements on nonmetallic inclusions were performed with a field-emitting
spectrometry
secondary electron microscope (JEOL 7200F at 15 kV, probe current = 12, BED-C and WD = 10 mm; JEOL
Germany GmbH, Freising, Germany) equipped with an 80 mm2 SDD-EDS detector (Oxford Instruments
SEM/EDS point measurements on nonmetallic inclusions were performed with a field-emitting
xMax80; Oxford Instruments GmbH NanoAnalysis, Wiesbaden, Germany). The evaluation of chemical
secondary electron microscope (JEOL 7200F at 15 kV, probe current = 12, BED-C and WD = 10 mm;
JEOL Germany GmbH, Freising, Germany) equipped with an 80 mm² SDD-EDS detector (Oxford
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composition was performed both manually (Aztec Point&ID) and automatically (AZtecFeature 4.2;
Oxford Instruments GmbH NanoAnalysis, Wiesbaden, Germany) on nonmetallic inclusions with
various morphologies down to 0.3 µm in size at cross-sections and C-sputtered electrolytic extraction
filters. Manual analyses were performed in two steps. In a first step, to justify the application of
single-point EDS measurements, homogeneity of the inclusions was verified by concentration mappings.
Due to the significant number of particles < 1 µm equivalent circle diameter (ECD), the overall inclusion
content in the analyzed samples was extremely high, with up to 20,000 inclusions/mm2 . This high
inclusion number was mainly caused by the fact of applying Mn deoxidation to a melt without slag
treatment and almost no time for inclusion separation. Therefore, the detection of particles > 2 µm ECD
only in automated measurements, was hardly feasible for these samples. Consequently, in a second
manual step, 50–100 particles for each particle class > 2 µm ECD were analyzed on the BSE image.
For automated measurements, considering the high number of particles, the measured sample
area was only about 1 mm2 in all cases. Particle identification was performed by back-scattered electron
contrast of the nonmetallic inclusions compared to the matrix. Greyscale parameters were calibrated on
detected nonmetallic inclusion > 0.3 µm as listed in Table 2. All features darker than 20,000 operational
units were measured by EDS point analysis in cross-section samples. In contrast, due to the bright
appearance of (Fe,Mn)oxide inclusions on polycarbonate filters, inverse thresholds were used (Table 2).
All events brighter than 10,000 operational units were analyzed in extracted form. After the analysis,
further data processing was applied excluding scratches, porosities, grinding or polishing residues as
well as insufficient measurements. Corresponding rules are also given in Table 2.
Table 2. Greyscale parameters and EDS data processing thresholds.
Calibration Parameter

Threshold (Operational Grayscale Units)

Matrix cross-section
NMI cross-section
Analyzed features
Matrix filter
NMI filter
Analyzed features

≥24,000
<2000
<20,000
<2000
>24,000
>10,000

Exclusionary results
Scratches, porosities
Grinding residues
Polishing residues
Insufficient EDS

EDS Threshold (%)
Fe + C ≥ 99.9
Fe + C + Si ≥ 99.9
Fe + C + Si + Ar + F + Na + Cl + K ≥ 99.9
O+S+N=0

For all cross-section samples, a distance of 1–6 mm relative to the HFR disks’ outer radius
(D = 15 mm) was defined as the measurement area for manual as well as automated analyses
(see Figure 2).
As a second method, electrolytic extraction was applied; to avoid chemical attack of particles during
the extraction, a careful selection of the electrolyte was essential [22]. For the present study, an ionic
liquid (choline chloride/urea = ≈1:1) with a dimethylformamide additive was used for electrolytic
dissolution experiments (dissolution conditions: 60 ◦ C, 0.1 A and 15 V for 180 min). This electrolyte
already proved good stability and applicability for the extraction of (Fe,Mn)oxide inclusions in
previous experiments by the authors [28]. Thus, the electrochemically stable nonmetallic inclusions
were extracted and post processed by alternating ethanol washing and filtering. The filtering was a
step-by-step sequence using a vacuum filtering system with polycarbonate filters (diameter = 50 mm)
with different pore sizes (12, 1, 0.4 and 0.1 µm). This means each filter contains a defined size fraction
of particles and the overall number of inclusions per filter was functional for unaffected EDS analysis
of particles. If only one filtering step with a small pore size was executed, a single measurement of
extracted inclusions would have been impossible due to the extremely high overall particle number.
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A2
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Distinctive
morphology
+
morphology

Optimum EDS conditions
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+
Analysis
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+
1,2,3

A1 A2
++ +
+
+

-

+

+

1,2,3

1,3
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-+

+

+

B2 C1
- - +
+
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1,3

2,3

2,3

-

-

+

3

3
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-+

+
-

4

4

4
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extraction on morphology,
2—FactSage verification,
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of electrolytic
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on chemistry,
+ extraction
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4—Quantification
of matrix
4
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For evaluating the influence of the preparation method itself on the particles’ morphology and on
EDS spectrum generation, a distinctive dendritic morphology as in Group A was necessary. Comparing
A1 and A2, highly dendritic shapes must remain after electrolytic extraction. An accurate FactSage
verification can be applied by measuring particles with optimum EDS conditions without any matrix
interaction at spectrum generation. Therefore, FeO values of all A1 and B1 populations should be in
accordance with the thermodynamically calculated ranges; C1 particles cannot be taken into account
due to their falsified FeO results. Chemical dissolution or dissociation effects during electrolytic
extraction can be evaluated by checking B2 and A2 particles against B1 and A1. To achieve quantification
of matrix interaction at inclusions < 0.5 µm, C1 particle measurements need to be correlated to the
corresponding C2 EDS result. So, the limits of the analyzing method on changes in particles’ chemistry
can be evaluated.
3. Results and Discussion
In the following section, theoretical thermodynamic calculations and experimental results are
compared. Depending on the deoxidation potential, the nonmetallic inclusion population of each sample
resulted in (Fe,Mn)oxide particles with varying FeO content as shown in Table 4. Thermodynamic
calculations revealed the occurrence of two possible nonmetallic phases: Slag inclusions theoretically
existing in all samples, and mono particles becoming stable with a higher Mn/O ratio. Both types are
theoretically increasing their FeO content during solidification (fs = 0 to fs = 1). After evaluating practical
EDS results, only in Sample 3 inclusions of Class A (comparable to mono) and Class B (comparable to
slag) exist at the same time. C inclusions are detected in all samples. As already stated beforehand,
the overall number of detected particles is extremely high, mainly caused by the predominant percentage
of C type inclusions accounting for more than 70% of the total inclusion population. A comparison
of particle number between cross-section and filter is problematic. On extraction filters, nonmetallic
inclusions positions can be randomly and irregularly distributed and each filter contains a defined
size fraction of particles. Therefore, the complete area of each filtration step needs to be analyzed to
correlate two-dimensional and three-dimensional particle densities. Due to the extremely high number
causing a massive time effort for measuring, only single filter parts were analyzed automated and
manually. This circumstance is also illustrated in Figure 5.
Table 4. Calculated and measured wt %FeO.
Sample
Defined

%FeO Content of Nonmetallic Inclusion
Calculated by Segregation Model

Nr.

Mn/O

Slag fs
=0

Slag fs
=1

Mono
fs = 0

Mono
fs = 1

A1

A2

1

0.357

83.3

97.4

-

-

-

-

2

0.882

70.0

92.0

-

-

3

1.978

60.0

85.0

41.0

54.0

4

3.496

45.0

75.0

30.0

45.0

5

4.252

40.0

70.0

30.0

45.0

6

5.351

35.0

65.0

24.0

45.0

7

12.422

21.0

22.0

14.0

17.0

Calculated Values for
Interpretation

SEM/EDS Measurements

-

-

40.5
± 2.6
39.8
± 1.2
38.9
± 3.2
32.8
± 3.6
15.0
± 0.2

44.5
± 0.5
36.9
± 1.1
35.8
± 1.6
26.7
± 0.9
10.6
± 1.0

B1

B2

C1

C2

90.6
± 2.0
85.6
± 1.2
62.7
± 2.0

92.9
± 1.0
83.3
± 2.3
58.4
± 1.0

-

-

-

-

-

-

-

-

97.9
± 0.8
96.3
± 2.0
93.0
± 2.3
88.2
± 6.0
89.6
± 4.8
85.8
± 6.6
84.9
± 6.5

93.2
± 1.5
83.1
± 2.2
63.0
± 2.2
48.3
± 4.1
48.4
± 3.5
35.8
± 6.3
8.0 ±
2.0

A(1-2) B(1-2)

C(1-2)

A

B

-

−2.4

4.7

-

91.8

-

2.3

13.2

-

84.4

−4.1

4.2

30.0

42.5

60.6

2.9

-

39.8

38.3

-

3.1

-

41.2

37.4

-

6.2

-

49.9

29.7

-

4.4

-

76.9

12.8

-

problematic. On extraction filters, nonmetallic inclusions positions can be randomly and irregularly
distributed and each filter contains a defined size fraction of particles. Therefore, the complete area
of each filtration step needs to be analyzed to correlate two-dimensional and three-dimensional
particle densities. Due to the extremely high number causing a massive time effort for measuring,
only single filter parts were analyzed automated and manually. This circumstance is also illustrated
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electrolytic extraction in the present case.

The influence of electrolytic extraction and carbon sputtering on EDS data acquisition (e.g., A(1-2))
in Section 3.2 is quantified by Equations (1)–(3). For easier comparison, in Section 3.3, mean FeO values
(A and B) for each class without matrix interaction were calculated according to Equation (4).
A(1 − 2) = %FeO A1 − %FeO A2

(1)

B(1 − 2) = %FeO B1 − %FeO B2

(2)

C(1 − 2) = %FeO C1 − %FeO C2

(3)

A, B =

(%FeO A1, B1 + %FeOA2, B2)
2

(4)

3.1. Results of Thermodynamic Considerations in the Fe-Mn-O-System
According to FactSage 7.3 Equilib calculations, three phases can exist at a high iron content in the
Fe-O-Mn system with respect to different Mn/O ratios, as shown in Figure 6. The liquidus projection
for 1526.02 ◦ C and additional isotherms in 50 ◦ C steps are plotted. The calculation results presented in
Figure 6 are in good accordance with the first calculations of Fischer et al. [32]. At low concentrations,
both elements, Mn and O, are thermodynamically stable in a Fe solution. With increasing Mn and O,
a liquid nonmetallic slag phase (slag (l)) and a solid (Fe,Mn)-oxide phase (mono (s)) exist at equilibrium
conditions. The composition of Samples 1–7 displayed in the phase diagram indicates a change of
the nonmetallic inclusion population from mainly slag to mono particles with increasing addition of
deoxidation agent. Caused by different particle origins, differences regarding the final FeO content in
the nonmetallic inclusions are expected.
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Figure 6. Fe-Mn-O system M’ [32] and positions of Samples 1–7.
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Depending on the melt
composition, the nonmetallic system will increase in FeO or MnO content
with decreasing temperatures. During solidification, the oxygen content in the liquid slag phase will
Depending on the melt composition, the nonmetallic system will increase in FeO or MnO content
constantly increase also leading to a higher FeO content in the particles. According to the literature [32],
with decreasing temperatures. During solidification, the oxygen content in the liquid slag phase will
the solid particle phase of Sample 5 will increase the FeO content in the inclusion population by
constantly increase also leading to a higher FeO content in the particles. According to the literature
oxygen segregation below 0.6%Mn (M’). Sample 7, characterized by a higher amount of Mn, has the
[32], the solid particle phase of Sample 5 will increase the FeO content in the inclusion population by
potential to increase the Mn content in the inclusion resulting in a decreasing FeO percentage in
oxygen segregation below 0.6%Mn (M’). Sample 7, characterized by a higher amount of Mn, has the
the particles. Figure 6 also demonstrates that there is no thermodynamic stability for nonmetallic
potential to increase the Mn content in the inclusion resulting in◦ a decreasing FeO percentage in the
particles at high temperatures. Superheating the melt above 1650 C combined with the exceptional
particles. Figure 6 also demonstrates that there is no thermodynamic stability for nonmetallic
dendritic particle structure of high Mn containing oxides (Figure 4) indicates inclusion formation by
particles at high temperatures. Superheating the melt above 1650 °C combined with the exceptional
supersaturation while cooling. Particles already formed during heating the raw materials should be
dendritic particle structure of high Mn containing oxides (Figure 4) indicates inclusion formation by
completely dissolved at 1650 ◦ C. Their presence in the re-solidified sample can thus be excluded. It is
supersaturation while cooling. Particles already formed during heating the raw materials should be
assumed that all detected particles formed during the cooling process.
completely dissolved at 1650 °C. Their presence in the re-solidified sample can thus be excluded. It is
Additional calculations are performed for a better understanding of possible segregation effects
assumed that all detected particles formed during the cooling process.
caused by cooling: To study the change in inclusion composition under nonequilibrium conditions,
Additional calculations are performed for a better understanding of possible segregation effects
Mn/O ratios of Samples 1–7 are calculated as described in Section 2.1 and Figure 1. The results are
caused by cooling: To study the change in inclusion composition under nonequilibrium conditions,
shown in Table 4 and Section 3.3 as composition ranges from fs = 0 to fs = 1. Particles formed, should
Mn/O ratios of Samples 1–7 are calculated as described in Section 2.1 and Figure 1. The results are
be within the ranges framed by calculated extreme values during solidification at 10 K/s cooling rate for
shown in Table 4 and Figure 8 as composition ranges from fs = 0 to fs = 1. Particles formed, should be
slag and mono particles. With increasing Mn content, the compositions of both possible phases start
within the ranges framed by calculated extreme values during solidification at 10 K/s cooling rate for
overlapping. At an Mn/O ratio of 12.44 for Sample 7, only a minimum FeO segregation can be calculated.
slag and mono particles. With increasing Mn content, the compositions of both possible phases start
The presence of liquid slag particles at high Mn values is questionable; in literature [32] an increase of
overlapping. At an Mn/O ratio of 12.44 for Sample 7, only a minimum FeO segregation can be
MnO in particles during solidification is assumed. Therefore, the existence of a liquid slag phase is
calculated. The presence of liquid slag particles at high Mn values is questionable; in literature [32]
attributed to the calculation procedure; at high Mn values, the limit of the segregation calculation may
an increase of MnO in particles during solidification is assumed. Therefore, the existence of a liquid
have been reached. An additional output of the segregation model used is the calculated amount of
slag phase is attributed to the calculation procedure; at high Mn values, the limit of the segregation
slag phase: The calculated fraction of nonmetallic phases during solidification changes due to varying
calculation may have been reached. An additional output of the segregation model used is the
deoxidation ratios. At the highest [O] activity and lowest Mn content, the inclusion population of
calculated amount of slag phase: The calculated fraction of nonmetallic phases during solidification
Sample 2 consists of 100% slag. A higher Mn/O ratio in Sample 5 reveals 40% slag and 60% mono
changes due to varying deoxidation ratios. At the highest [O] activity and lowest Mn content, the
particles, and further increasing the addition of deoxidation agent in Sample 7 leads to an inclusion
inclusion population of Sample 2 consists of 100% slag. A higher Mn/O ratio in Sample 5 reveals 40%
consisting of 94% of mono phase.
slag and 60% mono particles, and further increasing the addition of deoxidation agent in Sample 7
leads to an inclusion consisting of 94% of mono phase.

3.2. Influences of Preparation on EDS Data Acquisition A(1-2) and B(1-2)
The first practical validation step includes the evaluation of electrolytic extraction combined
with carbon sputtering influencing data acquisition with respect to EDS values of cross-section
measurements. Generally, an influence in analyzing extracted particles can be seen. At EDS
data
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acquisition, the oxygen values of extracted particles can reach up to 60% in total. The high oxygen
values measured may be caused by adsorbed oxygen, geometric effects of the particles with respect
3.2.
Influences
of position
Preparation
Dataoverflow
Acquisition
A(1-2) aand
B(1-2)
to the
detector
or on
theEDS
carbon
creating
peak
doubling phenomenon. Fe and Mn
content are measured by SEM/EDS and oxygen are calculated stoichiometrically, for easier
The first practical validation step includes the evaluation of electrolytic extraction combined
comparison. Figure 7 displays the difference caused by three-dimensional effects and sputtering
with carbon sputtering influencing data acquisition with respect to EDS values of cross-section
indirectly influencing the EDS output for nonmetallic inclusions (NMI) > 2 µm. The different results
measurements. Generally, an influence in analyzing extracted particles can be seen. At EDS data
between cross-section and extracted particle measurements (e.g., A(1-2)) are calculated according to
acquisition, the oxygen values of extracted particles can reach up to 60% in total. The high oxygen
Equations (1) and (2). A mean ∆FeO fluctuation of 3.7% is observed.
values measured may be caused by adsorbed oxygen, geometric effects of the particles with respect to
The occurrence of positive and negative ∆FeO deviation in Figure 7 supports size categorization
the detector position or the carbon overflow creating a peak doubling phenomenon. Fe and Mn content
for particles > 2 µm having no matrix interaction at cross-section analysis. Otherwise, a general
are measured by SEM/EDS and oxygen are calculated stoichiometrically, for easier comparison. Figure 7
positive ∆FeO as in C inclusions of 4.7–76.9% (Table 4) would be present in all samples. C(1-2)
displays the difference caused by three-dimensional effects and sputtering indirectly influencing the
inclusions are not displayed due to their massive Fe falsification.
EDS output for nonmetallic inclusions (NMI) > 2 µm. The different results between cross-section
and extracted particle measurements (e.g., A(1-2)) are calculated according to Equations (1) and (2).
A mean ∆FeO fluctuation of 3.7% is observed.

Figure
Figure7.7.EDS
EDSdata
dataevaluation
evaluationfor
forA(1-2)
A(1-2)and
andB(1-2).
B(1-2).

The occurrence of positive and negative ∆FeO deviation in Figure 7 supports size categorization
The affinity for electrochemical dissolution theoretically increases with increasing FeO content
for particles > 2 µm having no matrix interaction at cross-section analysis. Otherwise, a general positive
in the inclusion population. Particles of Sample 1 (90.6%FeO) are highly suitable for demonstrating a
∆FeO as in C inclusions of 4.7–76.9% (Table 4) would be present in all samples. C(1-2) inclusions are
possible influence on inclusions’ composition by electrolytic extraction. A comparison between B1
not displayed due to their massive Fe falsification.
particles and B2 particles of Samples 1 and 2 show a similar amount of FeO (∆2.5%). This indicates
The affinity for electrochemical dissolution theoretically increases with increasing FeO content in
that electrolytic extraction does not affect the chemical composition of high iron-containing particles.
the inclusion population. Particles of Sample 1 (90.6%FeO) are highly suitable for demonstrating a
Sample 7 with finest dendritic structures remaining for A1 and A2 inclusions (Figure 5) and a ∆FeO
possible influence on inclusions’ composition by electrolytic extraction. A comparison between B1
of 4.4% being within the range of calculated mean standard deviation affirms the assumption of a
particles and B2 particles of Samples 1 and 2 show a similar amount of FeO (∆2.5%). This indicates
negligible influence of electrolytic extraction on inclusions’ properties in the present investigations.
that electrolytic extraction does not affect the chemical composition of high iron-containing particles.
An apparent increase of inclusion sizes caused by stereological effects of nonspherical particle
Sample 7 with finest dendritic structures remaining for A1 and A2 inclusions (Figure 5) and a ∆FeO
classes before (A1: average = 4.5 µm; max = 18.2 µm) and after (A2: average = 9.1 µm; max.= 27.3 µm)
of 4.4% being within the range of calculated mean standard deviation affirms the assumption of a
negligible influence of electrolytic extraction on inclusions’ properties in the present investigations.
An apparent increase of inclusion sizes caused by stereological effects of nonspherical particle
classes before (A1: average = 4.5 µm; max = 18.2 µm) and after (A2: average = 9.1 µm; max.= 27.3 µm)
electrolytic extraction affirms the advantage of three-dimensional SEM analysis for morphological
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thermodynamic database and the applied modeling approach.
3.4. Evaluation of Produced Particle Population as Standard for EDS Measurements
3.4. Evaluation
Produced
Particle
as Standard
for EDSfor
Measurements
The aim ofofthe
present
paperPopulation
is to develop
a methodology
producing a nonmetallic inclusion
population that can be used as a standard for EDS reference measurements of Fe-containing particles.
The aim of the present paper is to develop a methodology for producing a nonmetallic inclusion
population that can be used as a standard for EDS reference measurements of Fe-containing particles.
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4. Summary and Conclusions
This paper examines the possible error caused by matrix interaction in automated SEM/EDS
measurements of nonmetallic inclusions in steel, by analyzing particles with varying FeO content
especially considering the influence of inclusion size and sample preparation. Theoretical considerations
in equilibrium and nonequilibrium conditions enable comprehensible research reflecting various
possible influence parameters on the final particle composition, even for particles at 0.3–0.5 µm in size.
Samples with different nonmetallic inclusion populations were produced by Mn deoxidation on a
laboratory scale with seven different Mn/O ratios. Reasonable accordance of theory and practical EDS
measurements for defined measurement conditions at 15kV could be found. The main findings can be
summarized as follows:
•

•

•

•
•

A holistic methodology was established producing an inclusion standard for matrix element
evaluations in nonmetallic inclusion analysis using the system Fe-Mn-O. This method of sample
production, preparation and analysis can be applied for reference measurements to evaluate
matrix interaction in SEM/EDS analyses.
Electrolytic extraction applying a nonaqueous electrolyte (choline chloride and urea), has shown
no negative effect neither on low nor on high iron-containing (Fe,Mn) oxides’ morphology
and chemistry.
A comparison between EDS results of cross-sections and filters for the analyzed samples, showed
a mean EDS fluctuation of 3.7%FeO, which has to be considered as a quantification limit under
the defined measurement conditions.
First quantification of matrix interaction in submicro steel cleanness EDS evaluations for particle
sizes < 0.5 µm resulted in 80%FeO overestimation at 15kV.
However, for particles with ECD > 2 µm (A and B), the measured FeO content by SEM/EDS is a
representative value applicable for further considerations.

The demonstrated detailed analysis combining theoretical and practical examination has identified
the current possibilities and limits of iron content evaluations in nonmetallic inclusions emphasizing the
role of particle size and morphology. The obtained results can be used as a reference for further research
regarding particle formation or matrix element quantification by means of SEM/EDS. However, it was
shown clearly that there is the need for further research on matrix element corrections of automated
SEM/EDS measurements to fulfill the demanding needs towards a precise inclusion characterization,
especially for small size classes.
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