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Introduction

Despite the advances in the thermodynamic descrip-

tion of the formation of nonmetallic inclusions (NMIs) in 

liquid and solidified steel [1–4], simulation of the behavior 

of NMIs during steel ladle treatment, casting and crystal-

lization is impossible. The interconnected processes of for-

mation of NMIs [5], their growth [6] and removal [7, 8] 

against the background of the hydrodynamics of the liquid 

and solidified steel [9], dendritic [10] and macro [11] liqua-

tion, formation of various structural zones of the slab [12] 

are too complicated. It should be noted that each inclu-

sion, at the time of its formation, actually fixes the equi-

librium with the melt, achieved in micro volumes, taking 

into account the entire variety of the above-mentioned 

thermophysical, physicochemical and hydrodynamic pro-

cesses occurring at all stages of steelmaking. Therefore, an 

objective statistically significant estimate of the amount, 

size and, most importantly, the composition of NMIs in 

steel, carried out by modern experimental methods [13–

17], can become the basis for a detailed interpretation of 

the technology of its production. 

Conventional metallographic methods for assessment 

of nonmetallic inclusions in steels using a light optical mi-

croscope (LOM) make it possible to determine their vol-

ume fraction, size and character of mutual arrangement of 

NMIs using ASTM E 1245. An attempt to classify NMIs 

by chemical composition was made only in the American 

ASTM E 45 and Russian GOST 1778-70 test methods; 

however, in both standards the inclusions are ranked more 

by visual features than by chemical composition, although 

the names of the inclusions include their chemical compo-

sition, for example, spot and stitched oxides, ductile and 

brittle silicates, sulfides, nitrides (GOST), sulfides, alu-

minates, silicates, and globular oxides (ASTM E45). Both 

classifications are primitive and do not include the wide va-

riety of inclusions formed by modern steelmaking technol-

ogy. For example, when processing steel with calcium and 

silicon, inclusions are formed consisting of calcium alumi-

nates of different composition and, accordingly, different 

aggregate states from completely liquid slag inclusions to 

semi-solid and solid, including high temperature melted 

inclusions of calcium hexa-aluminate. Depending on the 

morphology and size, these NMIs can be formally assigned 

to different types according to ASTM E 45: B (aluminate 

type), C (silicate type), D (globular oxide type) or different 

types according to GOST 1778-70: brittle silicates (BS), 

ductile silicates (DS), spot oxides (SO), and stitched oxi-

des (SO). These two classifications schemes do not reflect 

the real compositions of non-metallic inclusions; there-

fore, they can be used only for acceptance testing of metal 

products; but, they are unsuitable for understanding the 

nature of NMIs and they are not suitable for improving the 

technology of steel production. Moreover, the name of the 

inclusions in accordance with these classifications often 

puzzles the steelmaker. For example, it is unclear why for 

a steel treated with calcium, there are silicate inclusions?

The formation and evolution of NMIs is a complex 

multi-stage process that continuously proceeds through-

out the entire steelmaking technology, from the addition 

of deoxidizing elements into the melt during the steel ladle 

treatment and up to casting and solidification. According 

to the temperature-time nature, the following types of 

NMIs can be distinguished [18]:  

• Primary (I) NMIs are formed under isothermal 

conditions during ladle treatment after addition of de-

oxidizing elements, when their concentrations exceed 

equilibrium values.
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• Secondary (II) or pre-crystallization NMIs are 

formed during cooling from the “steelmaking tempera-

ture” to the liquidus temperature, when the solubility of 

oxygen and deoxidizing elements in the melt is reduced. 

• Tertiary (III) or crystallization NMIs are formed 

during the solidification of the steel not only by reducing 

its temperature, but mainly due to the enrichment of the 

liquid part of the dendritic cell with segregating impuri-

ties. Quaternary NMIs precipitate in solid metal and we 

do not consider them here.

The study of the real composition of individual NMIs 

by SEM-EDS microanalysis is a well-established proce-

dure for many years and has been successfully used in 

research laboratories [4-8, 13, 19], but this information 

does not provide an objective account of the wide variety 

of NMIs in actual commercial steels. For an objective sta-

tistically significant assessment of the volume fraction, 

size and composition of NMIs in commercial steels, it 

is advisable to use databases obtained by the automatic 

feature analysis (AFA) method that contains information 

on many NMIs. The number of particles analyzed by AFA 

must be comparable to the metallographic methods of re-

search using light optical microscopes. The present article 

is devoted to the development of such methods and to the 

illustration of the first experience of their use.

Method for Interpretation of Nonmetallic Inclusions

Step-by-Step Method for Interpretation of Individual 
Nonmetallic Inclusions in Steel

The chemical composition of NMIs in steel is usually 

determined using an SEM equipped with an energy-dis-

persive spectrometer (EDS) for chemical analysis. This 

method makes it possible to estimate the approximate 

elemental composition of NMI in wt.%, but the uncer-

tainty of the stoichiometric composition of the oxide 

found does not allow us to make a judgment about its 

compound nature and, therefore, offer possible options 

for controlling the origin of these inclusions. To answer 

these questions, we developed a step-by-step method for 

further processing of data obtained by the SEM-EDS 

method.

    Step 1. Calculation of the Stoichiometric Composition 
of Oxides According to the Elemental Composition of the 
NMIs

If Ca and S were found in the complex oxy-sulfide 

NMIs, to calculate Ca in the oxides (mCa′) we have to ex-

tract Ca fixed as CaS from the total Ca (mCa) in the NMIs:
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culate the content of each of the oxides, knowing their 

composition (x, y) and the concentration of the deoxi-

dizer (mMe): 0
O 1

x yMe Me
Me

y A
m m

x A
⋅⎛ ⎞= ⋅ +⎜ ⎟⋅⎝ ⎠

, from which we

find the stoichiometric composition of the complex oxide: 

( )
O

O

100%
O , % .

x y

x y

Me

x y
Me i

i

m
Me

m

⋅
=

∑
An example of such a calculation is given in Table 1.

Step 2. Improvement of the Stoichiometric Compo-
sition of Oxides Based on the Phase Diagram

All the points corresponding to the oxide composi-

tions found among all the investigated NMIs were placed 

on the corresponding phase diagram (Fig. 1), constructed 

for a temperature close to the temperature of the steel-

making processes (1550 °C). If these points fall into the 

region of the same stoichiometric compositions that were 

found in the previous step, no adjustment is required. If 

the points have appeared in other phase regions, for ex-

ample, in the field of liquid slag, such compositions of 

NMIs should be adjusted in accordance with their po-

sition on the phase diagram of the corresponding oxide 

system (Fig. 1).

Step 3. Evaluation of Residual Concentrations of 
Elements in the Steel Melt, from which the Oxides with 
Compositions Found in Step №2 are Formed

Here is a solution for the inverse task: by means of a 

Solubility Surface Diagram (SSD), we define the residual 

concentrations of elements in liquid steel from which the 

NMIs with the composition found in the previous step 

were formed. To do this, it is necessary to arrange an SSD 

on the region of existence where this oxide will be ob-

served (Fig. 2). The range of concentration changes for 

the deoxidizing elements, found from the SSD, at which 

the desired oxide is formed, will be used in the next step 

of the interpretation.

Table I. Elements and phase composition of NMIs in line pipe 

steel (wt.%): 0.1 С–1.5 Mn–0.4 Si–0.02 Al–0.005 S

Elements mMe

(SEM-EDS), wt.% 
Oxides in non-metallic 

inclusions, %

Stoichiometric 
composition 

of NMIs

Ca S Al Mg CaO MgO Al2O3 CaO·Al2O3

49.5 0.2 47 3.3 42 3 55

Fig. 1. The phase diagram of the CaO–MgO–Al2O3 
system and the figurative points of the oxide 
compositions calculated in step 1.
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Step 4. Revealing the Thermal Nature of NMIs Based 
on the Composition of the Steel Found in Step № 3

To simulate NMI formation in the liquid and solidified 

steel, we set the concentrations of the deoxidizing elements 

from the range that was found in step № 3. Then, by vary-

ing the concentrations within this range, we can restore 

the nature of the NMIs, whose composition  was found in 

step 1 and improved in step 2 (Fig. 1). An example of such 

a simulation is shown in Fig. 3, a: on the secondary calcium 

aluminates, as on the substrate, tertiary calcium sulfides 

were formed. It is this arrangement of the compounds that 

we see in the image of the NMI in the SEM: the CaO·Al2O3 

inclusion core formed in the liquid steel is coated with CaS 

formed in the solidifying metal. Here, calcium was suffi-

cient to react with sulfur during solidification after the for-

mation of CaO·Al2O3 in liquid steel.

In Fig. 3, b, another example is given where, in con-

ditions of a calcium deficiency in liquid steel, a liquid 

slag based on CaO·Al2O3 and a solid magnesium spinel 

MgO·Al2O3 are formed simultaneously. During steel so-

lidification there was no calcium left in the melt, so a ter-

tiary sulfide MnS–FeS was formed on the surface of these 

secondary oxides. This sulfide is seen 

as a light rim on the rounded surface 

of the oxides.

Let us consider other more com-

plicated simulation examples for the 

interpretation of multiphase inclusions 

formed in steels with different compo-

sitions (Fig. 4). It follows from Fig. 4, 

b that first in the melt primary and sec-

ondary liquid oxy-sulfide inclusions 

and solid magnesia spinel are formed. 

With further cooling of the liquid steel 

and its solidification, liquid primary 

and secondary oxy-sulfide inclusions 

crystallize (Fig. 4, c). We note that, in 

the example considered, the complex 

multiphase inclusion has rounded but 

irregular shapes (Fig. 4, a), because 

when formed it was semi-solid, con-

sisting of approximately equal parts 

of liquid oxy-sulfides and solid mag-

nesium spinel (Fig. 4, b). Simulation 

results of formation processes of pri-

mary and secondary liquid, as well as 

secondary solid calcium aluminates in 

steel with a different composition, are 

shown in Figs. 4, d – 4, f. 
From a comparison of the results 

in Fig. 4, it follows that all compounds 

detected in the investigation of NMIs 

by SEM-EDS analysis have been inter-

preted by thermodynamic simulation. 

Note that in the example in Fig. 4, d 

— 4, f, the inclusion has the shape of 

a regular sphere (Fig. 4, d) because it 

has been formed from mainly liquid oxy-sulfide slag (Fig. 

4, e), in which all the oxides of various composition and 

calcium sulfides crystallized sequentially and were found 

experimentally and by simulation (Fig. 4, f).

Cluster Analysis of the Automatic Feature Analysis Data

Automatic feature analysis (AFA), realized by the 

SEM-EDS analytical method for inclusions in steel, al-

lows an objective assessment of their composition, while 

the study of a large number of particles, comparable to 

that usually studied by LOM, makes it possible to obtain 

reliable information not only about their quantity and 

size, but also the elemental composition of each of the 

detected inclusions [20, 21]. However, these data are 

rather complicated and require the appropriate cluster-

ing of the inclusions into groups. The AFA software does 

not perform interpretation of the results. In the present 

work, clustering was carried out by the k-means meth-

od [22], combining the NMIs by the similarity of their 

chemical composition. Clustering is the dividing of a set 

of objects into non-overlapping subsets (clusters), so that 

each cluster contains similar objects, and the objects of 

Fig. 2. SSDs for the systems being investigated to find the composition 
of the melt from which the oxide with the composition found in step 2 
is formed a —1580 °C; b — 1500 °C

а b

Fig. 3. NMIs and the results of simulation the processes of their formation 
in liquid and solidifying steel, (wt.%): 

 a — [C] = 0.07; [Si] = 0.25; [Mn] = 1.3;

 [Al] = 0.02; [Ca] = 0.012; [S] = 0.005;

 b — [C] = 0.09; [Si] = 0.25; [Mn] = 1.7; 

 [Al] = 0.04; [Ca] = 0.0005; [Mg] = 0.0001; [S] = 0.003

а b
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different clusters differ from each other. This approach 

adequately estimates the main groups of NMIs, typical 

for the investigated specimen.

An important clustering problem is the choice of a finite 

number of groups into which nonmetallic inclusions are 

divided. Minimally this is one group, which includes all 

the inclusions found; the maximum is the number of all 

detected NMIs types. The number of groups was chosen in 

accordance with the change in the distortion value, which 

was calculated as the sum of the mean square Euclidean 

distances between the point vector and the center of the 

cluster to which it belongs. As the number of clusters in-

creases, the distortion decreases. The choice of the num-

ber of groups was carried out based on an analysis of the 

dependence of the distortion on the number of groups and 

their component composition. The separation of inclu-

sions into groups was completed when it does not lead to 

the appearance of clusters that differ markedly in composi-

tion. The method was tested on a specimen of wheel steel, 

cut from the transverse template of a continuously cast 

round section with a diameter 430 mm. To estimate the 

variety of nonmetallic inclusions remaining in the billet, 

the specimen was cut from its central region with the high-

est concentration of nonmetallic inclusions [23]. Fig. 5, a 

gives an example of the simulation process for formation 

of NMIs in the wheel steel.

After setting the total oxygen content, found experi-

mentally, as the initial [O] = 25 ppm, we get the simula-

tion results (Fig. 5, a). In the liquid steel at 1550 °C, the 

primary NMIs are formed, and with subsequent cooling 

of the melt, the secondary NMIs are formed. Along with 

Al2O3, liquid oxy-sulfide inclusions and a small amount of 

calcium hexa-aluminates are formed, from which, when 

cooled below 1550 °C, solid oxides and sulfides precipi-

tate. These exact complex multiphase inclusions, com-

bined into the clusters, have been found in investigated 

specimen (fig. 5, b).
All the compositions of NMIs found in steel and de-

picted in Al–Mn–S coordinates (Fig. 5, b) line up con-

necting the angle “Al” with the point corresponding to 

manganese sulfide on the Mn–S axis. Evolution of the 

composition with a decrease in the start temperature of 

NMIs formation proceeds from the primary (I) and sec-

ondary (II) NMIs of Al–Mn–Si–S–Ca cluster in liquid 

steel to the Mn–S–Al–N–Ti cluster (III) in the first half 

of the solidification and, finally, to the inclusions (III) of 

the Mn–S–Al–Ti–N + N–Ti–V–Mn–S system in the 

second half of the steel solidification (Fig. 5, b). 

Conclusions

The imperfection of Russian and International stand-

ards for estimation of the NMIs composition in modern 

steels was shown. A step-by-step method for interpret-

ing the composition of individual NMIs, determined 

by the SEM-EDS analytical methods, was developed. 

Fig. 4. NMIs (a, d) and the results of simulation the processes of their formation in liquid and solidifying steel (b, e), 
including crystallization of primary and secondary liquid oxy-sulfide inclusions (c, f), wt.%:

 b — [Mg] = 0.005; [Ca] = 0.0026; [Al] = 0.02; с — CaO � 42; MgO � 28; Al2O3 � 23; SiO2 � 6; CaS � 0.12; 

e — [Mg] = 10-6; [Ca] = 0.007; [Al] = 0.02; f — Al2O3 � 25; CaO � 35; MgO � 32; SiO2 � 7; CaS � 0.05

а

d

b

e

c

f
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Examples of such an interpretation are given for both sim-

ple two-phase and complex multiphase inclusions found 

in commercial steels. The nature of all NMIs detected 

by SEM-EDS microanalysis has been interpreted using 

thermodynamic modeling.

A technique for processing databases obtained using 

an automatic feature analyzer (AFA) has been devel-

oped. Cluster analysis allowed generalizing these data-

bases by combining NMIs into clusters according to the 

principle of similarity of their chemical composition and 

temperature-time nature, depending on the technology 

of deoxidation and modification of steel. Comparison of 

the determined compositions of NMIs with the results of 

thermodynamic simulation makes it possible to establish 

the nature of each cluster of NMIs, associating it with one 

or another stage of the ladle treatment, casting or solidifi-

cation. This information is necessary for the development 

of technological recommendations aimed at increasing 

the “cleanliness” of steel by NMIs. The composition of 

inclusions along with many analyzed particles in combi-

nation with the methods of thermodynamic simulation 

makes it possible to restore the temperature-time nature 

of inclusions, considering the entire variety of associated 

thermophysical, hydrodynamic and physicochemical 

processes occurring in liquid and solidifying steel. 
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A B S T R A C T

Implementation of combined methods of deformational processing is on the cutting-edge of downstream 

steel manufacturing. The effect of plastic deformation on metals is the irreversible particular changes in 

microstructure. To develop new technological processes of metal ware manufacturing it is necessary to 

study the microstructure changing features in steel in order to predict its properties. Carbon steel wire 

with pearlite structure is used for a wide range of engineering components. Carbon steel wire was plas-

tically deformed by drawing in combination with bending and torsion. Such combination resulted in 

characteristic changing of cementite plates. The main objective of the paper is to correlate cementite 

evolution of carbon steel wire after combined deformational processing by drawing with bending and tor-

sion with its mechanical properties. The construction of the used laboratory setup consisted of two draw-

ing dies and four-rolls system which makes it possible to change the deformation degree during drawing, 

bending by the use of rolls with different diameters as well as torsion deformation in wide range. Scanning 

electron microscopy and tensile test were used for analysis of processed carbon steel wire. It was observed 

that after combined deformational processing cementite lamellas were destroyed. After combination of 

drawing with bending, cementite lamellas became curve especially when in the four-rolls system the rolls 

with smaller diameter were installed. By the combination of drawing with bending and torsion, the ce-

mentite lamellas changed in the same manner as without torsion deformation, but boundaries between 

pearlite colonies could not be identified with smaller diameter of rolls. Because combined deformation 

schemes during combination of different kinds of deformation was rather complicated, they had different 

impact on strength and ductile properties of the processed pearlitic wire.   
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1. Introduction1

Pearlitic steel wire has a wide range of application. It is 

used as semi-product in downstream steel manufacturing 

for cables, meshes, cord, etc. and as a finished product in 

electronic devices, medical equipment, watches, etc. [1]. 

Pearlite structure consists of cementite lamellae with low 

extent of ferrite which are very sensitive to any kind of 

*1Authors appreciate PhD Alexandr Gulin (Nosov Mag-

nitogorsk state technical university) for conducting tensile 

tests of the processed carbon steel wire and interpreting the 

experimental results.
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deformational processing. This peculiarity of pearlite 

change on each stage of wire production, influences the 

behavior of eutectoid steel at further stages of downstream 

production [2–4].

The basic operation for steel wire production is draw-

ing. The main strain at drawing is the tensile deforma-

tion along the wire axis. This feature of the applied strain 

affects the changes in microstructure of the processed 

wire when steel grains elongate along the drawing direc-

tion. Such kind of microstructure is denoted as texture 

which affects to high extent on mechanical properties 

of drawn pearlitic steel wire. Much research has focused 

on texture formation after drawing and its effect on me-

chanical properties of pearlitic wire [5–10]. It was proved 




