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FEATURES OF NONMETALLIC INCLUSION 

FORMATION AND EVOLUTION DURING LADLE 

TREATMENT AND CONTINUOUS CASTING 

OF SPECIAL ALLOY STEELS

A. B. Stepanov,1 A. I. Zaitsev,1,2  UDC 669.18.017:621.746

and T. I. Strizhakova1

Features of nonmetallic inclusion formation and evolution in special alloy steels during ladle treatment 

and continuous casting are studied for special alloy steel 40Kh. The main differences in types, sizes, and 

morphology of nonmetallic inclusions in relation to steel deoxidation scheme are analyzed. It is established 

that the composition of more than 97% of oxide inclusions present belongs to CaO–Al2O3–SiO2, Al2O3–

MgO–SiO2, CaO–Al2O3–MgO, CaO–Al2O3–MgO~5% SiO2, Al2O3–MnO–SiO2 systems. The main factors 

that affect the formation of aluminum-magnesium spinel are determined. It is shown that a non-optimal slag 

regime in a tundish leads to formation of silicate inclusions with cross section of more than 1000 μm2, even 

with a steel aluminum content more than 0.015 wt.%.

Keywords: nonmetallic inclusions, spinel, modifi cation, ladle treatment, defects, continuous casting.

 One of the most important conditions for achieving high quality and service properties for rolled bar from special 

alloy steel is its maximum cleanliness with respect to nonmetallic inclusion (NI) content. However, existing metal refi ning 

approaches do not make it possible to provide total absence of NI. This is due to the complexity of formation and evolution 

of nonmetallic inclusion properties (type, amount, size, morphology, distribution through the volume of metal) that depend on 

many factors and parameters, including metal composition and condition, slag, lining, regime for adding materials, treatment 

with inert gas, and electric-arc heating. Therefore, available theoretical methods do not make it possible with the degree of 

precision required to predict properties of NI present within steel and an important task is experimental study of them in rela-

tion to the metal treatment regimes used.

 In order to resolve this problem, metal of two melts of special alloy steel grade 40Kh (Table 1) was studied for fea-

tures of the evolution of existing NI properties in the course of ladle treatment and steel continuous casting.

 As is seen from Table 1, steel chemical compositions of the test melts are quite similar. Semifi nished product was 

melted in a two-bath melting unit with a capacity of 180 tons. A distinguishing feature of the melts studied is delivery of the 

slag-forming materials (lime 1500 kg, fl uorspar 550 kg) not to del semifi nished product in the steel-pouring ladle (SL), but at 

the start of treatment in the ladle-furnace unit (LFU). The temperature of metal semifi nished product in the SL was 1600–

1620ºC and the carbon content within it was 0.04–0.05 wt.%. After fi lling the SL to one third, deoxidizing agents were deliv-

ered, and then ferrochrome, silicon- and manganese-containing ferroalloys from calculation for obtaining medium-grade 
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content of these components. In spite of the fact that furnace slag skimming was performed manually, the weight falling into 

the SL did not exceed 500–700 kg. In both melts, after fi lling the SL aluminum ingot was added in an amount of 100 kg to the 

surface of the slag formed. After 30–40 min the metal was fed to the LFU where it was treated for 55–60 min. The metal 

temperature on arrival at the LFU was 1525–1535ºC. During treatment in the LFU, slag was applied (Table 2), chemical 

composition was corrected (Table 1), and the metal was heated to 1565–1570ºC and treated with inert gas through the SL 

bottom. Seven minutes before the ladle was put into continuous billet casting ferrosilicon was added and the melt was treated 

with argon. The main difference in steel treatment regimes for the two test melts consisted of the steel deoxidation treatment: 

in melt A the deoxidizing agent used was ingots of aluminum AV87, and melt K is was silicomanganese SMn17. This led to 

preparation of a slag cover of different chemical composition, primarily with respect to SiO2 and Al2O3 content (see Table 2).

 Due to the higher slag cover silica and FeO content, in the case of melt K it exhibited less desulfurizing capacity, which 

led to preparation of a higher sulfur content within steel. All oft eh rest of the process parameters did not differ signifi cantly.

 A study of NI characteristics was performed by electron microscopy, and local x-ray spectral analysis in Сarl Zeiss 

Axiovert 40 Mat and Jeol JSM 6610 LV instruments using an Inca X-act energy dispersion microanalyzer produced by Oxford 

TABLE 1. Steel 40Kh Test Melt Chemical Composition

Melt
Content, wt.%

C Si Mn S P Cr Al N Ca

A 0.38 0.155 0.61 0.002 0.005 0.91 0.018 0.0095 0.0026

K 0.4 0.165 0.62 0.005 0.006 0.95 0.016 0.0094 0.0025

TABLE 2. Steel 40Kh Test Melt Slag Cover Composition

Melt
Chemical composition, wt.%

CaO FeO MgO MnO P2O5 SiO2 S Al2O3 CaF2

A 41.3 1.3 10.5 1.3 0.032 14.2 0.42 19.4 10.2

K 40.7 2.1 13.1 1.6 0.034 22.1 0.24 7.6 11.1

Fig. 1. NI compositions at start of ladle treatment in LFU in metal of melts A (a) and K (b).
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instruments. Monitoring of specimens was accomplished using INCA software making it possible to determine in an automat-

ic regime the size, shape, and average chemical composition of all NI present within a microsection. NI were studied whose 

least size exceeded 250 nm in a microsection area of 20 mm2. Four samples were selected from each melt for analysis: at the 

start of ladle treatment in the LFU; before delivery of slag forming materials; ten minutes before delivery of calcium-contain-

ing materials; seven minutes after their delivery; in the middle of continuous casting.

 From the results of determining the content of cations, the NI composition was calculated assuming that they are 

present in the form of oxides and sulfi des. First sulfi de NI component was calculated proceeding from the content of sulfur 

established. The remaining part of cations and oxygen was calculated for 100% and the oxide content was determined. In con-

verting the concentration, the presence in spectra of lines connected with activation of the metal matrix was considered. It 

was established that in the fi rst metal samples inclusions may have quite a varied chemical composition, although more than 

97% of recorded inclusions pertained to the following systems (Fig. 1): CaO–Al2O3–SiO2 (CAS), Al2O3–MgO–SiO2 (AMS), 

CaO–Al2O3–MgO (CAM), CaO–Al2O3–MgO~5%SiO2 (CAM~5%S), Al2O3–MnO–SiO2 (AMnS).

 The main type of NI in metal of the two melts concerns the AMS system (see Fig. 1). However, features of the de-

oxidation scheme have a considerable effect on the amount and content of different components, phases, and inclusion size 

(Table 3).

 It follows from Table 3 that the amount of NI in melt K compared with melt A is approximately 10% more and their 

size is twice as large. It was established that within metal of melt A approximately 90% of NI are corundum inclusions with 

an average size of 3.4 μm2. Determination of the geometric characteristics of complex inclusions of the Al2O3–SiO2 and 

Al2O3–3Al2O3·2SiO2 types showed that the average value of their size is 7.9 μm2 and the maximum reaches 122 μm2. The 

average size of Al2O3 inclusions (25% of all inclusions) and MgO·Al2O3–Al2O3 inclusions at the start of ladle treatment for 

melt A was 0.96 and 2.17 μm2, respectively, which is markedly lower than the values obtained for NI in metal of melt K.

 The results obtained are in good agreement with [1], pointing to the formation of coarse corundum inclusions of 

coral-like shape with an increase in weight of added aluminum and oxygen content within metal. The size of the inclusions 

formed, their shape, high interphase tension of liquid steel, and intense mixing, created by kinetic energy of a stream of de-

scending metal, create favorable conditions for removal of the main mass of corundum inclusions. Since aluminum in the case 

TABLE 3. Main NI Characteristics at Start of LFU Treatment for Melts A and K
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NI type

CAS (including pure 
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Amount of NI per 20 mm2

A 2 2 – 494 257 237 7 2 5 – – – 8 8 –

K 2 1 1 550 173 377 – – – – – – 14 13 1

NI size, μm2**

A
1.3 1.3 – 1.9 1.9 1.8 9.5 17.6 6.2 – – – 2 2

1.5 1.5 – 29.2 29.2 16.9 34.1 34.1 10.3 – – – 6.7 6.7

К
1.3 2.1 0.4 3.6 6.6 2.2 – – – – – – 9.2 9.6 4.9

2.1 2.1 0.4 122 118 122 – – – – – – 26.5 26.5 4.9
  * For convenience of comparing NI characteristics, pure Al2O3, SiO2, MgO only concern the AMS system, and pure CaO only the CAS system.  
** In the upper row, NI size characteristics are average value of area, and maximum in the lower row.
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of melt K was added to slag only after preliminary deoxidation of CMn17 metal, it was transferred into partly deoxidized 

metal, which also affected steel purity with respect to NI at the start of ladle treatment. The effect of metal mixing on removal 

of inclusions takes account of the fact that inclusions of the AMnS system in metal K were hardly observed towards the start 

of ladle treatment, although in fact this type of inclusion is the main product of steel deoxidation on adding silicon and man-

ganese. However, it is seen that the inclusions of the AMnS system recorded exhibit a relatively larger size, which points to 

the lower capacity for removal from metal than Al2O3 even with their formation in delivery. First, this is explained by the 

good wettability of NI in liquid steel, corresponding to the AMnS system. In addition, the considerable size of Al2O3 NI in 

metal of melt K is caused by the fact that part of them formed from deoxidation product relating to the AMnS system. In the 

AMnS and AMS diagrams (see Fig. 1b), modifi cation of silicate NI is clearly seen. In spite of the low aluminum content in 

melt K, the trajectory for “movement” of compositions is directed precisely to the Al2O3 corner and proceeds to its end.

 A second distinguishing feature is presence within melt A metal of NI of the MgO·Al2O3–Al2O3 type. In the AMS 

diagram (see Fig. 1a), it is seen that at fi rst there is formation of aluminum-magnesium spinel, and then formation of a com-

plex compound MgO·Al2O3–Al2O3. This is indicated both by the position of points on the diagram of Fig. 1a, and compari-

son of the sizes of inclusions of the MgO·Al2O3 type (average value 0.37 μm2, maximum 0.49 μm2) and MgO·Al2O3–Al2O3 

(average value 2.20 μm2 and maximum value 29.2 μm2). It is assumed that formation of these NI occurs by collision of con-

tinuously forming particles of MgO·Al2O3 and Al2O3. Sticking of spinel with corundum becomes possible due to presence at 

its surface of a very thin layer of oxide melt of the CaO–Al2O3 system, which will described I detail below.

 It is important to note absence of aluminum-magnesium spinel composition with a marked proportion of CaO or 

SiO2. Presence of these inclusions could point indirectly to the nature of the occurrence from a slag cover. However, the size 

of spinels and absence of the main slag components makes this origin mechanism hardly probable. It is well known [2] that 

magnesium has very low solubility in iron melts and very high vapor pressure, signifi cantly exceeding atmospheric pressure 

at liquid steel treatment temperatures. Consequently, its reduction and formation of spinel may be represented in the form of 

reactions (1)–(3):
 4(MgO) + 2[Al] = MgO·Al2O3+ 3Mg(gas), (1)

 4MgO + 2[Al] = MgO·Al2O3 + 3Mg(gas), (2)

 Mg(gas) + Al2O3 + [O] = MgO·Al2O3. (3)

 It follows from Eqs. (1) and (2) that the probability of forming magnesium and spinel by reaction (2) from the lining 

signifi cantly exceeds the possibility of its formation from slag by reaction (1), since the activity of (MgO) in slag is markedly 

Fig. 2. NI compositions 10 min before delivery of ferrocalcium to metal of melts A (a) and K (b).
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lower than the activity of lining magnesite. It is evident that with the formation of spinel by reaction (1) at a metal–slag inter-

face there is unavoidable sticking of spinel with slag phase, at least in some cases. Since spinel particles with traces of slag 

components in liquid metal were not recorded, and the probability of metal saturation with pure magnesium in gaseous from 

the upper zone of the LU is signifi cantly lower from its lower part, it may be confi rmed that the main mechanism of MgO·Al2O3 

formation proceeds by reactions (2) and (3). The absence of spinel from metal of melt K points to an insuffi ciently high degree 

of steel deoxidation capacity. Analysis of acid-soluble Al in metal of melt K showed that its content was 0.004–0.005 wt.%.

 It is important to note the start of modifi cation of aluminum-magnesium spinel and corundum in metal of melt A (see 

Fig. 1a), where the concentration [Al] = 0.059 wt.%, and the calcium content [Ca] ≈ 0.00015 wt.%. These results are conclu-

sions in [3] about the high thermodynamic activity of calcium in liquid steel with concentrations equal to 1–2 ppm.

 Compositions of NI are given in Fig. 2 10 min after delivery of calcium, and there are marked changes NI composi-

tion. However, it is seen that the deoxidation procedure and corresponding features of ladle treatment determine their type, 

chemical composition, and size even towards the end of ladle treatment. First, it should be noted that the amount of NI for 

melt K is three times more than in melt A, although their average size is now less by a factor of 5–10 (Table 4). In addition, 

the main types of NI for melt K are MgO·Al2O3 and sapphirine (4MgO·5Al2O3·2SiO2) modifi ed with calcium. These changes 

are connected with the fact that four minutes after sample collection from liquid metal of melt K addition of ingot aluminum 

in an amount of 0.15 kg/ton was accomplished, which led to an increase in aluminum content to a value of [Al] = 0.012 wt.% 

TABLE 4. Data for Main NI Characteristics 10 min before Delivery of Ferrocalcium to Metal of Melts A and K

Melt

NI type

CAS (including pure 
CaO)*

AMS (including pure 
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Amount of NI per 20 mm2

A 14 10 4 38 21 17 41 33 8 4 4 – 6 6 –

K 35 3 32 54 7 47 162 15 147 52 5 47 2 2 –

NI size, μm2**

A
0.5 0.5 0.4 6.8 9.9 2.9 5.1 5.7 2.6 102 102 – 3.6 3.6 –

1.1 1.1 0.6 49.9 49.9 25.0 69.6 69.6 17.4 271 271 – 12.4 12.4 –

K
0.5 0.4 0.6 0.7 0.7 0.7 1.8 2.1 1.7 3.0 7.4 2.6 5.8 5.8 –

2.1 0.5 2.1 4.0 1.9 4.0 36.9 4.1 36.9 32.8 32.8 28.7 10.8 10.8 –
  *  For convenience of comparing NI characteristics, pure Al2O3, SiO2, MgO only concern the AMS system, and pure CaO only the CAS system.  
** In the upper row, NI size characteristics are average value of area, and maximum in the lower row.

TABLE 5. Metal Chemical Composition in the Middle of Ladle Treatment (sample 2)

Melt
Content, wt.%

C Si Mn S P Cr Al N Ca

A 0.35 0.159 0.6 0.0032 0.006 0.9 0.009 0.0074 0.00095

K 0.38 0.11 0.61 0.006 0.0067 0.95 0.012 0.0061 0.0011
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(Table. 5). It follows from Fig. 2 that this appeared to more than adequate for forming aluminum-magnesium-spinel by the 

mechanism described above. The deoxidation procedure for metal K also appeared as a requirement for additional steel alloy-

ing with silicon, since a signifi cant part of it went into deoxidation and secondary oxidation (with low aluminum concentra-

tion). Therefore, immediately before delivering aluminum ferrosilicon was added in an amount of 1.4 kg/ton. Addition of 

aluminum to metal with continuous silicon redistribution created conditions for forming 4MgO·5Al2O3·2SiO2. Sapphirine 

was not recorded with analysis of this sample, but its evolution products may be seen in the next samples. In addition, inclu-

sions of the CAM~5%S system, i.e., the third type of NI with respect to amount, are a modifi ed form of sapphirine.

 It is important to note that within metal of melt A the amount of spinel is considerably reduced compared with the 

start of treatment. An interesting conclusions follows from this that it is expedient to deliver Al as early as possible with 

the aim of forming aluminum-magnesium spinel in the early stages of ladle treatment, since it is seen that its formation is 

unavoidable even with concentrations of [Al] = 0.012 wt.%. As a result of the early formation of MgO·Al2O3, there is an 

increase in time for its removal and modifi cation of the slag cover.

 Since the slag cover is already formed, the process of modifi cation of aluminum-magnesium-spinel and corundum 

becomes more clearly expressed and may be traced by the “movement” trajectory for NI composition. It is important that the 

direction of modifi cation of MgO·Al2O3 and 4MgO·5Al2O3·2SiO2 deviates considerably from the beam connecting fi gurative 

points for these compounds within the CaO corner (see CAM diagram, Fig. 2 and CAM~5%S, Fig. 2b). It is seen that the 

“movement” trajectory of NI compositions is directed towards the CaO·6Al2O3 and CaO·2Al2O3 zone in the region of essen-

tially basic type of inclusions, given in CAS diagrams (see Fig. 2). On the basis of this, it is assumed that modifi cation of 

Fig. 3. Dependence of NI size type MgO–Al2O3 on MgO content.

Fig. 4. NI compositions 7 min after delivery of ferrocalcium to metal of melts A (a) and K (b).
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MgO·Al2O3, 4MgO·5Al2O3·2SiO2, and their complex compounds with Al2O3 occurs by a more complex mechanism, in fact 

their normal reduction. Considering these conclusions, the possible following evolution mechanisms are provided:

 1) formation of MgO·Al2O3 or 4MgO·5Al2O3·2SiO2;

 2) coalescence of these compounds with corundum particles, at whose surface there is a thin layer of oxide melt 

CaO–Al2O3 or formation of Al2O3 at their surface; and

 3) particles of MgO·Al2O3 or 4MgO·5Al2O3·2SiO2 merge due to a modifi ed corundum surface.

 The position of NI compositions in the CAS diagrams (see Fig. 2) does not illustrate their compounds, but the ratio 

of mass of corundum with oxide melt CaO–Al2O3. Therefore, direct reduction of MgO·Al2O3 or 4MgO·5Al2O3·2SiO2 does 

not occur in marked volumes, but at least at the very start of modifi cation, and there is constant dilution of them in corundum, 

surrounded by oxide melt, and additional confi rmation of this is given below.

 Analysis of data given in Tables 3 and 4 showed that the sulfi de component of NI has a marked effect on capacity for 

coarsening. It is seen that NI not bonded with CaS are coarser than particle of similar composition without sulfi de phase. Since 

with an increase in particle size there is an increase in their capacity for removal, in order to improve steel cleanliness with 

respect to NI, it is expedient as early as possible to carry out effective metal desulfurization, which is diffi cult with a limited 

aluminum concentration in the fi rst half of ladle treatment and ladle slag composition, formed during deoxidation with sili-

con-manganese-containing materials.

TABLE 6. Data for Main NI Characteristics 7 min after Delivery of Ferrocalcium to Metal of Melts A and K

Melt

NI type

CAS (including pure 
CaO)*

AMS (including pure 
Al2O3, SiO2, MgO)* CAM CAM~5%S AMnS
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Amount of NI per 20 mm2

А 622 15 607 258 4 254 70 12 58 14 3 11 – – –

К 277 10 267 392 5 387 106 5 101 473 50 423 7 7 0

NI size, μm2**

А
1.2 1.2 1.2 1.1 3.3 1.1 1.9 2.6 1.8 29.4 2.8 36.6 – – –

12.1 2.9 12.1 7.4 7.4 6.1 7.2 7.2 5.4 267 4.2 267 – – –

К
1.0 0.8 1.1 0.9 11.3 0.7 1.2 1.0 1.2 2.1 2.4 2.1 12.7 12.7 –

2.2 6.2 21.9 21.9 4.6 5.6 3.2 5.6 23 23 23 82 82 – 6.2
  * For convenience of comparing NI characteristics, pure Al2O3, SiO2, MgO only concern the AMS system, and pure CaO only the CAS system.  
** In the upper row, NI size characteristics are average value of area, and maximum in the lower row.

TABLE 7. Metal Chemical Composition 7 min after Delivery of Ferrocalcium

Melt
Content, wt.%

C Si Mn S P Cr Al N Ca

A 0.365 0.156 0.6 0.003 0.0058 0.91 0.022 0.0088 0.0045

K 0.382 0.159 0.61 0.005 0.0069 0.95 0.021 0.0076 0.0043
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 It follows from the AMS diagram (see Fig. 2a) that in spite of the relatively high content within metal of [Al] = 0.009 

wt.% the amount of particles this system is reduced considerably from the start of ladle treatment, and is also lower than in 

melt K metal in a similar period of time. It is well known that during reaction of aluminum with a lining not all of the reaction 

products are transferred into metal, and part of them remain at the LU walls, including in the skull, forming with a drop in 

level of the LU during continuous casting. To all appearances, a change in the skull layer at the surface of a lining limits new 

spinel formation. In view of this, it is possible to explain formation of a new type of inclusions of the AMS system of melt A, 

i.e., a complex compound MgO·Al2O3–Al2O3–MgO. In the AMS diagram (see Fig. 2a), it is seen that points corresponding 

to the composition of particles shift with respect to a fi gurative point of compound MgO·Al2O3 in a direction of an increase 

in MgO content, and this may only be in the case of MgO·Al2O3 or MgO·Al2O3–Al2O3 sticking with magnesite. The mech-

anism given for a reduction in magnesia from lining and formation of a skull with a corundum base assumes disruption of 

lining continuity, microcrack formation, since the surface of a lining cannot be washed to a uniform smooth layer. Calcium 

subsequently passing from slag into metal should be modifi ed not only by Al2O3 inclusions, but also the skull layer. Thus, it 

is simple to suggest that during the time of continuous formation of microcracks, fi lled by skull, subsequent modifi cation by 

aluminum and calcium leads to separation of large exogenic lining particles, in particular consisting almost entirely of MgO, 

which as a consequence collide with NI of the MgO·Al2O3 or MgO·Al2O3–Al2O3 types. In order to confi rm the hypothesis, 

the sizes of MgO·Al2O3 particles were compared with the weight fraction of MgO (Fig. 3).

 An exponential dependence is seen in Fig. 3 for the growth of NI area with an increase in MgO content, and its only 

commences with transfer of the boundary for existence of aluminum-magnesium spinel, which agrees entirely with the sug-

gestion advanced. In total, this provides a basis for assuming that in the case of delivery of calcium steel contamination with 

respect to NI of the types MgO·Al2O3 and MgO–MgO·Al2O3–Al2O3 should increase considerably, which is shown in Fig. 4a.

 It follows from Fig. 4 and Table 6 that seven minutes after delivery of calcium metal contamination with respect to 

NI increases considerably. However, the NI composition and modifi cation path is different in spite of the very similar metal 

chemical composition (Table 7), and similar weight of delivered calcium (0.2 kg/ton for charging).

 Since in metal of melt K the sulfur content before delivery of calcium was greater by almost a factor of two than in 

metal of melt A, and calcium concentration after addition was 45–50 ppm, a considerable part of it at fi rst went into bonding 

sulfur, and then into NI modifi cation.

 Attention is drawn to the absence of inclusions of the types MgO–MgO·Al2O3 or MgO–MgO·Al2O3–Al2O3 in a 

melt K sample, in spite of a high calcium content after its addition (see Table 7), especially if results are compared with those 

presented in Fig. 4a. Some explanation of the lack of inclusions with a weight fraction of MgO more than 30 is proposed:

 1) more time is required for washing skull, since the process of reduction of changed skull for melt A occurs from 

the start of ladle treatment and its results were recorded before delivery of calcium, and addition of modifi er simply intensifi ed 

the process;

 2) the effect of LU life is evident, since for melt A its life was 21, and for melt K it was 12; and

 3) as a result of greater bonding of calcium by sulfur, the amount of it in a free condition appeared to be less than 

indicated by NI modifi cation completeness and dynamics (see Figs. 4 and 5), and the process of washing lining skull slowed 

down as a result of a smaller amount of dissolved calcium.

 Thus, the reason becomes clear for an increase in metal NI contamination containing MgO with an increase in 

treatment time in inert gas. With an increase in this time after delivery of calcium, there is an increase in time for lining skull 

washing out to sample collection, and there is an opinion that inert gas has a marked effect on a shift of reaction (2) in the 

right-hand direction. The data provided, and also more detailed study of metal samples collected two minutes after delivery 

of calcium, indicate that the amount of spinel formed increases instantaneously and depends directly on lining and skull 

condition, and also on the amount of calcium delivered. It is apparent that the intensity of skull layer washing out after de-

livery of calcium should also slow down, otherwise over the extent of all continuous pouring extreme saturation of spinel 

should be observed.

 This is indicated by results of studying samples collected in the middle of continuous casting (see Fig. 5). In view of 

this, the expediency becomes evident of increasing time for mild fl ushing to values with which the intensity of washing the 

surface layer of a lining under new conditions becomes extremely low.
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 It is seen from Fig. 5a (data given in Fig. 5a were obtained with monitoring are area of 60 mm2) that NI of the types 

MgO–MgO·Al2O3 or MgO–MgO·Al2O3–Al2O3 were not recorded, even with monitoring a larger area of specimen, but in-

clusions of the MgO·Al2O3–Al2O3 were detected in an amount of 5/60 mm2, and less by a factor of 5–10 than during ladle 

treatment. In the AMS diagram (see Fig. 5b), in contrast, particles of MgO–MgO·Al2O3 and MgO–MgO·Al2O3–Al2O3 were 

recorded, and this points to commencement of skull washing out in spite of the small amount of calcium in a dissolved state.

 Secondary oxidation, proceeding during continuous oxidation, nullifi es all of the ladle treatment achieved with respect 

to refi ning metal from oxide inclusions (see Fig. 5a). In the AMS diagram, silicate inclusions of the Al2O3–SiO2, Al2O3–

3Al2O3·2SiO2, Al2O3–3Al2O3·2SiO2–SiO2, and 4MgO·5Al2O3·2SiO2, are presented, whose formation is only possible under 

conditions of a marked increase in metal oxidation. Subsequently, these inclusions are modifi ed with calcium transferred into 

the CAS and CAM~5%S systems. These NI exhibit large sizes (Table 8), and even average values are extremely large. This in-

tense secondary oxidation is caused by non-optimum control of slag forming mixture addition, with which the thickness of the 

slag cover in the tundish is less than 1 cm, which led to metal surface exposure. From comparison of data in Fig. 5a with results 

of melt K (see Fig. 5b), where the slag cover thickness was more than 2 cm, it is seen that the intensity of secondary oxidation is 

considerably lower. Attention should be drawn to the maximum size of NI in melt A which quite often exceed 1000 μm2. It is 

apparent that in the case of their transfer into fi nished rolled product they will be one of the main sources of defect formation 

during deformation. In addition, this metal contamination should lead to a marked change in composition and physicochemical 

properties of SFM in a crystallizer, which increases the possibility of forming surface detects during crystallization and emul-

sifi cation of SFM in crystallizing metal, and would be observed in studying the rolled surface of these melts [4]. In spite of 

absence of these coarse NI in other metal, the maximum size of particles in melt K is also signifi cant, and in some cases reaches 

330 μm2. Due to intense secondary oxidation proceeding in the test melts, it is impossible to follow the dynamics of NI removal 

and to evaluate the effect on their removal of type, size, composition, and inclusion morphology, and also to the chemical com-

position of slag cover in the tundish. It is only possible to state that non-optimum control of performing continuous casting 

reduces the endeavour of ladle treatment and determines metal contamination with NI.

 Separately, it is necessary to consider modifi cation of corundum. Analysis of NI of the AMS system (see Figs. 4 

and 5) showed that Al2O3 is one of the main compounds (more than 70% in metal of melt A and about 95% in metal of 

melt K). Previously, it has been noted that its modifi cation commences with extremely low concentrations of dissolved cal-

cium in liquid metal. Therefore the importance of complete transformation of corundum into calcium aluminates of variable 

composition is important. On the basis of the diagrams given in Figs. 4a and 5a, it is possible to suggest erroneously that 

calcium modifi ed corundum to CaO. However, it is more probable that points corresponding to compositions located be-

tween 3CaO·Al2O3 and CaOare a complex compound CaO – oxide melt CaO–Al2O3 at the surface of corundum – Al2O3, 

Fig. 5. NI compositions in the middle of continuous casting metal of melts A (a) and K (b).
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and the position of a point is determined by the ratio of their masses. Thus, formation of inclusions of compositions between 

3CaO·Al2O3 and CaO, is not a result of corundum modifi cation, but a result of collision of CaO particles with completely or 

partly transformed Al2O3 inclusions. An interesting conclusion follows from this that in order to prevent corundum inclusions 

in unfavorable types of NI, i.e., with a high proportion of CaO, is extremely diffi cult without presence of CaO. On analyzing 

NI from two metals samples of melt A, collected after delivery of calcium, particles of pure CaO were recorded in an amount 

of (23–25)/20 mm2, whereas with analysis of similar samples of melt K these particles were not detected. Therefore in CAS, 

CAM, and CAM(~5%S) diagrams for melt A, the “movement” of particle compositions is directed towards the CaO corner, 

i.e., there is no NI modifi cation, but their dilution with CaO. With analysis of similar diagrams for melt K, it is clearly seen 

that the path of particles is aimed precisely in the direction of C3A compound, and the extreme point of the region for existence 

of liquid oxide melt. In this case, inclusions are diluted in liquid oxide melt CaO–Al2O3 by a modifi cation mechanism, which 

additionally confi rms the process described previously for sticking of corundum on inclusions of different types. In addition, 

with analysis of Figs. 4b and 5 it may be noted that modifi cation of inclusions ceases at the boundary for existence of oxide 

melt. Thus, it may be suggested that formation of oxide melt at a corundum surface repeatedly outstrips the process of total 

Al2O3 transformation, and the completeness of its occurrence is limited to a region of existence of oxide melt and rate of 

supply of dissolved calcium. In order to confi rm this hypothesis, the change in corundum particle shape was analyzed with an 

increase in calcium content to 20 wt.% (Fig. 6) in NI without sulfi de component.

 It follows from Fig. 6 that an increase in calcium concentration to 5 wt.% deviation of inclusion shape factor from 

the shape factor for a regular circle decreases to a value similar to zero, which confi rms formation of oxide melt at the surface 

of corundum and in envelopment of a solid inclusion by it.

 Thus, it may be confi rmed that outside a dependence on calcium concentration modifi cation of a corundum surface 

should proceed to a fl uid condition. It is assumed that for complete modifi cation of corundum, present within liquid metal, not 

the calcium concentration, but the ratio of mass of Ca to mass of Al2O3 is important. The rate of corundum modifi cation at 

temperatures of steel smelting conversion is limited by the kinetic supply of calcium to Al2O3. However, from the data obtained 

it follows that for transfer of all corundum into oxide melt a considerable amount of calcium is required, with whose introduc-

tion there is formation of additional inclusions, of much larger size, and a danger also arises of calcium oxidation to pure CaO.

TABLE 8. Main NI Characteristics in the Middle of Continuous Casting Metal of Melts A and K

Melt

NI type

CAS (including pure 
CaO)*
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In
 to

ta
l

O
xi

de
s

O
xy

su
lfi 

de
s

In
 to

ta
l

O
xi

de
s

O
xy

su
lfi 

de
s

In
 to

ta
l

O
xi

de
s

O
xy

su
lfi 

de
s

In
 to

ta
l

O
xi

de
s

O
xy

su
lfi 

de
s

In
 to

ta
l

O
xi

de
s

O
xy

su
lfi 

de
s

Amount of NI per 20 mm2

A 821 247 574 103 27 76 88 34 55 187 23 164 12 12 –

K 220 5 215 776 37 739 45 6 39 362 19 343 37 37 0

NI size, μm2**

A
8.3 15.1 5.4 12.3 32.7 5.2 29.3 65.8 7.0 10.7 8.3 11.0 154 154 –

2365 2365 287 444 444 200 3565 3565 25.8 63.6 29.2 63.6 1263 1263

K
3.2 1.8 3.2 0.9 0.8 0.9 7.0 3.6 7.6 10.1 9.5 10.1 22.5 22.5 –

21.4 3.4 21.4 23.2 3.1 23.2 24.7 5.9 24.7 101 26.0 101 336 336
  * For convenience of comparing NI characteristics, pure Al2O3, SiO2, MgO only concern the AMS system, and pure CaO only the CAS system.  
** In the upper row, NI size characteristics are average value of area, and maximum in the lower row.
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 Conclusion. It has been established in this work that the composition of more than 97% of nonmetallic inclusions 

(NI) in the test steels relates to the systems: CaO–Al2O3–SiO2, Al2O3–MgO–SiO2, CaO–Al2O3–MgO, CaO–Al2O3–MgO 

~5%SiO2, Al2O3–MnO–SiO2. It is shown that the main type of NI at the start of ladle treatment is inclusions of the Al2O3–

MgO–SiO2 system. However, the deoxidation scheme affects the typical composition, size, and morphology of inclusions.

 The data presented indicate that the main types of NI during steel deoxidation with aluminum and corundum and 

aluminum-magnesium spinel. With deoxidation of steel by silicon and manganese the main types of NI 40 minutes after de-

livery of semifi nished product to an LU are Al2O3 and complex Al2O3–SiO2 compounds.

 It has been established that with metal deoxidation by aluminum towards the instant of arrival a steel pouring ladle 

at the ladle-furnace unit the amount and size of NI is signifi cantly smaller than with deoxidation with silicon-manganese-con-

taining materials.

 Features have been determined for formation and evolution of NI, including as a result of modifi cation with slag. It 

has been shown that modifi cation of corundum commences with a concentration of [Ca] ≈ 2 ppm. It has been recorded that 

presence in NI of sulfi de phase limits their capacity for coagulation, and this makes their removal diffi cult into slag cover. It 

is proposed that modifi cation of complex inclusions proceeds as a result of formation of CaO–Al2O3 oxide melt from corun-

dum, present at their surface. A mechanism has been explained for contamination of metal by spinel after delivery of calcium 

as a result of intensifi cation of washing out a lining skull layer. It is suggested that for steels with a required aluminum content 

of more than 0.01% it is required to form this spinel in the early stages of ladle treatment in order to form at the walls of the 

steel pouring ladle a skull layer preventing formation of new MgO·Al2O3 inclusions. It has been established that non-opti-

mum addition of slag-forming mix into the tundish leads to formation of silicate NI with a size of more than 1000 μm2.

 This work was carried out within the scope of Subsidy Agreement No. 14.625.21.0032 of 10.27.2015; unique project 

identifi er is REMEFI62515X0032.
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