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Abstract. Increasingly rigid requirements in terms of the steel products quality are forcing the metallurgy technologists to search for innovative solutions 

to stabilize the steel quality. Much attention is paid to ladle treatment of melt and selection of rational composition of modifiers, which enables 
the content of non-metallic inclusions to be reduced. In order to solve the formulated problem, complex modifiers are used containing both calcium 
and other alkaline earth metals (barium and strontium). This article presents the results of a pilot campaign on metal ladle treatment by complex 
modifiers with alkaline earth metals (calcium, barium, strontium) upon production of steel with higher requirements for non-metallic inclusions under 
conditions of electric-furnace melting at JSC “Ural Steel”. In the course of experimental activities, the maximum level of inclusions content of sheet 
rolled products from pipe steel grades was decreased in terms of brittle silicates (according to State Standard GOST 1778) from 4.0 to 1.5 – 2.5, 
and in terms of non-deforming silicates from 4.0 to 3.0 – 3.5. Substitution of silicocalcium, grade SK40, with experimental modifiers resulted in 
improvement of strength properties of rolled products both during tension tests and during impact bending tests at lower temperatures. This influence 
was observed in all variants of consumption of the experimental modifiers. With increase in the consumption of modifiers positive influence on steel 
mechanical properties also increased. As a consequence of substitution of silicocalcium with experimental modifiers, the calcium recovery with the 
use of Si – Ca – Ba increased in average by 1.6 times, and with the use of Si – Ca – Ba – Sr in average by 2.4 times. The use of the complex modifiers 
enabled the targeted value of residual calcium in steel sample from tundish to be obtained at significantly lower calcium consumption. 

Keywords: pipe steel, ladle treatment, non-metallic inclusions, non-deformed silicates, steel modification, silicocalcium, microcrystalline complex 
modifiers, calcium recovery
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 Introduction

The continuously tightening of requirements with 
regard to  the quality of metal products has lead metallurgy 
technologists to search for innovative solutions which 
enable a steady high quality of metal to be obtained. In par-
ticular, much attention is paid to ladle treatment of melt 
and selection of rational composition of modifiers which 
enables the content of non-metallic inclusions (NMI) to be 
reduced. The general principles of decreasing the NMI 
level of steel deoxidized by aluminum are known [1 – 4]. 
Treatment of steel by calcium containing materials is 
a common practice which allows metal to be refined from 
the products by aluminium deoxidizing [5 – 8]. In this 
respect, good results are also steadily achieved with 
the use of complex modifiers with alkaline earth me tals 
(AEM) both in Russia [9 – 12] and abroad [13 – 14]. 
Nowadays much attention is paid to the use of strontium 
as a component of complex alloy with AEM together with 
calcium and barium. The promising potentials of this ele-
ment are confirmed both by the theoretical studies [15], 
and by results of the pilot projects [16, 17].

The execution of certain contracts for pipe steel grades 
at JSC “Ural Steel” requires compliance with higher 
specifications (State Standard GOST 1778-70) in terms 
of NMI points: 

– in terms of oxides, sulfides, and brittle silicates 
(BS) – not higher than 2.5 points regarding average level 
and not higher than 3.0 points regarding maximum level; 

– in terms of non-deformed silicates (NDS) – not 
higher than 3.0 points regarding average level and not 
higher than 3.5 points regarding maximum level.

However, upon steel treatment by conventionally used 
silicocalcium SK40, the achieved performance of steel 

quality in terms of content of various NMI does not always 
comply with the targeted values. Thus, in terms of non-
deformed silicates the inclusions content in the metal 
equals in average  2.5 points, the maximum content being 
4.5 points. These NMI are calcium aluminates of complex 
composition. In order to decrease their sizes and content, 
industrial tests of complex modifiers were performed 
(Table 1). The technological parameters were verified pro-
viding maximum efficiency of their use.

The modifiers mentioned proved to be successful in 
production of corrosion resistance, high carbon (wheel 
steel), and structural steels under conditions of Tagan-
rog Iron & Steel Factory [18], OMZ Special Steel plant, 
as well as in the course of R&D project of development 
of production technology of sheet rolled products with 
normalized level of corrosion active NMI in the electric-
furnace melting shop of JSC “Ural Steel” [19, 20].

The aim of this work is to develop a set of recommen-
dations on the technology of the ladle treatment of melt, 
in order to reduce the content of non-deformed silicates 

T a b l e  1

Properties of experimental modifiers

Таблица 1. Характеристика опытных модификаторов

Name Description Influence

INSTEEL®1.5
Са – Ba modifier 
on iron silicon 
base

Decrease in NMI 
content, improvement of 
mechanical properties

INSTEEL®9.4
Ca – Ba – Sr 
modifier on iron 
silicon base 

Decrease in NMI content, 
preventing submerged 
entry nozzle clogging 
with aluminum silicates
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Аннотация. Ужесточающиеся требования к качеству металлопродукции вынуждают технологов металлургического производства искать 

новые решения, позволяющие стабилизировать качество металла. Большое внимание уделяется технологиям внепечной обработки расплава 
и подбору рационального состава модификаторов, позволяющих снизить загрязненность металла по неметаллическим включениям. Для 
решения поставленной задачи применяются комплексные модификаторы, содержащие как кальций, так и другие щелочноземельные 
металлы (барий и стронций). Представлены результаты опытно-промышленной компании по внепечной обработке металла комплексными 
модификаторами с щелочноземельными металлами (кальций, барий, стронций) при производстве стали с повышенными требованиями 
к неметаллическим включениям в условиях электросталеплавильного цеха АО «Уральская Сталь». В ходе экспериментальных работ 
удалось снизить максимальный балл загрязненности листового проката из трубных марок стали по силикатам хрупким (по ГОСТ 1778) 
с 4,0 до 1,5 – 2,5, по силикатам недеформирующимся с 4,0 до 3,0 – 3,5. Замена силикокальция марки СК40 на опытные модификаторы 
привела к улучшению прочностных свойств проката как при испытаниях на растяжение, так и при испытаниях на ударный изгиб при 
пониженных температурах. Указанное влияние наблюдалось при всех вариантах расходов опытных модификаторов. Отмечено, что 
с увеличением расхода модификаторов положительное влияние на механические свойства стали усиливалось. В результате замены 
силикокальция на опытные варианты модификаторов усвоение кальция при использовании Si – Ca – Ba повысилось в среднем в 1,6 раза, 
а при использовании Si – Ca – Ba – Sr – в среднем в 2,4 раза. Применение комплексных модификаторов позволило при существенно 
меньшем расходе кальция получить целевое значение остаточного кальция в маркировочной пробе. 

Ключевые слова: трубная сталь, ковшевая обработка, неметаллические включения, силикаты недеформирующиеся, модифицирование стали, 
силикокальций, микрокристаллические комплексные модификаторы, усвоение кальция
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(in terms of maximum level) lower than 3.5 points and 
achieve targeted content of residual calcium together with 
reduction of cumulative production expenses.

 Experimental

In order to solve the formulated problems, a series 
of pilot experiments were performed on production 
of steel, grade K52 – K60, using complex modifiers 
with AEM in comparison with standard silicocalcium, 
grade SK40. Chemical composition of the modifiers with 
AEM is summarized in Table 2. The composition of test 
alloys with AEM was selected by the results of positive 
experience of their use under various production condi-
tions, including those of the electric-furnace melting shop 
of JSC “Ural Steel” [20]. Consumption of the modifiers 
was determined on the basis of analysis of large scale lab-
oratory and commercial tests of alloys with AEM.

In accordance with the pilot experiment plan, each 
modifier was used for the treatment of more than 20 melt 
heats of steel, grade K52 – K60. Melting and ladle 
treatment of comparative and test melt heats were car-
ried out in comparison with valid process specifica-
tions. The steel was modified at steel vacuum degasser 
(SVD) after deoxidizing by aluminum. Consumption 
of modi fiers in test melt heats was varied in the range 
of 80 – 100 % (of comparative variant with SK40) in 
terms of overall AEM [20].

Sampling and assessment of NMI content in steel 
were carried out in accordance with State Standard 
GOST 1778-70 (method Sh6). Spectral microanalysis 
and NMI assessment in sheet rolled products from steel 
of test and comparative melt heats were carried out using  
a JSM- 6490LV scanning electron microscope in combi-
nation with an INCA Energy 250 energy dispersion ana-
lyzer at 200× magnification.

 
 Results and discussion

The main parameters of modification in comparative 
and test melts are summarized in Table 3.

As can be seen from Table 3, the  consumption 
of INSTEEL®1.5 modifier according to several variants, 
provided for the addition of AEM from 82 % (variant 1) 
to 103 % (variant 3) of the basic technology with SK40. 
In the case of INSTEEL®9.4 modifier the amount of AEM 
supplied with the wire varied from 79 % to 90 %, respec-
tively. Therefore, the modifier consumption provides 
the calcium addition:

– for INSTEEL®1.5: from 47.7 % (variant 1) to 59.6 % 
(variant 3) with respect to the basic technology;

T a b l e  2

Actual chemical composition of modifiers 
(cored wire fillers), % 

Таблица 2. Химический состав модификаторов
(наполнителей порошковой проволоки), %

Element
Modifier

SK40 INSTEEL®1.5 INSTEEL®9.4
Mg – 0.1 0.1
Al 1.0 1.0 1.1
Si 42.2 36.5 46.8
Ca 39.9 31.2 18.4
Ba – 22.8 10.4
Sr – – 11.2

T a b l e  3

Average parameters of steel modifying treatment  

Таблица 3. Усредненные параметры модифицирования стали

Modifier Variant Number 
of heats 

Modifying parameters (per melt heat)*

consumption, m filler consumption, kg Ca supply, kg AEM supply, kg

SK40 Existing 
technology 24 147.0 37.8 15.1 15.1

INSTEEL®1.5
1 6 104.0 23.1 7.2 12.5
2 15 113.0 25.1 7.8 13.5
3 4 130.0 28.9 9.0 15.6

INSTEEL®9.4
1 7 123.0 30.0 5.5 12.0
2 9 131.0 32.0 5.9 12.8
3 6 140.0 34.2 6.3 13.7

* Melt heat weight: 120 t.
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– for INSTEEL®9.4: from 36.4 % (variant 1) to 41.7 % 
(variant 3) with respect to the basic technology.

The contents of NMI in sheet rolled products obtained 
from slabs after comparative and test melt heats according 
to several variants are summarized in Table 4.

Analysis of NMI content in metal (Table 4) demonst-
rated the following:

– substitution of silicocalcium with test variants 
of modifiers decreases the maximum points in terms of BS 
from 4.0 to 1.5 – 2.5;

– maximum inclusions content of NDS decreased 
from 4.0 points for standard technology to 3.5 points with 
the use of INSTEEL®9.4 modifiers according to variants 
1 and 2; and to 3.0 points with the use of INSTEEL®1.5 
modifier according to variants 2 and 3, as well as with 

the maximum consumption of INSTEEL®9.4 modifier 
(variant 3).

Therefore, the results of test melt heats and inte-
grated studies of metal rolled products demonstrated 
that the metal produced with the use of INSTEEL® modi-
fiers was characterized by lower NMI content, in compa-
rison with the rolled products manufactured by standard 
technology with the use of silicocalcium SK40.

As a final result of decrease in NMI content in steel 
with the use of test modifiers, the main physical proper-
ties of metal rolled products were improved. The results 
of mechanical tests of samples after comparative and test 
melt heats are summarized in Table 5.

Table 5 shows that substitution of silicocalcium with 
the test modifiers resulted in improvement of strength prop-

T a b l e  4

Assessment of contamination with non metallic inclusions of sheet metal according 
to State Standard GOST 1778 (method Sh6)  

Таблица  4. Результаты оценки загрязненности листового проката НВ по ГОСТ 1778 (метод Ш6)

Modifier Variant Sheet thickness, 
mm

NMI level, points, (min – max)/average

1D oxides brittle silicates 
(BS)

non-deformed 
silicates (NDS)

SK40 Existing 
technology 10 – 11 / 10.8 0.5 – 0.5 / 0.5 0 – 4.0 / 0.5 1.0 – 4.0 / 1.5

INSTEEL®1.5
1 10 – 12 / 11.0 0.5 – 0.5 / 0.5 0 – 2.5 / 0.5 1.0 – 4.0 / 1.5
2 11 – 12 / 11.1 0.5 – 0.5 / 0.5 0 – 2.5 / 0.5 1.0 – 3.0 / 1.5
3 11 – 13.4 / 12.1 0.5 – 0.5 / 0.5 0 – 2.0 / 0.5 1.0 – 3.0 / 1.5

INSTEEL®9.4
1 11 – 11 / 11.0 0.5 – 0.5 / 0.5 0 – 2.0 / 0.5 1.0 – 3.5 / 1.5
2 11 – 16 / 12.1 0.5 – 0.5 / 0.5 0 – 2.0 / 0.5 1.0 – 3.5 / 1.5
3 11 – 20 / 12.5 0.5 – 0.5 / 0.5 0 – 1.5 / 0.5 1.0 – 3.0 / 1.5

R e m a r k: other NMI types were not detected.

T a b l e  5

Mechanical properties (State Standards GOST 1497 84 and GOST 9454 78) of sheet metal   

Таблица 5. Механические свойства (по ГОСТ 1497-84 и ГОСТ 9454-78) листового проката 

Modifier Variant Yield strength (σy ), 
N/mm2

Ultimate strength (σu ),
N/mm2

Impact toughness
(KСU –60), MJ/m2

SK40 Existing 
technology 435 – 510/479.5 520 – 584/553.6 110 – 335/227.3

INSTEEL®1.5
1 455 – 510/483.3 550 – 630/589.2 133 – 270/217.4
2 450 – 580/505.4 550 – 650/596.3 200 – 348/259.3
3 464 – 530/507.0 555 – 630/586.1 195 – 498/300.6

INSTEEL®9.4
1 450 – 525/478.8 530 – 600/560.0 165 – 353/288.8
2 450 – 540/505.0 530 – 610/573.6 193 – 353/274.5
3 455 – 550/523.3 540 – 630/590.6 240 – 358/289.5



Izvestiya. Ferrous Metallurgy. 2023; 66(1): 97–104.
Bakin I.V., Shapovalov A.N., etc. Influence of barium and strontium on calcium recovery degree upon ladle treatment of steel by complex ...

101

erties of rolled products both upon static tension tests, and 
upon dynamic impact bending tests at lower temperatures. 
The influence was observed in all variants of consumption 
of the test modifiers. The increased consumption of modi-
fiers showing positive influence on mechanical properties 
of steel has been also increased. However, the mentioned 
improvement of properties can be attributed not only with 
the use of the test materials, but also with other simulta-
neously acting factors. Therefore, it should be verified on 
larger array of melt heats.

In addition to a decrease in NMI content, an important 
parameter is the content of residual calcium after treat-
ment by the modifier. It is precisely this parameter that is 
critical upon express assessment of the efficiency of this or 
that composition of modifier under production conditions. 
The content of residual calcium is an important factor in 
providing stable conditions of casting (with minimum sub-
merged entry nozzle clogging), as well as the favorable 
form and position of NMI in the structure of a workpiece, 
especially with consideration of the possib le reoxidation 
process and decrease in oxygen solubility.

In this regard an important issue is the selection 
of consumption of complex modifier, which allows metal 
from NMI to be refined with high quality, in order to 
obtain the required content of residual calcium without 
increased expenses for steel treatment. In addition, a dis-
putable issue is whether the influence mechanism of cal-
cium and other AEM is more modifying or deoxidizing.

In the course of pilot experiments, in order to assess 
the deoxidizing action of calcium during modifying treat-
ment, the content of active oxygen was measured before 
and after metal treatment by silicocalcium using Heraeus 
Electro-Nite equipment. The results demonstrated that 
during high quality deoxidizing of melt by aluminum 
the treatment by silicocalcium slightly decrease the con-
tent of active oxygen (by 1 – 2 ppm). This is an indirect 
evidence that calcium works to a higher extent as a modi-
fier than a deoxidizing agent.

Table 6 summarizes averaged contents of main ele-
ments in test and comparative metals. 

Table 6 shows that the chemical compositions of steel in 
comparative and test melt heats in terms of main elements 
are comparable. The calcium content of steel sample from 
tundish corresponded to targeted valu es approved upon 
production of steel of these grades. Herewith, the content 
of added calcium with the use of comparative and test 
modifiers differed several times (Table 3). Steel casting 
was carried out according to standard procedure at nor-
malized parameters of temperature and rate. No violations 
were revealed upon casting and rolling of steel of com-
parative and test melt heats. No submerged entry nozzle 
clogging was observed.

It is known that calcium recovery significantly depends 
on slag composition before modification. Average basi-

city and FeO content in slag before addition of powdered 
wire in comparative and test melt heats were comparable. 
Furthermore, the slag parameters varied in wide range, 
which allowed their influence on calcium recovery to be 
analyzed (Figure).

Comparative and test melt heats with increase 
in the slag basicity demonstrate a steady trend towards 
the increase in calcium recovery degree (Figure, a). As for 
the influence of slag oxidation degree (Figure, b) generally 
characterized by FeO content in slag, then, in the region 
of normal oxidation degree of 0.5 – 0.6 % FeO, the influ-
ence of this parameter on calcium recovery was not sta-
tistically noticeable. This can be observed in comparative 
melt heats. In tests melts, there were cases of higher FeO 
content in excess of 0.6 %, which influenced the decrease 
in calcium recovery (Figure, b). However, even under such 
unfavorable conditions, the calcium recovery in test melts 
was higher than the results of comparative melt heats. 
Therefore, FeO content in slag melt before modification 
should not exceed 0.6 %. The confidence of the depen-
dences characterized by coefficients of determination (R2) 
is at a sufficiently low level. This is related to the  mode-
rate sample size and simultaneous influence of numerous 
factors. However, the dependences obtained qualitatively 
confirm the known theoretical regularities.

It should be mentioned that both average and maximum 
temperature of treatment at SVD with the use of complex 
alloys was higher than upon treatment by silicocalcium 
SK40: SK40 – 1569 – 1633 °C (average: 1606.4 °C); 
INSTEEL®1,5 – 1599 – 1648 °C (average: 1619 °C); 
INSTEEL®9.4  –  1593 – 1650 °C (average: 1617.6 °C). 
Comparative data analysis for melt heats at higher tem-
perature demonstrated that in this case the specific flow 
rate of argon is higher, which can be attributed to the need 
for adjustment of metal temperature before ladle transfer 

T a b l e  6

Content of the main chemical elements 
in the steel samples from tundish, % 

Таблица 6. Содержание основных элементов 
в маркировочных пробах металла, %

Element
Modifier

SK40 INSTEEL®1.5 INSTEEL®9.4
C 0.0900 0.0900 0.0800
Si 0.3600 0.3600 0.3800

Mn 1.5600 1.5700 1.5300
P 0.0100 0.0110 0.0100
S 0.0020 0.0020 0.0020
Ti 0.0150 0.0140 0.0150
Al 0.0400 0.0360 0.0390
Ca 0.0011 0.0010 0.0011
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to continuous-casting machine. As a consequence, during 
melt heats at higher temperatures, it is required to blow 
metal after the end of modification with a higher intensity 
and inevitable exposure of metal, accompanied by addi-
tional waste of calcium. The analysis of the data on pilot 
campaign, shows a trend towards a decrease in calcium 
recovery degree with increase in argon flow rate at SVD 
from 0.08 to 0.10 m3/t and higher. Furthermore, blowing 
by argon with a normal flow rate (up to 0.08 m3/t) and 
intensity not causing excessive metal exposure and reoxi-
dation promotes the removal of NMI from metal. This is 
further demonstrated by a decrease in the content of non-
deformed silicates in rolled products.

Therefore, despite the significantly lower content 
of calcium added to metal with test modifiers and non-opti-
mum treatment parameters of SVD, the content of resid-
ual calcium in metal was at the level of comparative melt 
heats. The mechanical properties of metal rolled products 
were improved and the NMI content was decreased.

 Conclusions

The use of complex modifiers with AEM allows 
the problems of modification at the consumption to be 
resolved, thus providing cumulative addition of AEM 
of 80 – 90 % of calcium content predefined according 
to regular technology.

In the course of pilot activities, the calcium recovery 
from Si – Ca – Ba modifier was by 1.6 times and from 
Si – Ca – Ba – Sr modifier by 2.4 times higher in compari-
son with the use of conventional silicocalcium SK40.

The use of complex modifiers allowed the con-
tent of non-deformed silicates in steel to be reduced (in 
terms of maximum rank) to a level lower than 3.5 points 
under conditions of the electric-furnace melting shop 
of JSC “Ural Steel”.

In the case of the use of complex alloys with AEM 
the mechanical properties of sheet rolled products were 

improved both during tension tests and during impact 
bending tests at lower temperatures.
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