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Аннотация. Авторы изучили поведение шлаковых включений в четырех образцах, отобранных в процессе разливки аустенитной коррозион-

ностойкой стали марки 12Х18Н9ТЛ. Образцы для исследования отбирали в производственных условиях после расплавления шихты (1), 
введения Ti и FeMn, наведения шлака и дозагрузки (2), повторного введения Ti, наведения шлака (3), наведения шлака (4). Элементный 
состав и температура расплава были определены в производственных условиях. Физико-химические свойства расплавов, полученных из 
отобранных образцов, такие как поверхностное натяжение и кинематическая вязкость были измерены в лабораторных условиях. Изме-
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Abstract. The authors studied the behavior of slag inclusions in four samples taken during casting of austenitic corrosion-resistant steel grade 12Kh18N9TL. 

The samples for the study were taken under production conditions after melting the charge (1), introducing Ti and FeMn, slag induction and additional 
loading (2), re-introducing Ti, slag induction (3), slag induction (4). The elemental composition and temperature of the melt were determined under 
production conditions. The physicochemical properties of the melts obtained from the selected samples were measured under laboratory conditions: 
surface tension and kinematic viscosity. The measurements were carried out in the temperature range from 1370 to 1760 °C in the mode of heating 
and subsequent cooling of the sample. When observing the sample during the measurement of surface tension, the release of slag inclusions from 
the volume of the drop occurs in the heating mode. During subsequent cooling of the formed drop of liquid steel, slag particles flow from the slag bath 
under the action of the Marangoni force. Analysis of the dependence of the slag particle ascent rate on its size showed that only particles up to 10 μm 
in size can remain in the melt volume, while larger particles have time to float to the surface of the liquid bath. It was found that slag particles 
up to 4 mm in size can flow onto the surface of the sample under the action of the Marangoni force. The volume fraction of slag inclusions was 
determined, and a correlation was established between it and the element composition of the sample. The authors made a conclusion about the effect 
of Ti additives in the melt as the cause of increase in the volume fraction of slag inclusions in the casting. 
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 Introduction

Austenitic corrosion-resistant steel grade 12Kh18N9TL 
exhibits high mechanical properties combined with 
resistance to  organic acid solutions  [1]. The production 
of  castings from 12Kh18N9TL steel is complicated by 
its low casting properties. The castings are often char-
acterized by microstructural heterogeneity, susceptibility 
to  intergranular corrosion, and low resistance to  crack-
ing. During foundry production, increased formation 
of  films, ingot porosity, shrinkage cavities, and a high 
content of  nonmetallic inclusions in the  ingot structure 
are observed [2].

Modern quality requirements for cast products made 
of  corrosion-resistant and heat-resistant steels such as 
12Kh18N9TL are driven by their wide application in 
the  power industry, chemical engineering, and aircraft 
manufacturing. Experimental and exploratory studies are 
carried out to improve the mechanical properties of cast 
products by stabilizing the  austenitic structure through 
alloying and thermomechanical treatment [3 – 5]. In [6], 
the  authors suggest that alloying with copper, silicon, 
titanium, and niobium favors achieving a combination 
of  high corrosion-electrochemical and mechanical pro
perties in steel. In [7], it was shown that laser pulse sur-
face modification of  stainless steel 12Kh18N10T pro-
duces iron oxide (Fe3O4 ) and chromium oxide (Cr2O3 ), 
with titanium dioxide (TiO2 ) also present [7]. The absence 
of undesirable surface contaminants, a decrease in their 
size and quantity, as well as an increase in the  amount 
of  retained austenite, enhance the  corrosion resistance 
of austenitic steels  [8]. It was established that in samp
les of austenitic stainless steels grades 03Kh18N10 and 
08Kh18N10T, clusters of  titanium nitrides and oxides 
of  various dispersity are located around globular non-
metallic inclusions containing a secondary phase  [9]. 
On the surface of cold-rolled sheet made of 08Kh18N10T 
steel, coarse defects in the  form of  delaminations were 
detected, consisting of titanium nitrides and a slag-form-
ing mixture. Nonmetallic inclusions were noted to play 

a decisive role in degrading the  mechanical properties 
of castings [10].

The casting properties of  steel have a direct effect 
on obtaining castings and ingots with specified techno-
logical parameters. The most relevant physicochemical 
properties of the melt for foundry production are viscos-
ity and surface tension. Slag induction during melting 
reduces the  oxidation loss of  volatile components and 
prevents the  formation of  oxide compounds. However, 
during melt tapping from the furnace, the slag becomes 
entrained in the  melt, and slag inclusions may be pre
sent in steel ingots. In tests measuring the  surface ten-
sion of  liquid 12Kh18N9TL steel, the  authors observed 
the  release of  slag during sample heating. Conducting 
systematic studies of  the  behavior of  slag inclusions in 
steel is the objective of this work.

At “Precision Casting Center” (LLC, Ekaterinburg), 
castings of  12Kh18N9TL steel are produced as part 
of the import substitution program, highlighting the need 
to improve product quality at the melt preparation stage. 
Defects in finished products have been linked to the pres-
ence of slag inclusions in the casting. The objective of this 
study is to characterize the regularities of slag inclusion 
behavior in castings to improve control over the quality 
of 12Kh18N9TL cast products.

 Materials and methods

Samples of  12Kh18N9TL steel were taken from 
an  induction crucible furnace under production condi-
tions at “Precision Casting Center” (LLC, Ekaterinburg) 
according to the technological scheme shown in Fig. 1.

The production process of  cast products made 
of  12Kh18N9TL steel has the  following specific fea-
tures. As the  metal charge, returns of  the  same grade 
from in-house production and B26-grade scrap are used. 
The  melting of  the  metal charge lasts about 3.5 h, with 
heating of the melt to 1580 °C, at which point a sample is 
taken for elemental composition analysis. The elemental 
composition is determined using an MSA emission spect

рения проводились в диапазоне температур от 1370 до 1760 °C в режиме нагрева и последующего охлаждения образца. При наблюдении 
за образцом во время измерения поверхностного натяжения в режиме нагрева обнаружено выделение шлаковых включений из объема 
капли. При последующем охлаждении сформированной капли жидкой стали шлаковые частицы натекают из шлаковой ванны под дейст-
вием силы Марангони. Анализ зависимости скорости всплывания шлаковой частицы от ее размера показал, что в объеме расплава могут 
остаться только частицы размером до 10 мкм, более крупные частицы успевают всплыть на поверхность жидкой ванны. Обнаружено, что 
под действием силы Марангони на поверхность образца могут натекать частицы шлака размером до 4 мм. Была определена объемная доля 
шлаковых включений и установлена корреляция между объемной долей шлаковых включений и элементном составе образца. Авторы 
сделали вывод о влиянии добавки титана в расплав как причине увеличения объемной доли шлаковых включений в отливке. 

Ключевые слова: коррозионностойкая сталь, шлаковые включения, объемная доля, кинематическая вязкость, поверхностное натяжение, под-
готовка расплава, эффект Марангони
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rometer (model MSA II v5). After titanium introduction, 
the melt surface was covered with the perlite-based slag 
coagulator KShP-1. The holding time for titanium dis-
solution in the  melt is 5 – 7 min, and the  melt tapping 
temperature into the ladle is 1650 – 1670 °C. Before melt 
tapping, a 200 g portion of aluminum is placed at the bot-
tom of the ladle. The modifier INSTEEL 7 is introduced 
into the melt stream at a rate of 500 g per 400 kg of metal. 
After tapping the first portion of the melt into the ladle, 
the residual melt in the furnace is additionally loaded with 
12Kh18N9TL steel and then heated to 1580 °C for 1.5 h, 
after which another sample is taken for elemental analy-
sis. An 8 kg portion of titanium is added based on the ele-
mental analysis results to  achieve the  required elemen-
tal composition. Before tapping the melt into the second 
and third ladles, slag induction on the  melt surface is 
repeated, followed by heating to 1650 – 1670 °C. A 300 g 
portion of aluminum is also placed at the bottom of each 
ladle. During melt tapping, the  modifier INSTEEL 7 is 
again introduced into the melt stream at a rate of 750 g 
per 600 kg of metal.

Thus, samples for the present study were taken under 
production conditions in accordance with the technologi-
cal scheme shown in Fig. 1. Sample 1 was taken from 
the  furnace before titanium introduction at a melt tem-
perature of 1580 °C. Sample 2 was taken from the ladle 
after titanium introduction. Samples 3 and 4 were taken 
from the second and third ladles, respectively. The results 
of  the chemical analysis of 12Kh18N9TL steel samples 
are presented in Table 1.

The kinematic viscosity (ν) and surface tension  (σ) 
of  liquid 12Kh18N9TL steel were measured using 
the equipment of the Research Center of Physics of Metal-

lic Liquids, Institute of Physics of Metals (UrFU, Russia). 
The kinematic viscosity was measured by the  oscilla
ting-cup method  [11; 12]. The tests were carried out in 
an atmosphere of  high-purity helium under a pressure 
of 105 Pa. The temperature was measured with a BP-5/20 
thermocouple, the  readings of  which were transmitted 
to a Termodat-14E2 controller. Kinematic viscosity was 
measured in 30 – 40 °C increments during heating and 
subsequent cooling. At each temperature, at least ten con-
secutive readings were acquired. Values were considered 
stabilized when the  root-mean-square (RMS) deviation 
did not exceed the random measurement error. The oscil-
lation parameters were recorded optically throughout 
the tests. The systematic error of the viscosity measure-
ment was 3 %, and the  random error governing within-
test scatter did not exceed 1.5 % at the 95 % confidence 
level (p = 0.95).

The surface tension of liquid 12Kh18N9TL steel was 
measured by the  sessile-drop method during heating 
to  1750 °C, followed by sample cooling. The working 

Table 1. Chemical composition 
of 12Kh18N9TL steel samples, wt. %

Таблица 1. Химический состав проб 
стали 12Х18Н9ТЛ, мас. %

Sample 
No. C Si Mn Ni Cr Ti Fe

1 0.059 0.423 1.174 9.373 17.49 0.022 70.31
2 0.060 0.563 1.196 9.298 17.41 0.503 69.80
3 0.065 0.558 1.113 9.549 17.50 0.595 69.48
4 0.064 0.655 1.044 9.430 17.43 0.401 70.31

Fig. 1. Technological scheme of 12Kh18N9TL steel smelting with indication of sampling points for research

Рис. 1. Технологическая схема выплавки стали 12Х18Н9ТЛ с указанием отбора образцов для исследования
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chamber was evacuated to 0.001 Pa and then backfilled 
with helium to  approximately 105 Pa. Samples were 
held in the  inert-gas chamber for 5 – 8 min at the melt-
ing temperature, then heated to  1750 °C in 30 – 40 °C 
increments. The isothermal hold at each setpoint was 
at  least 15 min. The drop profile was recorded with a 
digital camera, and the  images were processed on a 
computer. The  geometric parameters of  the  drop pro-
file were determined using SIAMS 700 image-analysis 
software with an accuracy of 0.3 – 0.6°. No melt evapo-
ration or drop volume loss was observed. The measure-
ment error for density and surface tension did not exceed 
7 %, and the  random error governing within-test scat-
ter did not exceed 1.5 % at the  95 % confidence level 
(p = 0.95) [13 – 16]. The method and apparatus for deter-
mining the density and surface tension of metallic melts 
are described in [17 – 19].

 Results and discussion

During observation of the sample with a digital camera 
in the  course of  surface tension measurements, slag 
release was detected during sample heating (Fig. 2, a), 
which made it impossible to  perform measurements in 
the heating mode. When the maximum temperature was 
reached, the  contour of  the  liquid drop was formed as 
the slag drained from the drop surface into the slag bath 
(Fig. 2, b). Upon subsequent cooling, slag flowed from 
the formed slag bath onto the sample surface (Fig. 2, c). 

These observations confirmed the presence of slag inclu-
sions within the sample volume.

The volume fraction of slag in the sample was deter-
mined according to the procedure described in [20]. Fig. 3 
shows the  temperature dependence of  the  volume frac-
tion of  slag inclusions m  (%) in the 12Kh18N9TL steel 
samples. A progressive increase in the  volume fraction 
of slag inclusions from sample 1 to sample 3 is observed, 
whereas the  lowest value was recorded for sample 4. 
The  volume fractions of  slag inclusions at the  melting 
temperature of 12Kh18N9TL steel are given in Table 2.

The volume fraction of  slag inclusions increases 
from the first sample taken from the melt before titanium 
introduction to  the  third sample taken from the  second 
ladle after furnace replenishment. In the  fourth sample, 

Fig. 2. Formation and evolution of slag inclusions on the sample surface 
during experiments on measuring the surface tension of liquid steel 

12Kh18N9TL using the sessile-drop method

Рис. 2. Формирование и эволюция шлаковых включений 
на поверхности образца в опытах по измерению поверхностного 

натяжения жидкой стали 12Х18Н9ТЛ методом сидящей капли

Table 2. Volume fraction of slag inclusions, surface tension and kinematic viscosity 
of 12Kh18N9TL steel at smelting temperature (1670 °С) 

Таблица 2. Объемная доля шлаковых включений, поверхностное натяжение 
и кинематическая вязкость стали 12Х18Н9ТЛ при температуре плавки 1670 °С

Sample 
No.

Volume fraction of 
slag inclusions m, %

Surface tension  
σ, mJ/m2

Kinematic viscosity  
ν·10–7, m2/s

1 4.41 1930 6.20
2 5.39 1650 5.85
3 5.68 1850 5.67
4 4.12 1980 6.07

Fig. 3. Temperature dependences of volume fraction of slag inclusions 
in the samples of liquid steel12Kh18N9TL: 

a – sample 1; b – sample 2; c – sample 3; d – sample 4
The dotted line shows the value of volume fraction of slag inclusions 

at smelting temperature

Рис. 3. Температурные зависимости объемной доли шлаковых 
включений в образцах жидкой стали 12Х18Н9ТЛ:

а – образец 1; b – образец 2; c – образец 3; d – образец 4
Пунктирной линей показано значение объемной доли шлаковых 

включений при температуре плавки
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taken from the third ladle according to the technological 
scheme (Fig. 1), the  volume fraction of  slag inclusions 
was minimal.

A slag particle of  radius rsl and density dsl 
located in the  melt of  density dm and dynamic visco- 
 

sity μ, is affected by buoyancy force   
 

gravity  and the  Stokes force Fs = 6πrμu.  
 

Under the combined action of these forces, slag particles 
rise to the surface of the melt because of the density dif-
ference between the  slag and the  liquid metal (Fig. 4). 
When all three forces are balanced, a slag particle moves 
through the melt volume at a constant velocity u.

The ascent rate u of a slag particle depends on its size 
and can be expressed as

		       	 (1)

where r is the  particle radius; g is the  acceleration due 
to  gravity; dm  is the  density of  the  liquid metal; dsl  is 
the slag density; v is the kinematic viscosity of the liquid 
metal.

Fig. 5 presents the  temperature dependence of kine-
matic viscosity obtained during heating and subsequent 
cooling. The absence of hysteresis between the heating 
and cooling branches indicates the  lack of  irreversible 
structural transformations in the melt, and consequently, 
the  stability of  slag particles within the  melt volume 
up to  1740 °C. Therefore, slag particle removal from 
the melt is possible only due to  their ascent to  the sur-
face.

Fig. 6 shows the dependence of slag particle velocity 
in liquid 12Kh18N9TL steel on particle size, as calculated 
from Equation (1). It follows from Fig. 6 that large par-
ticles rise rapidly to  the surface, while particles smaller 
than 10 μm fail to reach the surface during the smelting 
process and remain within the melt volume.

Fig. 7 displays the results of surface tension measure-
ments for liquid 12Kh18N9TL steel samples. In the tem-
perature dependences for samples 3 and 4, anomalies 
were detected near 1600 °C, associated with the  forma-
tion of a slag film on the sample surface due to slag flow 
from the  slag bath. Slag particles and liquid metal pos-
sess different surface tension values. The surface ten-
sion determines the  force that pulls the  drop toward an 
ellipsoidal shape. A surface tension gradient (dσ/dr) in 

Fig. 4. Illustration of slag particles floating in the melt volume

Рис. 4. Иллюстрация процесса всплытия шлаковых частиц  
в объеме расплава

Fig. 5. Temperature dependences of kinematic viscosity of liquid steel 
12Kh18N9TL obtained in heating mode with subsequent cooling: 

a – sample 1; b – sample 2; c – sample 3; d – sample 4
 – heating,  – cooling

The dotted line shows the value of kinematic viscosity 
at smelting temperature

Рис. 5. Температурные зависимости кинематической вязкости 
жидкой стали 12Х18Н9ТЛ, полученные в режиме нагрева 

с последующим охлаждением:
а – образец 1; b – образец 2; c – образец 3; d – образец 4

 – нагрев;  – охлаждение
Пунктирной линей показано значение кинематической вязкости при 

температуре плавки

Fig. 6. Dependence of floating rate of slag particles in liquid steel 
12Kh18N9TL on particle size, °С: 

1 – 1500; 2 – 1600; 3 – 1700

Рис. 6. Зависимость скорости всплытия шлаковых частиц 
в жидкой стали 12Х18Н9ТЛ от размера при температуре, °С: 

1 – 1500; 2 – 1600; 3 – 1700
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the vertical direction induces the Marangoni force, which 
drives slag particles from the base of the drop toward its 
apex; this force is counterbalanced by gravity (Fig. 8). 
The Marangoni force was estimated from the surface ten-
sion gradient (dσ/dr) using expression [21]

	      	 (2)

Thus, a slag particle located on the surface of a liquid 
12Kh18N9TL steel drop is subject to  both gravity 
Ff = ρsl gVp and the Marangoni force (2) (Fig. 8). The equi-
librium condition of these forces can be written as:

From this, the  expression for Δσ can be obtained 

		            	 (3)

In equation (3), Δσ represents the difference between 
the  surface tension values of  slag and metal, at which 
the slag particle remains in equilibrium under the oppo
sing actions of  gravity and the  Marangoni force. Fig. 9 
shows the dependence of Δσ on the  slag particle radius 
on the  drop surface. When Δσ = 200 mJ/m2, slag par
ticles larger than 4 mm can move upward from the base 
toward the apex of  the drop surface. The observed slag 
flow phenomenon indicates that during slag bath forma-
tion at the base of the drop, the surface tension changes 
to a value at which the Marangoni forces become domi-
nant.

Table 3 presents the chemical composition of the samp
les and the corresponding volume fraction of slag inclu-
sions. Analysis of the data shows that the volume fraction 
of slag inclusions increases with increasing titanium con-
tent, suggesting a decisive role of  titanium additions in 
the formation of slag inclusions.

 Conclusions

The behavior of slag inclusions was studied in samples 
taken during the casting of austenitic corrosion-resistant 
steel 12Kh18N9TL. In surface tension tests of liquid steel 
performed by the  sessile-drop method using a digital 
camera, slag release from the sample was observed upon 
heating to 1760 °C. Slag drops flowed from the  sample 
surface, forming a slag bath at the base of the drop. Dur-

Fig. 7. Temperature dependences of surface tension of liquid steel 
12Kh18N9TL samples obtained in cooling mode: 

a – sample 1; b – sample 2; c – sample 3; d – sample 4
The dotted line shows the value of surface tension of slag inclusions 

at smelting temperature

Рис. 7. Температурные зависимости поверхностного натяжения 
образцов жидкой стали 12Х18Н9ТЛ, полученные 

в режиме охлаждения:
а – образец 1; b – образец 2; c – образец 3; d – образец 4

Пунктирной линей показано значение поверхностного натяжения 
при температуре плавки

Fig. 8. The Marangoni effect

Рис. 8. Эффект Марангони

Fig. 9. Dependence of Δσ on the radius r of a slag particle 
on the surface of liquid steel 12Kh18N9TL

Рис. 9. Зависимость Δσ от радиуса r шлаковой частицы 
на поверхности жидкой стали 12Х18Н9ТЛ
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ing subsequent cooling of  the  liquid-steel drop, slag 
particles were found to  flow from the  slag bath onto 
the  sample surface under the  action of  the  Marangoni 
force. The  size dependence of  the  slag inclusion ascent 
rate and the Marangoni force magnitude was evaluated. 
Analysis of the relationship between slag particle ascent 
rate and particle size showed that only particles smaller 
than 10 μm can remain in the melt volume, while larger 
particles rise to  the  surface of  the  liquid bath. It was 
established that slag particles up to 4 mm in size can flow 
onto the  sample surface under the action of  the Maran-
goni force. 

The physicochemical properties of liquid 12Kh18N9TL 
steel relevant to  foundry practice, namely surface ten-
sion and kinematic viscosity, were measured over a tem-
perature range of 1370 – 1760 °C. No hysteresis between 
the  heating and cooling branches of  the  kinematic-
viscosity curves was observed, indicating the  absence 
of  irreversible structural transformations in the  melt. 
This suggests that slag particles remain stable in the melt 
up to  1760 °C. In the  temperature dependences of  sur-
face tension for samples taken from the third and fourth 
ladles during 12Kh18N9TL steel casting, anomalies were 
detected near 1600 °C, corresponding to a sharp decrease 
in surface tension. Such anomalous behavior is attri
buted to slag particle flow from the formed slag bath onto 
the  drop surface under the  influence of  the  Marangoni 
force. The volume fraction of slag inclusions in the melt 
was also evaluated. The lowest volume fractions were 
recorded in the sample taken before titanium addition and 
in the sample taken from the fourth ladle.

The volume fraction of  slag inclusions in the  melt 
was also evaluated. The lowest volume fractions were 
recorded in the  sample taken before titanium addition 
and in the sample taken from the fourth ladle. The reduc-
tion in slag inclusion volume fraction in the latter sample, 
taken from the final ladle into which the residual liquid 
metal was tapped from the  furnace, is associated with 
slag particle flotation to  the  liquid-metal surface during 
steel smelting. A correlation was established between 
the  volume fraction of  slag inclusions and the  titanium 
content in the samples. An increase in titanium concen-

tration was accompanied by a rise in the volume fraction 
of slag inclusions, indicating that titanium plays a decisive 
role in the formation of slag inclusions. It was concluded 
that titanium additions to the melt lead to an increase in 
the volume fraction of slag inclusions in the casting.
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