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Аннотация. В работе представлены результаты лабораторного исследования эффекта доливки прибыльной части слитка расплавом на 

процесс затвердевания и структурообразование модельного слитка. Доливка производилась через определенный интервал времени 
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Abstract. The paper presents the results of a laboratory study of the effect of refilling the ingot knock-off head with melt in a certain time interval after 

pouring the ingot body on solidification and structure formation of the model ingot. The research was carried out by the method of physical (cold) 
modeling for which a laboratory installation (casting form-mold) was developed and manufactured. It allows visually studying the processes occur-
ring during solidification and structure formation on a 19.6-ton model ingot. We used sodium sulfuric acid (crystalline hyposulfite) as a modeling 
solution. Correspondence of the processes occurring on the model and in real conditions of industrial ingots casting was evaluated using similarity 
criteria obtained on the basis of dimension theory with analysis of physico-chemical processes occurring during casting and crystallization of the in-
got. Casting of the melt into the casting form-mold was downhill. In order to assess changes in the temperature field during casting and crystalliza-
tion of the ingot in the entire solidification time, we performed thermometry of the mold model surface. Analysis of the conducted studies results 
showed that refilling the melt before 40 min leads to stimulation of early settling of crystals (“rain of crystals”), which contributes to an increase 
in the crystallization directivity in vertical direction. It was established that in a conventional ingot up to 40 min solidification proceeds by a sequen-
tial mechanism, and after that the crystals begin to settle (“rain of crystals”) and the solidification of the ingot passes through a volume-sequential 
mechanism. Refilling the ingot knock-off head with melt 40 min after pouring the ingot body contributed to the continuation of the sequential 
mechanism of ingot solidification, which led to the formation of a monolithic defect-free structure in the ingot body and the least development 
of shrinkage shell in the knock-off head. The results obtained make it possible to develop a technology for differentiated ingots casting when filling 
their knock-off heads with melt in a certain time interval after pouring the ingot body, which will affect the process of metal structure formation and 
reduce defective zones. 
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 Introduction

The theory and practice of ingot production demon-
strate that the solidification time of large ingots spans 
se veral days, during which liquation and shrinkage phe-
nomena significantly manifest. These phenomena give 
rise to chemical and physical heterogeneity within the cast 
metal, which, if pronounced, may persist even after for-
ging. Consequently, this can result in the rejection of bil-
lets either during manufacturing or during delivery trials, 
leading to losses for the enterprise.

Currently, numerous methods have been developed 
to enhance metal quality, primarily focusing on process 
improvements during smelting and casting. However, 
despite advancements, the benefits achieved during smelt-
ing can be compromised during the casting and solidifica-
tion of large ingots, each weighing no less than 14 tons.

Studies [1 – 3] demonstrate that challenges in achiev-
ing structural quality and uniform mechanical properties 
throughout the height and radius of forgings stem from 
varying solidification conditions across different parts 
of the ingot. Additionally, shrinkage processes, signifi-
cant liquation of impurities in the steel composition, and 
the shape and size of the ingot contribute to these dif-
ficulties. 

The significant influence of ingot geometrical param-
eters on the development of the axial zone is widely 
acknowledged. Specifically, parameters such as the height 
to average diameter ratio H/D [4 – 7], conicity [8 – 10], 
and the type of the ingot (shortened, normal, elongated) 
are recognized as predominant factors.

The formation of axial porosity is closely linked 
to shrinkage phenomena, which are, in turn, influenced 

by temperature conditions and thermophysical pro-
cesses during ingot casting and crystallization. Con-
sequently, the method and speed of metal casting are 
crucial determinants in the formation of axial defects in 
the ingot [11 – 13].

To enhance the quality of large ingots, it’s imperative 
to explore effective methods that influence the solidifica-
tion process. Understanding the mechanisms and condi-
tions leading to the formation of localized defect areas, 
which contribute to the development of macro-defects 
resistant to deformation removal, is essential. Analy-
zing the solidification features of large ingots is intricate, 
requiring consideration of numerous factors impacting 
crystallization phenomena. 

One approach to studying solidification processes in 
large ingots is through physical (cold) modeling, utili-
zing casting form models [14 – 16]. This method enables 
the visual assessment of solid and solid-liquid phase 
advancement kinetics alongside convective mixing 
of the modeling melt and internal defect development. 
It’s important to note that physical modeling provides 
qualitative insights into the influence of casting process 
factors on structure formation nuances and defect zone 
development. 

The conditions outlined in [2; 3; 17] suggest that 
refilling the knock-off head is justified when the ratio 
of crystallization interval value to temperature gradient 
value meets the criterion ΔТcr /δТ ≥ 1. Researchers in [18] 
demonstrated that refilling the knock-off head with hot 
melt can significantly impact ingot structural zone for-
mation conditions, elevating the δT parameter to values 
prompting a return to sequential solidification, resulting 
in a denser dendritic structure. 

после заливки тела слитка. Исследования проводили методом физического (холодного) моделирования, для которого была разработана 
и изготовлена лабораторная установка (изложница-кристаллизатор), позволяющая визуально изучать процессы, происходящие при 
затвердевании и структурообразовании на модели слитка массой 19,6 т. В качестве моделирующего раствора использовали натрий 
серноватистокислый (кристаллический гипосульфит). Соответствие процессов, происходящих на модели и в реальных условиях отливки 
промышленных слитков, оценивалось с помощью критериев подобия. Они получены на основе теории размерностей исходя из анализа 
физико-химических процессов, происходящих при разливке и кристаллизации слитка. Разливка расплава в изложницу-кристаллизатор 
выполнялась сверху. С целью оценки изменения поля температур при разливке и кристаллизации слитка в течение всего времени 
затвердевания проводили термометрирование поверхности модели изложницы. Анализ результатов проведенных исследований показал, 
что доливка расплава до 40 мин приводит к стимулированию раннего оседания кристаллов («дождь кристаллов»), что способствует 
увеличению направленности кристаллизации в вертикальном направлении. Установлено, что в обычном слитке до 40 мин затвердевание 
идет по последовательному механизму, а после начинается оседание кристаллов («дождь кристаллов») и затвердевание слитка 
проходит по объемно-последовательному механизму. Доливка прибыльной части слитка расплавом спустя 40 мин после заливки тела 
слитка способствовала продолжению последовательного механизма затвердевания слитка. Это привело к образованию монолитной 
бездефектной структуры в теле слитка и наименьшему развитию усадочной раковины в объеме прибыли. Полученные результаты 
обусловливают возможность разработки технологии дифференцированной разливки слитков при наполнении их прибыли расплавом 
через определенный интервал времени после заливки тела слитка. Это позволит воздействовать на процесс формирования структуры 
металла и сокращение дефектных зон. 

Ключевые слова: физическое моделирование, разливка сверху, изложница-кристаллизатор, доливки прибыльной части слитка, процесс за-
твердевания, осевая зона, крупный кузнечный слиток
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The aim of this research is to investigate the impact 
of refilling the knock-off head with melt on the solidifica-
tion process and structure formation of the model ingot. 
Refilling is executed at specific time intervals following 
casting of the ingot body.

 Materials and methods

In this study, we employed the physical (cold) ingot 
modeling method, for which we designed and fabricated 
a laboratory installation (casting form-mold) [16]. Using 
this installation, we visually examined the processes 
occurring during solidification and structure formation 
of model ingots. The geometric parameters of both real 
industrial and model ingots are detailed in Table 1.

As a modeling solution, we utilized sodium thiosulfate 
(crystalline hyposulfite) – Na2S2O3·5H2O was used as 
a modeling solution. The solidification onset temperature 
ranged from 48 to 52 °C. To evaluate the correspondence 
between the processes observed in the model and those 
in real industrial ingot casting conditions, we employed 
similarity criteria, including Froude (Fr), Reynolds (Re), 
Weber (We), Biots (Bi), and Fourier homochronicity (Fo). 
These criteria were derived from dimensional analysis 
of physical and chemical processes during ingot casting 
and crystallization. Additionally, we utilized the solidifi-
cation criterion (phase transfer) N, describing the ratio 
of phase transfer heat to cooling heat [4; 19].

Calculation of the similarity criteria (Bi, N, Fo, Fr, 
We) as outlined in [4] demonstrated (see Table 2) that 
their values for both model and real conditions differed 
by no more than one order of magnitude, indicating cor-
respondence between the studied processes [19].

The direct shadow method, also known as the schlie-
ren method, was employed to examine the hydrodynamic 
characteristics of liquid motion at the end of casting 

into the casting form – mold, as well as the behavior 
of convective flows (both downward and upward) in 
the melt during the solidification process. This method 
facilitated visualization and quantification of the nature 
and rate of change of convective flows during the solidi-
fication of model ingots. 

The direct shadow method (Fig. 1), involves genera-
ting a parallel beam of light 2 using a light source and col-
lecting lens 1, which is then directed to “shine through” 
the object under examination (casting form – mold) 4. 
When encountering inhomogeneity, the rays deflected 
by it form an image projected onto a screen 5. To ensure 
the light beam’s parallelism, in this study, the light 
was directed to a straight mirror 3 whose size matches 
that of the mold. Light 2 reflected by the mirror 3 from 
the source 1, while passing through the solidifying ingot 
model within the casting form – mold 4, reveals the image 
of inhomogeneity on the screen 5, which was captured 
using a high-resolution digital video camera 6. The video 
recordings obtained were utilized to calculate the veloci-
ties of convective flows immediately after casting and 
during the solidification of the model ingot. To calcu-

T a b l e  1

Geometrical parameters of industrial 
and model ingots

Таблица 1. Геометрические параметры промышленного 
и модельного слитков

Ingot parameters
Sample 
ingot 

(19.6 t)
Model

Height to average diameter ratio, H/D 2.15 2.3
Ingot body conicity, Kin.b , % 4.1 4.4
Feeder head conicity, Khead , % 14.7 14.7
Ingot body volume, Vin.b , % 77.4 79.7
Volume of knock-off head, Vhead , % 18.0 15.7
Volume of bottom part of ingot, Vbot , % 4.6 4.5

T a b l e  2

Values of similarity criteria in the sample and model

Таблица 2. Значения критериев подобия  
в образце и модели

Ingot type
Similarity criterion

Bi N Fo Fr We
Model 
ingot 1.02∙10–8 0.52 1.083∙10–4 2.80∙10–6 7.56∙10–4

Sample
ingot 1.73∙10–7 4.01 6.340∙10–4 3.67∙10–5 5.83∙10–3

Fig. 1. Layout of installation for studying the solidification and structure 
formation of a model ingot:

1 – light source; 2 – light beam; 3 – direct mirror; 
4 – casting form-mold; 5 – screen; 

6 – high–resolution digital video camera

Рис. 1. Схема установки для исследования процесса 
затвердевания и структурообразования модельного слитка: 

1 – источник света; 2 – пучок света; 3 – прямое зеркало; 
4 – изложница-кристаллизатор; 5 – экран; 

6 – цифровая видеокамера высокого разрешения



Izvestiya. Ferrous Metallurgy. 2023;66(6):750–759.
Gamanyuk S.B., Rutskii D.V., etc. Physical modeling of the effect of refilling the melt into an ingot knock-off head on solidification and structure ...

753

late these velocities, a grid with square side dimensions 
of 25 mm was applied to the screen.

The melt was poured into the casting form – mold 
from above, and the experimental conditions’ specifics 
are detailed in Table 3.

Four model ingots were cast using the physical (cold) 
modeling method to simulate the ingot solidification pro-
cess. One ingot followed classical technology (referred 
to as an ordinary ingot), while the others had the head 
cast after different time intervals: 7, 19 and 40 min after 
casting the ingot body (referred to as experimental ingots 
or refilling of the head after 7, 19 and 40 min). Refil ling 
of the knock-off head of experimental ingots was per-
formed with melt temperature 5 °C “colder” than the melt 
used for casting the ingot body. At the time of refilling, 
the solidified solid phase area in the body of experimental 
ingots (zone of columnar crystals) amounted to 16.7, 23.5 
and 43.4 %, respectively (Table 1). Throughout the ingot 
modeling process, the geometric parameters of casting 
remained constant (Table 1).

During modeling, the advancing solidification front 
was analyzed in two components: horizontal solidifi-
cation, where the solid phase sequentially grows from 
the walls to the center of the casting form, and verti-
cal solidification vertical solidification, where the solid 
phase advances from the walls to the center along the axis 
of the casting form.

Following the casting of the melt into the casting 
form-mold, the thickness of the solidified layer was mea-
sured every 5 min vertically from the bottom to the cen-
ter of the casting form along the axis and at three le vels 
along the height of the ingot (bottom section, middle 
height, and sub-knock-off head horizon).

At the end of the solidification process, the structural 
zones of model ingots and their volume fractions were 

measured, and the length and average width of the axial 
zone were determined. The impact of the time interval 
for refilling the knock-off head with melt on the crystal-
lization rate and the dynamics of solid phase growth in 
model ingots in both vertical and horizontal solidification 
directions, as well as on the total solidification time, was 
assessed.

To evaluate changes in the temperature field dur-
ing casting and crystallization of the ingot, thermom-
etry of the casting form model surface was conducted 
throughout the solidification period. Initially, after cast-
ing completion, the crystallizing melt was photographed 
every 5 min for 30 min, followed by intervals of 20 min. 
Thermometry was performed using a thermal came ra 
Testo 875i, and the thermal images obtained were pro-
cessed using TestoIRSoft software. As the thermal 
came ra allows only surface thermometry without direct 
measurement of melt temperature, the dynamics of melt 
temperature change were assumed to mirror the dynamics 
of surface temperature change of the casting form model, 
providing a qualitative insight into the temperature field 
variations. 

 Results and discussion

The data processing resulted in the preparation 
of curves illustrating the solid phase growth rate in 
both vertical and horizontal solidification directions for 
vario us ingot casting techniques (Fig. 2).

Analysis of the results revealed that for an ordinary 
ingot (Fig. 2, a) and an ingot with head refilling after 
7 min (Fig. 2, b), between 10 and 73 min, constituting 
5 to 38 % of the total solidification time, structure for-
mation follows a volume-sequential mechanism. This 
mechanism arises due to the settling of crystal frag-
ments from the “mirror” of the melt in the head and near 

T a b l e  3

Characteristics of the experimental conditions

Таблица 3. Характеристика условий проведения эксперимента

Indicator
Technology of model ingot casting

ordinary 
ingot

head refilling 
after 7 min

head refilling 
after 19 min

head refilling 
after 40 min

Temperature of melt casting of the ingot body, Тcas.in.b , °С 75 75 75 75
Temperature of melt casting of the head, Тcas.head , °С 75 70 70 70
Time of melt casting of the ingot body, τin.b., s 42 37 42 46
Time of melt casting of the head, τhead , s 45 27 42 38
Time before melt refilling of the head, τref. head , min:s – 7:00 19:00 40:00
Cooling liquid temperature, Тcool.liq., °С 11 11 11 11
Weight of ingot body/head, Min /mhead , g 550/150 550/150 550/150 550/150
Solidification time, τsol., min 205 220 238 258
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the solidification front. These fragments sink to the lower 
part of the ingot, forming a cone-shaped settling zone. 
The descending crystals enhance the vertical solidifi-
cation rate, thereby increasing the orientation of ingot 
solidification. Consequently, this phenomenon results 
in reduced development of axial friability and chemical 
heterogeneity in the ingot [1]. Subsequent solidification 
of the ingot proceeds in the horizontal direction via a 
sequential mechanism.

It’s noteworthy that in the experimental ingot, 
the “rain of crystals” commenced immediately after 
refilling the head with melt and persisted for over 50 min, 
whereas in the ordinary ingot, crystal settling began only 
after 40 min and lasted for 30 min. Furthermore, during 
the initial 40 min of solidification in the experimental 
ingot (21 % of the total solidification time), the width 
of the solid phase in the vertical direction was twice 
that of the ordinary ingot. This suggests that refilling 
the head with “cold” melt (at 70 °C) into the “hot” melt 
(at 75 °C), with only 7 min elapsed since casting the ingot 
body, resulted in an increased temperature gradient and 
the emergence of crystallization centers. Consequently, 
this contributed to the formation of a dense “rain” of crys-
tals and accelerated the advancement of the solidification 
front in the vertical direction. Additionally, the introduc-
tion of a portion of melt induced forced convection, lead-
ing to the displacement of crystals from the crystalliza-
tion front into the settling cone zone.

In the ingot with head refilling after 19 min (Fig. 2, c) 
solidification occurred according to the volume-sequen-
tial mechanism from 32 to 79 min (15 to 38 % of the total 
solidification time) due to crystal settling. 

For the ingot with head refilling after 40 min (Fig. 2, d), 
solidification occurred via the sequential mechanism from 
the walls to the ingot axis, without the “rain of crystals” 
phenomenon typically observed in ingots of this experi-
mental series. 

Thermometry of the casting form model surface du ring 
solidification of an ordinary ingot revealed (Figs. 3, a; 
Fig. 4, a) that during the initial half of the ingot solidi-
fication time, the thermal center was located in the sub-
knock-off head horizon. Subsequently, it shifted 
to the ingot mid-height, and by the end of solidification, 
it returned to the sub-knock-off head horizon. This obser-
vation aligns with existing concepts regarding the solidi-
fication process of large ingots [1; 2].

For the ingot with head refilling after 7 min (Fig. 3, b; 
Fig. 4, b), the thermal center remained consistent, mov-
ing only from the middle to 2/3 of the ingot height 
throughout the solidification process, eventually settling 
at the sub-knock-off head horizon by the end of solidifi-
cation. Similarly, for the ingot with head refilling after 
19 min (Fig. 3, c; Fig. 4, c), the thermal center remained 
at the ingot mid-height throughout solidification, eventu-
ally shifting to the sub-knock-off head horizon at the end. 
In contrast, for the ingot with head refilling after 40 min 
(Fig. 3, d; Fig. 4, d), the thermal center was initially 
located at 2/3 of the ingot height, moving to the sub-
knock-off head horizon after melt refilling and remaining 
there until the end of solidification. 

It’s evident that melt refilling influenced the dynamics 
of thermal processes during ingot crystallization. 

Fig. 2. Curves of solid phase growth in height and cross section 
of model ingots obtained by physical modeling: 

a – ordinary ingot; b – refilling the knock-off head after 7 min; 
c – refilling the knock-off head after 19 min; 
d – refilling the knock-off head after 40 min; 

1 –  sub-knock-off head horizon; 2 – mid-height; 
3 – lower section; 4 – vertical solidification

Рис. 2. Кривые нарастания твердой фазы по высоте 
и сечению модельных слитков, полученные методом 

физического моделирования: 
а – обычный слиток; b – доливка прибыли спустя 7 мин; 

c – доливка прибыли спустя 19 мин; 
d – доливка прибыли спустя 40 мин; 

1 – подприбыльный горизонт; 2 – середина высоты; 
3 – нижнее сечение; 4 – вертикальное затвердевание
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Fig. 3. Dynamics of the thermal center movement during solidification of model ingots: 
a – ordinary ingot; b – refilling the knock-off head after 7 min; c – refilling the knock-off head after 19 min; 

d – refilling the knock-off head after 40 min

Рис. 3. Динамика перемещения теплового центра при затвердевании модельных слитков: 
а – обычный слиток; b – доливка прибыли спустя 7 мин; c – доливка прибыли спустя 19 мин; 

d – доливка прибыли спустя 40 мин
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Analysis of structural zone development in model 
ingots (Table 4, Fig. 5) revealed that three ingots 
(Fig. 5, a – c) exhibited the development of a settling 
cone zone. Two ingots (Fig. 5, a, b) were characterized 
by the penetration of a shrinkage hole from the head 
to the ingot body, which is evidently an ingot defect. 

Visual inspection of the macrostructure of the cast 
ingots revealed that the ingot with head refilling con-

ducted after 40 min (Fig. 5, d) exhibited a dense and 
defect-free structure.

This suggests that refilling the head with melt 40 min 
after casting the ingot body influenced the ingot crystal-
lization mechanism, causing it to solidify via the sequen-
tial mechanism from the ingot walls to the axis, without 
the occurrence of the “rain of crystals” phenomenon. This 
process promoted the growth of columnar crystals toward 

T a b l e  4

Volume fractions of structural zones in the model ingots

Таблица 4. Объемные доли структурных зон модельных слитков

Area of structural zones of model ingots, %
Technology of model ingot casting

ordinary 
ingot

head refilling  
after 7 min

head refilling  
after 19 min

head refilling  
after 40 min

Columnar crystals (before head refilling) – 16.7 23.5 43.4
Columnar crystals 65.2 22.4 47.3 56.6
Omnidirectional crystals 28.6 42.5 25.2 –
Settling cone 6.2 18.4 4.0 –
Shrinkage hole 32.8 41.4 36.3 24.0

Fig. 4. Change in surface temperature of the casting form model in height of the model ingots 
(based on the processing of thermal vision images using Testo IRSoft software): 

a – ordinary ingot; b – refilling the knock-off head after 7 min; c – refilling the knock-off head after 19 min; 
d – refilling the knock-off head after 40 min

Рис. 4. Изменение температуры поверхности модели изложницы по высоте модельных слитков 
(на основании обработки тепловизионных изображений с помощью программного обеспечения Testo IRSoft): 

а – обычный слиток; b – доливка прибыли спустя 7 мин; c – доливка прибыли спустя 19 мин; 
d – доливка прибыли спустя 40 мин
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the ingot axis, resulting in minimal development of a shrin-
kage hole and ultimately yielding a defect-free structure.

 Conclusions

It has been observed that in an ordinary ingot, solidifi-
cation proceeds via a sequential mechanism up to 40 min, 
after which crystals begin to settle (“rain of crystals”), 
transitioning the solidification process to a volume-
sequential mechanism. However, refilling the knock-off 
head with melt 40 min after casting the ingot body sus-
tained the sequential mechanism of ingot solidification. 
This resulted in the formation of a monolithic, defect-free 
structure in the ingot body and minimized the develop-
ment of shrinkage holes in the head volume.

Melt refilling within the initial 40 min stimulates early 
crystal settling (“rain of crystals”), enhancing crystalliza-
tion orientation in the vertical direction. 

Thermometry of the casting form-mold surface during 
ingot solidification revealed the influence of melt refilling 
of the head on the dynamics of thermal processes occur-
ring during crystallization. 

These findings provide insight into the development 
of differentiated casting technology for ingots, wherein 
the head is filled with melt at specific intervals after 
cas ting the ingot body. This approach can effectively 
influen ce the metal structure formation process and 
reduce defect zones. 
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