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This work is devoted to the study of the effect of overheating of metal melts
on their supercooling before crystallization. Melting and crystallization are
important technological processes for producing high-quality castings. The
direct study of the processes involved in casting metals and their alloys is ex-
tremely difficult because they are opaque, take place at very high tempera-
tures and sometimes occur in aggressive environments. In this regard, we
have applied the physical modelling method to conduct these studies, using
the low-temperature metal alloys Wood and Rose and the organic media di-
phenylamine and camphene as objects of study. To conduct the research, a
special experimental setup was created and a physical modelling technique is
developed. In the experiments, three prototypes of equal weight were pre-
pared from each model alloy on an electronic balance with a weighing accura-
cy of 0.01 g. To ensure the absolute identity of the melting and crystalliza-
tion conditions of the model alloys, all three test samples were simultaneous-
ly placed in a thermostatically controlled chamber. The samples are gradually
heated to melt and superheat to a certain level. After the melt is held in the
superheated state, it is cooled to the temperature of nucleation, which is rec-
orded using thermocouples. The signal from the thermocouples is observed
on the screen of the potentiometer in the form of absolute digital temperature
values, and on the laptop screen in the form of temperature curves of cooling
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of the melts of the test media. The magnitude of melt supercooling, at which
crystals nucleate, is determined by characteristic features on the cooling
temperature curve of the model medium, i.e., the appearance of boards on
them due to the release of crystallization heat. In experiments on transparent
organic media (camphene and diphenylamine), the accuracy of fixing the
amount of supercooling in their melts using thermocouples is also controlled
visually by observing the moment of crystal nucleation in them. As a result of
the research, it is found that the effect of overheating on supercooling of the
studied alloys is most likely due to a change in the concentration of limitedly
soluble impurities. This assumption is based on the fact that the dissolution
of impurities in the melt of any metal occurs as a result of diffusion, which is
a relatively time-consuming process, and to obtain greater homogeneity of
the metal melt, it is necessary either to increase the temperature of its over-
heating or to ensure its longer holding in the overheated state. The results of
our research confirmed these assumptions. With an increase in the degree of
dissolution of impurities, the supercooling of model melts changes, which is
due to a change in the physical and chemical properties during the nucleation
of crystals.

Key words: model alloys, metal melt, overheating temperature, supercooling,
limited soluble impurities, crystal nucleation.

Pobora npucBsaueHa BUBYEHHIO BIJIMBY IEPErpPiBy PO3TOIIB MeTaIiB Ha IX IIe-
PEeOXOJOMKeHHA mepes Kpucranisarieio. TommeHHA Ta KpUCTATidalia — Iie
BaKJIMBI TEXHOJIOTIUHI IIpOIecH AJA OMepP:KaHHSI AKICHUX JIUTUX 3aTOTOBOK.
Besmocepenie BUBUEHHS MTPOIECiB, IMOB’A3aHUX 3 PO3JMBKOIO METAJiB Ta ix
CTOIIiB HA3BUUYANHO YCKJIAJHEHEe TUM, 110 BOHU € HEIPO30PUMM, IPOTiKAIOTh
3a [ysKe BUCOKMX TeMIIepaTyp Ta iHOMi IPOXOAATh B arPpeCUBHOMY CEPEIOBH-
m1i. ¥ 3B A3KY 3 IIUM [IJIsI ITPOBEIeHHA JaHUX JOCTiIKeHb HAMU 3aCTOCOBAHUMI
MeTon hi3MUHOTO MOIETIOBAHHA, B AKUX IK 00’€KTU BUBUEHHS, BUKOPUCTAHL
HUBbKOTeMIepaTypHi MetaseBi cronu Byga Ta Pose Ta oprauiuni cepemoBuiiia
mudeninamia Ta Kamden. g mpoBegeHHA TOCTiIKEHb 0yJI0 CTBOPEHO CIeIri-
AJBHY EeKCIePUMEHTAJbHY YCTAHOBKY Ta PO3PO0JIEHO MeTOAUKY (hiZWUHOTO
MO/eJII0BaHHA. B eKciepuMeHTax 3 KOKHOTO MO/IeJILHOTO CTOIY Ha €JIeKTPOH-
HUX Barax 3 TouHicTio 3BasKyBauHsa 0,01 r roTyBasu Mo Tpu JOCTiTHUX 3pasKa
oxHakroBoi Macu. [lyia 3abe3neueHHA a0COTIOTHOI iTeHTUYHOCTI YMOB TOIIJIEHH A
Ta KPUCTAJIi3aIlii MOAEeJIbLHUX CTOIIIB yCi TPU AOCTifHI 3pasku OJHOYACHO IIO-
MiIaam y KaMepy, IIT0 TePMOCTATyEThCA. 3PasKU IOCTYIIOBO HATrpiBauca 0
POSTOILIEHHSA Ta IIeperpiBy o meBHOro piBHA. Ilicaa BUTpuMKM pO3TOIY B Iie-
perpiTomMy cTaHi HOTO OXOJIOAKYBAJIU OO TEMIIEPATYPU YTBOPEHHSA 3apPOAKIB,
AKY GikcyBasu 3a JomoMoroio Tepmorap. CurHas Bif TepMoImap crocrepiraam
Ha eKpaHi MoTeHIlioMeTpa y BUTJIAAL a0COMIOTHUX IMU(PPOBUX 3HAUEHb TEeMIIe-
paTyp, a Ha eKpaHi HOyTOyKa — y BUIJISAI TEeMIIEPATYPHUX KPUBUX OXOJIO-
IKEeHHSA PO3TOIIiB AOCTITHUX CEePEeNOBUIl. BelnuuHy IepeoxoofKeHHI PO3-
TOWY, IPU AKOMY Yy HUX Bi0yBaeThCs 3apOAKEHHA KPUCTAJIiB, BUSHAYAIN 34
XapaKTepHUMU O3HAKaMU Ha TEMIIePATyPHIN KPUBiNl OXOJIOMIKEHHSA MOJEJb-
HOTO CepeloBUINA — IOSABi IJIaT HA HUX Yepe3 BUIIJIEHHA TeIlJla KPHUCTajisa-
mii. B ekcrmepuMeHTax Ha ONPO30pPUX OPraHiuHMX cepefoBuIax (KamdeH Ta
mudeninamin) TouricTs ¢ikcarii BesmUYMHY IT€PEOXOJIONKEHHA B IX posTomax
3a IOMOMOT'OI0 TepMOoIlap KOHTPOJIOBAIHU e I Bi3yasbHO, CIOCTepirarouu 3a
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MOMEHTOM 3apPOIKeHHA KPHUCTAJiB y HuUX. B pesysbraTti mpoBemeHUX HOCIi-
[I’KeHDb BCTAHOBJIEHO, IIT0 BIIJIUB IIePETPiBY HA IEPEOXOJIOPKEHHA JOCIi3KeHIX
cTOmiB, HaWiMoBipHilTIe, 00yMOBIeHU 3MiHOIO KOHIIEHTPAI[ii 00MEKEeHO PO3-
YNHHUX OOMiniok. Take npunyineHHA I'PYHTYETHCA HA TOMY, 110 POSYNHEHH
JIOMIiIITOK ¥ PO3TOIIi OyIb-sIKOTO MeTaJy BimOyBaeThCA BHACTIAOK qudy3sii, 1m0 €
BiTHOCHO TPMBAJIUM y Yaci MPOIecoM i Ijis oTprMaHH:A 0inbmol ogHOPiZHOCTI
posToIry MeTay HeoOXinHO abo migBUINTMTY TeMIIepaTypy Horo meperpisy, abo
3a20e3MeYnTy TPUBAJINTy HOTO BUTPUMKY B meperpitomy craui. PesynapraTum
IIPOBENEHUX AOCIiIKeHb MiqTBepANIN Il IPUNYINEeHHA. I3 mifBUIIeHHAM CTy-
IIeHA PO3YMHEHHHA NOMIIIOK 3MiHIOETHCA IIEPEOXOJIONKEHHA MOJEJIbHUX PO3-
TOIiB, IO OOYMOBJIEHO 3MiHOIO (hiBMKO-XeMiUHUX BJIACTUBOCTEH IPU 3aPO-
IPKEHHI KpuCTaIiB.

KarouoBi cioBa: MomenbHiI CTOIIM, PO3TOI METaNy, TeMIepaTrypa Ieperpiny,
TIePEOXO0JOIKEHH A, OOMEKeHO PO3SUNHHI JOMIIITK Y, 3apPOAKEeHHA KPUCTAJIB.

(Received 13 September, 2024, in final version, 15 November, 2025 )

1. INTRODUCTION

The properties of the final metal product are mainly determined by the
characteristics of the primary crystal structure of the billets at the stage
of casting. And the structure and properties of cast metal are primarily
determined by the conditions of the crystallization process, i.e. the rate
of nucleation and growth of crystallization centres. Accordingly, in or-
der to control the structure formation process of cast billets, it is neces-
sary to be able to influence the nucleation and growth of crystals in so-
lidifying metal melts. An important parameter that significantly af-
fects the nucleation and growth of crystals and, accordingly, the struc-
ture of cast billets is the supercooling (At”) of the metal melt before crys-
tallization. Therefore, many studies have been devoted to the problem of
crystal nucleation and growth, which confirm the importance of super-
cooling in crystallization processes and the general pattern of its gradu-
al increase with increasing degree (temperature) of overheating (At*) of
the melt with gradual reaching a plateau (saturation)[1-6].

Despite a large number of researches on this problem, there are var-
ious theories explaining the dependence of melt supercooling on over-
heating, which can be divided into surface and bulk crystallization
theories. In the first case, it is believed that crystallization begins on
the surface between the melt and the crucible (or oxide film) and that
overheating affects the state of this surface (it is assumed that the sol-
id metal remains in the pores of the crucible or in the pores of the oxide
film when overheated to a certain critical temperature) [7T—9]. The the-
ory of bulk crystallization assumes the existence of microgroups of at-
oms (clusters) in the melt, which are preserved at a slight overheating
of the melt above the liquidus and serve as nuclei during crystalliza-
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TABLE 1. Properties of modelling environments.

Properties Environment Wood alloy | Rose alloy | Camphene Dlprillie:llgla'
Density, kg/m? 9720 7600 845 1200
Liquidus temperature, °C 68 94 45 53
Solidus temperature, °C 68 94 42 53
Crystallization interval, °C 0 0 3 0

tion, but are destroyed at higher overheats [2, 10, 11]. However, both
theories have been only partially confirmed experimentally in experi-
ments with pure metals.

In our opinion, the contradictory nature of the known results is due
to the different content of soluble impurities in the studied metals,
changes in their concentration during melting, and, accordingly, the
instability of the microscopic state of melts in the superheated state. In
addition, this is due to the lack of reliable methods for determining the
moment of crystal nucleation in metal melts, especially in metals with
a low impurity content, in which crystal nucleation occurs at high su-
persaturations (supercoolings). Therefore, this work was aimed at,
first, developing a reliable methodology for fixing the moment of crys-
tal nucleation in metal melts and, second, studying the dependence of
supercooling of the experimental alloys on their melting (i.e., super-
heating temperature and holding time in the superheated state) and
solidification modes.

2. MATERIALS AND METHODOLOGY

To create new and improve existing metallurgical technologies related
to the casting of metals and their alloys, it is necessary to study pro-
cesses that operate at very high temperatures, are opaque and some-
times take place in aggressive environments. Direct study of such pro-
cesses is extremely difficult. To solve this problem, indirect methods
of study in the laboratory are widely used, in particular, the method of
physical modelling of natural objects on low-temperature alloys
[12—14]. In conducting these studies, the method of physical modelling
was also applied, and low-temperature metal alloys and organic media
were used as objects for study. These materials were chosen based on
the following considerations: the nature of crystallization is similar to
metals and alloys with a high melting point; transparency (for organic
media) provides visualization of the processes under study; melting
point not exceeding 100°C provides convenience of experiments, etc.
Taking into account the above requirements, the following materials
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were used as objects for study: low-temperature metal alloys Wood
(12.5% tin, 25% lead, 50% bismuth, 12.5% cadmium) and Rose (25%
tin, 25% lead, 50% cadmium) and transparent organic substances di-
phenylamine (C;2H;:N) and camphene (C10His) (Table 1).

In this work, we investigated the effect of the melt superheat tempera-
ture of the experimental alloys on its supercooling, at which crystal nu-
cleation occurs. To conduct the research, a physical modelling technique
was developed and a special experimental setup was created (Fig. 1).

The research was carried out according to the following procedure.
At the beginning of the experiments, three test samples of the same
mass were prepared from each model alloy on an electronic balance
(with a weighing accuracy of 0.01 g.) in quartz tubes with a diameter
of 5 mm. To ensure the absolute identity of the melting and crystalliza-
tion conditions of the model alloys, all three test tubes with the test
samples 1 were simultaneously placed in a chamber 3 using a special
mount (cassette) 2, into which a transparent coolant (water) was sup-
plied from a thermostat 4 by a circulating pump. The temperature in
the chamber was gradually increased at a given rate to a certain level in
order to melt and superheat the model alloy. After appropriate expo-
sure of the melt in the superheated state, it was cooled at a certain rate
by cooling the coolant in the thermostat 3. To record the temperature
of nucleation, thermocouples 5 were lowered into test tubes 1 with test
samples, the signal from which, in the form of absolute temperature
values in digits, was observed on the screen of a digital potentiometer 6
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Fig. 1. General scheme of the experimental setup.
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and stored on a memory card. From the memory card, these digital
temperature values were converted into temperature curves for cool-
ing the melts of the test media using a laptop in a special program.
Characteristic features on the cooling temperature curve of the model
medium (i.e., when boards appear on it due to the release of crystalliza-
tion heat) determined the amount of melt supercooling at which crys-
tals are formed. In the experiments with a transparent model medium
(diphenylamine, camphene), the nucleation of crystals was also observed
visually through the transparent faces of the chamber. To improve the
observation of the crystallization processes through the transparent
faces of the chamber 3, the chamber was illuminated with a lamp 7.

3. RESULTS AND DISCUSSION

Initially, when developing the methodology, it was found that the
range of supercooling (At") for the experimental metal alloys (Wood,
Rose), ceteris paribus, was equal to £ 1°C. The range of supercooling
(At") for organic media (diphenylamine, camphene) depended on their
moisture saturation (they are hygroscopic substances) and, depending
on the degree of their saturation, could differ from each other up to
5 times (Fig. 2, curves 1, 3). Therefore, the experimental samples from
organic media were subjected to preliminary heat treatment at a tem-
perature of 95°C for 60 minutes, after which they were tightly closed
with a cork to prevent contact with the atmosphere. After the heat
treatment, the scatter of supercooling (At") of the test samples from
these media did not exceed + 3°C (Fig. 2, curves 2, 4).

20 4
—3
15
&) 2
10 = 1T ]
4 /77/,/

0 2 4 6 8 10

Fig. 2. Dependence of supercooling of camphene (I, 2) and diphenylamine
(3, 4) alloys on the number of repeated tests of samples with a volume of
12:10°° m? at overheating At*=10°C: 1, 3 without heat treatment; 2, 4—with
heat treatment at 95°C for 60 min.
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In the course of further studies, classical curves were obtained for
all model media, confirming the dependence of supercooling before
crystallization (A¢") on the magnitude of overheating of their melts
(At") (Fig. 3). This pattern is explained in the literature by the deacti-
vation of solid substrates and the melting of the crystalline phase in
micropores on their surfaces [1]. However, we have previously ob-
tained results in other experimental environments that show that the
effect of melt overheating on its supercooling can be caused by a
change in the concentration of limitedly soluble impurities [15]. In
work [15], we saturated the salol melt with water vapor, as a result of
which, during the first crystallization, its supercooling, ceteris pari-
bus, was 6—7 times less than for an unsaturated melt. With an increase
in the superheating temperature of the moisture-saturated melt of
lard, its supercooling increased. Such an effect of the superheating
temperature on the supercooling of the saturated with water vapor
melt of the lard is most logically explained by a change in the concen-
tration of a soluble impurity (water) in it. It is obvious that the solubil-
ity of water in the lard melt increases with increasing temperature,
which results in changes in its physicochemical properties [15].

These researches on other model alloys (camphene, diphenylamine,
Wood and Rose alloys) confirmed the results of our previous researches
on salol and gallium. In addition, new data were obtained for all of the ex-
perimental alloys, confirming our hypothesis about the crucial role of
limitedly soluble impurities in the dependence of the supercooling of met-
als before crystallization on the superheat temperature of their melts.

Let us consider the results obtained for the example of Wood and
camphene alloys. Thus, Figure 4 shows the dependence of supercooling

20 |
15 -
O - — -—--;—7-4»—-4/-»--9 3
.10 )l R
4o ; = 1 1
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st —
0
0 10 20 - | |
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Fig. 3. Dependence of supercooling of samples from the studied model alloys
with a volume of 12-10°°m3 on the overheating temperature for 2 min: Rose
alloy (1); Wood alloy (2); camphene (3); diphenylamine (4).
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(At") of Wood alloy on the volume of test samples for two superheat
temperatures At" = 10°C (curve 1) and At" = 25°C (curve 3) with holding
in the superheated state for 2 minutes under other identical experi-
mental conditions. Curve 2 in Fig. 4 is based on the test data of samples
obtained by combining two identical alloy samples that were overheat-
ed by 10°C and 25°C, respectively. Before combining, the temperature
of the 25°C sample was slowly lowered to the overheating temperature
of the other sample (i.e., At*=10°C). Then the samples were combined
into one tube (shown by arrows in Fig. 4) and the amount of supercool-
ing (¢7) of the new sample obtained by mixing them was determined. As
a result of the research, it was recorded that the supercooling for the
new sample (Fig. 4, curve 2) was higher than the supercooling of sam-
ple 1 (Fig. 4, curve 1), which was overheated by At"=10°C.

In our opinion, the experiments with the combination of two identi-
cal samples superheated to different temperatures convincingly
demonstrate that the change in their supercooling is not due to the de-
activation of mechanical impurities. It would seem that no matter how
much volume was added to the sample that produced a lower supercool-
ing, the activity of the mechanical impurities or the crystals remaining
in the pores on them should not have changed. However, more super-
cooling was required for the crystallization of all new samples (com-
bined). This indicates that overheating changes the amount of super-
cooling of Wood alloy precisely due to changes in the concentration of
limitedly soluble impurities.

In this case, the amount of supercooling should depend on the heat-
ing rate of the test sample, since it takes time for the concentration of
soluble impurities to equalize throughout its volume by diffusion. The

40

30
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=20
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0 2 4 6 8 10
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Fig. 4. Dependence of Wood alloy supercooling on the volume of the test sam-
ple: with overheating At*=10°C (1); At*=25°C (3); samples obtained by com-
bining the corresponding samples of curves 1 and 2 (2).
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corresponding experiment for all the test alloys confirmed that their
supercooling significantly depends on the heating rate, ceteris pari-
bus. Figure 5 shows the curves of dependence of Wood alloy supercool-
ing on its heating rate and holding time in the superheated state. We
can see that with an increase in the heating rate of Wood alloy from
2°C/min to 44°C/min with a short holding time in the overheated state
(t<£1min.), its supercooling decreases by more than 3 times. This re-
sult, in our opinion, is explained by the different degree of dissolution
of the same impurities in the melt of this alloy. The dissolution of im-
purities in the melt of any metal occurs as a result of diffusion, which
is a relatively long process in time. To ensure the homogeneity of the
metal melt, it is necessary to ensure that it is held in an overheated
state for a longer period of time. Indeed, a significant increase in the
holding time of the Wood alloy melt in an overheated state (t> 50 min)
has levelled this dependence.

In the next experiment, quartz powder (particle diameter 0.2 mm)
was added to the camphene melt with a volume of 2:10®m3in a 1:1 ra-
tio. The purpose of this study was, firstly, to determine their effect on
the diffusion of soluble impurities, and, secondly, to introduce addi-
tional crystallization centres (each powder particle should theoretical-
ly be a potential nucleus in the melt). To activate the quartz powder
particles, several recrystallizations of the prototypes were performed.
It was assumed that the effect of overheating on the melt supercooling
was due to the influence of mechanical impurities, and that after acti-
vation of the quartz particles that had been in the solidified camphene,
the supercooling should have decreased. But this did not happen in any
of the repeated experiments.

0 8 16 24 32 40 48
Wp, °C/min

Fig. 5. Influence of the heating rate of a prototype sample of Wood alloy with
a volume of 2:10°m® on its supercooling: t=1min (I1); t=20min (2);
T=40min (3); =50 min (4).
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The presence of quartz particles in the test sample of camphene led
to an increase in the dependence of its supercooling on the holding time
in the superheated state, in contrast to the control samples (Fig. 6). We
can see that at low values of the holding time of the camphene melt in
the superheated state (t <3 min), its supercooling is less than for the
control sample. At higher values of the holding time (t > 3 min), on the
contrary, the supercooling of the powdered camphene is greater than
for the control sample.

The obtained character of the supercooling curves in this figure, in
our opinion, is due to the fact that in samples of camphene with quartz
powder, the diffusion of soluble impurities is hampered both during
heating and when the temperature decreases. That is, at low values of
the holding time of camphene with powder in an overheated state
(t £3 min), impurities do not have time to completely dissolve (diffuse)
in its melt and, accordingly, it crystallizes at a lower supercooling than
the control sample. At high values of the holding time of camphene
with powder (t>83 min), impurities are completely dissolved in the
melt, so their ‘reverse diffusion’ requires more time, during which its
supercooling increases.

These results convincingly prove the decisive influence of soluble
impurities on the dependence of supercooling of the studied model alloys
on the superheat temperature of their melts. In general, the interest in
this problem is due to the fact that the degree of supercooling of the
metal melt (At") before crystallization affects the crystallization rate
and the dispersion of the crystal structure of the cast metal [16]. The
crystallization of metals is known to occur by the mechanism of normal
crystal growth, in which the rate of crystal growth (R) is directly pro-
portional to the supercooling of the melt (At") at the interface [16]:

40
2
30 S W Sa— |
&) a4
0\" 20 / /:///
- /
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/
v
0
0 2 4 6 8 10

T, min

Fig. 6. Dependence of supercooling of a 2-107% m® camphene sample on the time
of holding its melt in an overheated state: control sample (1); sample with
quartz powder (2).



INFLUENCE OF THE SUPERHEATING TEMPERATURE OF METAL MELTS 1135

Fig. 7. The macrostructure of camphene depending on the supercooling at
which it crystallizes: At~ = 2°C (a); At~ =12°C (b); At~ =36°C (¢).

R=Fk-At, 1)

where £ is the kinetic coefficient, which for metals has a value in the
range of (1-40) m/s°C.

The effect of supercooling on the dispersion of the cast structure can
be clearly seen on the example of crystallization of the model medium
of camphene (Fig. 7), for which the size of the macro-grain of the ingot
decreases significantly with increasing supercooling.

4. CONCLUSION

An original method of physical modelling was developed to study the
effect of overheating of experimental alloy melts on their supercooling
before crystallization, which allowed us to reliably record the moments
of crystal nucleation in them. Using metal alloys (Wood and Rose) and
organic media (diphenylamine and camphene), it was found that the
effect of the melting superheat temperature on the degree of their su-
percooling before crystallization is due to the temperature dependence
of the concentration of limitedly soluble impurities present in them.

It has been shown that by changing such parameters of melting and
casting of metal alloys as superheat temperature, holding time in the
superheated state, heating and cooling rates, etc., it is possible to control
the degree of supercooling of metal melts before their crystallization,
and, accordingly, to influence the dispersion of the structures of cast
billets (i.e., the physical and mechanical properties of the cast metal).

REFERENCES

1. D. E. Ovsienko, Zarozhdenie i Rost Kristallov iz Rasplava [Nucleation and
Growth of Crystals from the Melt] (Kyiv: Naukova Dumka: 1994).
2. A. A. Abramov, V. G. Tkachenko, A. A. Sherecky, I. N. Maksimchuk, and



1136

10.

11.

12.

13.

14.

15.

16.

A.S.NURADINOV, V.L. MAZUR, K. A. SIRENKO et al.

A. S.Vovchok, Electron Microscopy and Strength of Materials: Collection of
Scientific Works. Kyiv: IPM of the National Academy of Sciences of Ukraine,
20: 52 (2014) (in Russian).

Y. Jinku, Q. Qi, L. Lian, J. Qihua, and N. Dongying, Phase Transitions, 83,
No. 7: 543 (2010).

Q. Mei and J. Li, Materials, 9, No. 1: 1 (2016).

B. A. Mueller and J. H. Perepezko, Metall. Trans. A, 18: 1143 (1987).

J. H. Perepezko, D. U. Furrer, and B. A. Mueller, Dispersion Strengthened
Aluminum Alloys (Eds: Y-W. Kim, W.M. Griffith) TMS, Warrendale, PA,
1988, pp. 77-102.

B. Yang, J. H. Perepezko, J. W. P. Schmelzer, Y. Gao, and C. Schick, J. Chem.
Phys., 140:1 (2014).

B. Zhao, L. Li, F. Lu, Q. Zhai, B. Yang, C. Schick, and Y. Gao, Thermochimica
Acta., 603: 2 (2015).

M. J. Uttormark, J. W. Zanter, and J. H. Perepezko, J. Cryst. Growth, 177: 258
(1997).

V.D. Aleksandrov and S. A. Frolova, Inorg. Mater., 40, No. 3: 227 (2004) (in
Russian).

V. D. Aleksandrov and S. A. Frolova, Russian Metallurgy, 1: 14 (2014) (in Rus-
sian).

A. S. Nuradinov and M. R. Nakhaev, Processes of Crystallization and Structure
Formation of Cast Billets (Grozny: FGBOU VO ChSU: 2020), p. 170 (in Rus-
sian).

A. H. Dymnich and I. V. Korniets, Fundamentals of the Theory of Similarity
and Physical Modeling (Kyiv: Nash Format: 2016), p. 172 (in Russian).

S. P. Eronko and S. V. Bykovskikh, Physical Modeling of Processes of Out-of-
Furnace Treatment and Casting of Steel (Kyiv: Tehnika: 1998), p. 136 (in Rus-
sian).

A. S. Nuradinov, O. V. Nogovitsyn, V. P. Shkolarenko, I. R. Baranov, and

I. A. Nuradinov, Process of Casting, 3: 27 (2023) (in Ukrainian).

V. A.Efimov and A. S. Eldarkhanov, Technologies of Modern Metallurgy (Mos-
cow: Novie Tekhnologii: 2004), p. 784 (in Russian).


https://doi.org/10.1080/01411594.2010.499711
https://doi.org/10.1080/01411594.2010.499711
https://doi.org/10.1007/BF02668565
https://doi.org/10.1063/1.4868002
https://doi.org/10.1063/1.4868002
https://doi.org/10.1016/j.tca.2014.09.005
https://doi.org/10.1016/j.tca.2014.09.005
https://doi.org/10.1016/S0022-0248(96)01121-9
https://doi.org/10.1016/S0022-0248(96)01121-9
https://doi.org/10.1023/B:INMA.0000020519.80274.2f
https://doi.org/10.1134/S0036029514010042
https://doi.org/10.15407/plit2023.03.034

