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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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AHHOmayus. B pabote mpeicTaBlieHbl Pe3yNbTaThl J1a00PaTOPHOrO HccienoBaHus d(dexra T0MMBKH MPUOBLILHON YacTH CIUTKA PAcIUIaBOM Ha
IpoLiece 3aTBEPACBAHMSA U CTPYKTYpOOOpa3oBaHHE MOJCIBHOIO CIMTKA. J[OJMBKAa HPOM3BOAMIACH Yepe3 ONPEACNICHHBI HHTEPBal BPEMEHU
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HocjIe 3aJMBKM TeNa CIUTKA. MceneoBaHus MPOBOMIM METOJIOM (pU3HYECKOro (XOJI0HOr0) MOAEIMPOBAHHUS, [Is KOTOpOro Oblna paspaboTaHa
U HM3TOTOBJICHA J1a0OpaTopHAas yCTAHOBKA (WM3JIOKHUIA-KPHCTAILIH3ATOP), IO3BONAIOMAs BH3YalbHO HM3ydaTh IPOLECCHI, IPOHUCXONAMINE HPH
3aTBEP/ACBAHUM M CTPYKTYpOOOpa30BaHMHM Ha MOJENHU CIMTKa Maccod 19,6 T. B kadecTBe MOAEIMPYIONIEr0O pacTBOpPA MCIIONB30BAIM HATpUi
CEPHOBATHCTOKUCIBII (KpHCTAIINYECKHi THITIOCYTb(UT). COOTBETCTBHE IPOLECCOB, IPOHCXOASAIINX Ha MOJIETH U B PEAIbHBIX YCIOBHAX OTIUBKU
HPOMBIIIIEHHBIX CIIUTKOB, OLIEHUBAJIOCH C TOMOIIBIO KpUTepueB 1ogo0ust. OHU MoTydeHbl Ha OCHOBE TEOPUH PA3MEPHOCTEH MCXO/Is U3 aHaM3a
(HU3UKO-XUMHYECKHX MIPOIECCOB, IIPOUCXOISINNX TIPU Pa3IuBKe U KPUCTAIUTH3AIUK CIMTKA. Pa3nuBKa pacIuiaBa B M3JIOKHUILY-KPHUCTAIIH3aTOP
BBITNIOJIHSIACh cBepXy. C LENbIO OLEHKH M3MEHEHUs MOJIS TeMIepaTyp IpH pa3ivBKe W KPUCTAUIM3ALUM CIMTKA B TEUEHHE BCErO BPEMEHM
3aTBep/IeBaHMsl IPOBOMIIM TEPMOMETPUPOBAHIE TIOBEPXHOCTU MOZIENN U3JIOKHUIIBI. AHAIIM3 Pe3yIbTaTOB NPOBEJEHHBIX HCCIIENOBAHMIN 1TOKa3all,
YTO JIOJIMBKA paciuiaBa 10 40 MHH NPUBOAMUT K CTUMYIMPOBAHHIO PAHHErO OCEHaHHs KPUCTAIUIOB («IOXKIb KPHCTAIIOB»), YTO CIIOCOOCTBYET
YBEIIHMYICHHUIO HAIIPABICHHOCTH KPUCTAIM3AIIU B BEPTUKAIBHOM HAIIPABICHUH. YCTAHOBICHO, YTO B OOBIYHOM CIHTKE 10 40 MHH 3aTBEpACBaHUE
UJET 10 I0C/IEe/I0BaTeIbHOMY MEXaHU3MY, a I10CJIe HAUMHACTCs OCEeaHHe KPUCTAIOB («WIOXKIb KPHCTAIUIOB») M 3aTBEpAEBAaHUE CIMTKA
MIPOXOAUT 10 0OBEMHO-IIOCIICIOBATEIPHOMY MeXaHH3My. JloIMBKa MPHOBUIFHON YacTH CIIUTKA PAcIIaBOM CIIycTs 40 MUH mOCIie 3aIMBKH Tela
CIMTKA CIOCOOCTBOBANA MPOJOIKEHUIO TOCIEI0BATEILHOT0 MEXaHU3Ma 3aTBEP/AEBAHUs CIUTKA. DTO NPHUBEIO K 0O0pa3OBAHMIO MOHOJIMTHON
6e31e(eKTHOI CTPYKTYpHl B Telle CIMTKAa M HAHMEHBIIEMY Pa3BHTHIO yCaJOYHOH PakoBHHEI B 0ObeMe HpHObUIH. IlomydeHHBIE pe3yabTaThl
00yCIJIOBIIMBAIOT BO3MOXKHOCTB Pa3pabOTKH TeXHOJIOruH JH(GepeHINPOBAHHON PAa3IMBKH CIUTKOB IPH HAIMOJHEHHU MX NPUOBLIN paciulaBOM
4epe3 ONpee/IeHHBIH HHTEPBAll BPEMEHH TI0CNIEC 3aJIMBKH Tella CIUTKA. JTO IO3BOJIHUT BO3IEHCTBOBATh HA HMpomecc GOPMUPOBAHUS CTPYKTYpPHI

MeTaljla U COKpalleHue I[e(l)eKTHLIX 30H.
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- INTRODUCTION

The theory and practice of ingot production demon-
strate that the solidification time of large ingots spans
several 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 AT /8T > 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 37 parameter to values
prompting a return to sequential solidification, resulting
in a denser dendritic structure.
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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.

[l 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) — Na,S,0,-5H,0 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

Table 2

Values of similarity criteria in the sample and model

Tabauya 2. 3Ha4eHUs] KPUTepHeB 110100Ms1
B o0pa3ue u MoJeJIn

Similarity criterion
Ingot type ;
Bi N Fo Fr We
Model 1) 50 105| 0.52 | 1.083-104 | 2.80-10°¢ | 7.56-10°*
ingot
Sample | 23107 4.01 | 6.340-10 | 3.67-105 | 5.83-10°3
ingot

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 7, 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 /, 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-

5
Table 1 4
B 3 <
Geometrical parameters of industrial J \ 6
and model ingots %
\
Tabnuya 1. leomeTpuyecKue mapamMeTpbl MPOMBIILIEHHOTO
H MOJIeJILHOTO CJIMTKOB
Sample N N
Ingot parameters Ingot Model Fig. 1. Layout of installation for studying the solidification and structure
(19.6 1) formation of a model ingot:
Height to average diameter ratio, H/D 2.15 2.3 1 —light source; 2 — light beam; 3 — direct mirror;
— . 4 — casting form-mold; 5 — screen;
Ingot body conicity, K; ., % 4.1 4.4 6 — high—resolution digital video camera
Feeder head conicity, K, ;, % 14.7 14.7
. Puc. 1. Cxema ycTaHOBKH AJIs1 MCCIICIOBAHUS TIpoLiecca
Ingot body volume, Vin.b’ & 71.4 79.7 3aTBEP/ICBAHUS U CTPYKTYPOOOPA30BaHUS MOJCIBHOTO CIIUTKA!
Volume of knock-off head, Vieads 70 18.0 15.7 1 — MCTOUHUK CBeTa; 2 — Iy4OK CBETa; 3 — NPsIMOE 3epKalio;
B o 4 — M3II0KHUIIA-KPUCTATU3ATOP; 5 — 9KPaH;
Volume of bottom part of ingot, V., % 4.6 4.5 6 — nudpoasi BUIEOKaMePa BLICOKOTO pa3peLeHus
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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). Refilling
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 levels
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 camera
Testo 8751, and the thermal images obtained were pro-
cessed using TestoIRSoft software. As the thermal
camera 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.

[l 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
various 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

Table 3
Characteristics of the experimental conditions
Tabnuya 3. XapaKTepuCTHKA YCJI0BHI NMPOBEIEHUs IKCIIEPUMEHTA
Technology of model ingot casting
Indicator ordinary | head refilling | head refilling | head refilling
ingot after 7 min after 19 min after 40 min

Temperature of melt casting of the ingot body, T, ; ., °C 75 75 75 75
Temperature of melt casting of the head, 7, . ,, °C 75 70 70 70
Time of melt casting of the ingot body, 7, , , s 42 37 42 46
Time of melt casting of the head, 7, ;. s 45 27 42 38
Time before melt refilling of the head, T ;| .., min:s - 7:00 19:00 40:00
Cooling liquid temperature, 7 ., °C 11 11 11 11
Weight of ingot body/head, M, /m, ., g 550/150 550/150 550/150 550/150
Solidification time, t_;, 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.

60
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40 |
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20 |
10 |

1
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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;
¢ —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

Puc. 2. Kpublie HapacTaHus TBep/I0ii a3kl 110 BICOTE
U CEYCHHIO MOJCIBHBIX CIIUTKOB, TIOJYUYCHHBIE METOJIOM
(DU3MUECKOTO MOJCITHPOBAHUSI:
a — OOBIYHBII CIUTOK; b — TOJMMBKA NPHOBLUTH CITYCTsl 7 MUH;

¢ — onuBKa npuobLHN cryctst 19 mMuH;
d — nonuBKa puObLIH ciycTs 40 MuH;

1 — nonpUOBLIBHBIN TOPU3OHT; 2 — CEpe/IUHA BBICOTHI;

3 — HUXKHEe cedeHHe; 4 — BepTHUKAIbHOE 3aTBepICBAaHNE
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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, ¢)
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 during
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, ¢; Fig. 4, ¢), 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.
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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; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 3. JluHamuKa IIepeMeIleHHs TEIUIOBOTO LEHTpa IPU 3aTBEPAEBAHUH MOCIBHBIX CIUTKOB:
@ — OOBIYHBIN CIIUTOK; b — NONMBKA NPUOBUIH CITyCTs 7 MUH; ¢ — JIOJIUBKA NpUObLIN cryctst 19 muH;
d — nonueka npuObLH crycts 40 MUH
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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; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 4. 3menenue Temneparypbl IOBEPXHOCTH MOJIEIH U3JIOKHUIIBI IO BEICOTE MOZEIBHBIX CIIUTKOB
(Ha ocHOBaHMHU 0OPAOOTKH TEIUIOBHU3HOHHBIX H300paskeHNUH ¢ ITOMOIIbI0 porpaMMHoro obecrieuenns Testo IRSoft):
a — OOBIYHBIN CIUTOK; b — JTOTMBKA MPUOBLIN CITYCTsI 7 MUH; ¢ — JIOJIMBKA MPUOBLIH cirycTs 19 MuH;
d — nonuBka npuObUIH crrycTs 40 MuH

Analysis of structural zone development in model
ingots (Table 4, Fig.5) revealed that three ingots
(Fig. 5, a — ¢) 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

Table 4
Volume fractions of structural zones in the model ingots
Tabnuya 4. O6beMHBIE 10JH CTPYKTYPHBIX 30H MO/IeJIbHBIX CJINTKOB
Technology of model ingot casting

Area of structural zones of model ingots, % | ordinary head refilling head refilling head refilling

ingot after 7 min after 19 min 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
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Fig. 5. Macrostructure of the model ingots:
1 —boundary of the solidified solid phase layer in the ingot body before refilling the knock-off head with the melt;
a — ordinary ingot; b — refilling the knock-off head after 7 min; ¢ — refilling the knock-off head after 19 min;
d — refilling the knock-off head after 40 min

Puc. 5. MakpocTpyKkTypa MOJEIBHBIX CIUTKOB:
1 — rpaHuIa 3aTBEPACBIIETO CIOSI TBEPAOH (a3bl B TEJIE CIUTKA Mepe]] JOIMBKOI B MPUOBUILHYIO YaCTh PacIlIaBa;
a — OOBIYHBIN CITUTOK; b — JOMUBKA NPUOBLIN CITyCTsl 7 MUH; ¢ — JOJIMBKA MPUObLTH crycTs 19 MuH; d — noiuBka npuObuin crycts 40 MuH

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
casting the ingot body. This approach can effectively
influence the metal structure formation process and
reduce defect zones.
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