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JHInpoBCchKUii nep:kaBHAN TEXHIYHUN yHiIBepcUTET, M. Kam’ ssHCBKe

FEATURES OF THERMAL COOLING MODES IN SPLAT-QUENCHING AND
MICROWIRE CASTING

The article examines the features of thermal cooling regimes of a melt during splat quenching
and micro-wire casting in glass insulation under ultra-high cooling rates. On the basis of heat-
conduction equations and similarity-theory criteria, a quantitative evaluation of heat-transfer
coefficients and cooling rates at the contact and free surfaces of rapidly solidified films, as well as of
micro-wires with various diameters cooled in air and water, is carried out. It is established that
during splat quenching, simultaneous non-equilibrium crystallisation occurs on both surfaces of the
film, while the achieved degrees of supercooling (=250—350 K) and cooling rates are sufficient for
the formation of metastable structures. It is shown that a decrease in film thickness and micro-wire
diameter leads to a sharp increase in both the heat-transfer coefficient and the cooling rate.

Keywords: splat quenching; cooling rate; heat transfer; non-equilibrium crystallisation;
rapidly solidified films; glass-coated microwires.

Y emammi oocniosceno ocobnusocmi meniosux pexcumie 0xon00xiceHHs po3naasy nio yac splat-
3a2apmy6anHs ma 6U2OMOGIeHHS MIKPOOPOMY 6 CKIAHIU i3071aYii 3a YMO8 HAO36UYAUHO BUCOKUX WUBUOKO-
cmeti mennogioeody. Ha ocnoei pieHsiib menionpogionocmi ma KpumepiaibHux CnieeioHOuEeHb Meopil
nOOJIOHOCMI NPOBEdeHO KINbKICHUL aHAli3 Koeghiyicnmie meniogiooaui i weuoKocmetl 0X0N00HCeHHSL OJis
KOHMAKMHOL Ma GLIbHOI NOBEPXOHb WUBUOKOOXOA00NCEHUX NIIBOK, A MAKONC MIKPOOPOMIe PizHo20 diame-
mpa npu 0XoN00HCeHHT 8 NOGIMPL ma 800i. Ycmanoeneno, wo nio uyac splat-zaeapmyeanns 6i0bysacmocsi
00HOUACHA HEPIBHOBAIICHA KPUCMANI3AYisl 3 000X NOBEPXOHb NIIBKU, A O0CACHYMI CMyneni nepeoxono-
Ooicenns (=250—350 K) i weuoxocmi oxono0icents € docmamuimu Ot YOPMYBAHHS MEMAaAcmaOiIbHUxX
cmpykmyp. Ilokazano, wjo smeHuenHs MOBWUHY NAI6KY ma Jlamempa MIKpoOpomy 3yMOGIIOE pi3Ke 3po-
cmanus KoeghiyicHma mennosiooaui 1l WeUOKOCHI 0X0N00N4CeHHs. AHAni3 memMnepamypHux nomuis i posno-
0Ly Nepeoxoo0dNCeHHs. NO nepepizy NIIBOK 003601U8 SKICHO MA KiIbKICHO NOSCHUMU CHOCTNEPENCY8AHI
SMIHU cmpyKmypHoOi mMopghonozii. Becmarnoaneno, wo npu aummi MiKpoopomy 8 CKIAHIU 1301yii, He36a-
JHCAIOUU HA HUNCYT UBUOKOCHI OXON00HCEHHS NOPIBHAHO 31 Splat-3aeapmysanam, amopgna ckiana ooo-
JIOHKQ CRPUSE NIOBUWEHHIO DIGHSL HEPIBHOBAICHO20 POPMYBAHHA CIMPYKINYPU MAMEPIATY.

Knwwuosi cnosa: splat-sacapmyeanns; weuoxicmo 0xonooxcenns; menionepeoaya, HepieHoO-
BAJICHA KPUCTMANIZAYIS, UBUOKOOXO0TI00MHCEHT NAIBKU, MIKPOOPIm Y CKIAHIU 301yl
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Problem’s formulation

In the methods of splat quenching (SQ) and glass-insulated microwire casting (GIC), the
cooling rate (CR) of the melt reaches values up to 10® K/s, due to which a wide range of metastable
structural states is formed in non-equilibrium alloys, including micro- and nanocrystalline, as well as
amorphous alloys, with unique complexes of physicochemical properties [1, 2]. At the same time, the
high level of physical, mechanical, chemical, and other properties of rapidly cooled SQ materials has
stimulated the development of high-performance technological varieties of SQ suitable for industrial
and microelectronics applications [1, 2]. The formation of samples under conditions of non-
equilibrium cooling requires technological modes of crystallization in which the required cooling rate
of the material would be realized, as this determines both the morphology and a number of
physicochemical properties of films and cast microwires in glass insulation [3, 4]. However, methods
for direct experimental determination of CR in such samples are practically impossible, and the
complexity of CR estimation is associated with establishing the dependence of the heat transfer
coefficient on the parameters that determine it [5—38]. Additionally, the simultaneous non-equilibrium
crystallization observed on both contact and free surfaces [7, 8] makes it difficult to predict structural
morphology, limiting the controlled formation of materials with the desired set of mechanical, thermal,
and physical properties. Therefore, there is a practical need for theoretical and computational
approaches that allow reliable calculation of heat transfer coefficients, cooling rates, and the resulting
microstructural evolution in rapidly solidified films and microwires [5, 6, 9].

Analysis of recent research and publications

Recent studies of SQ and glass-insulated microwire casting have shown that extremely high
cooling rates allow the formation of a wide range of metastable structural states, including micro- and
nanocrystalline and amorphous alloys with unique physicochemical properties. These non-equilibrium
cooling techniques provide materials with enhanced physical, mechanical, and chemical
characteristics, making them attractive for industrial and microelectronics applications. At the same
time, the complexity of heat transfer processes and the simultaneous crystallization at contact and free
surfaces create challenges in predicting and controlling the structural evolution of rapidly cooled films
and microwires. Experimental determination of cooling rates is technically difficult due to the
influence of multiple parameters such as sample dimensions, thermophysical properties of the cooling
medium, and processing conditions. Consequently, recent research has focused on developing
theoretical and computational models to estimate cooling rates and heat transfer coefficients, enabling
a more accurate prediction of microstructure formation and optimization of processing conditions for
high-performance materials [4, 8, 9].

Formulation of the study purpose

The purpose of this study is to develop a theoretical and computational framework for
estimating heat transfer coefficients and cooling rates during splat quenching and glass-insulated
microwire casting. The work aims to improve the prediction of non-equilibrium crystallization
processes and the resulting microstructural evolution in rapidly solidified films and microwires,
enabling controlled formation of metastable states with desired physicochemical and mechanical
properties.

Presenting main material

In the methods of splat quenching and GIC, the cooling rate of the melt reaches values up to
108 K/s, due to which a wide range of metastable structural states is formed in non-equilibrium alloys,
including micro- and nanocrystalline, amorphous alloys, with unique complexes of physicochemical
properties. At the same time, the high level of physical, mechanical, chemical and other properties of
rapidly cooled materials has stimulated the development of high-performance technological varieties
of SQ, suitable for use in industrial and microelectronicscale [1, 2]. In the process of forming samples
under conditions of non-equilibrium cooling, it is necessary to create such technological modes of
crystallization in which the required cooling rate of the material would be realized. The latter
determines, first of all, the formation of both morphology and a number of physicochemical properties
of CR from the liquid state of films and cast microwire in glass insulation [3, 4]. Methods for direct
experimental determination of CR in such samples are practically impossible, therefore there is a
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practical need to obtain calculated relationships using the provisions of the general theory of heat
transfer (HT) [5, 6]. In the process of HT, heat transfer mainly occurs through the collision of the melt
and the cooling medium, which is described by Newton's equation:

q= a(TP _Tc)’ (1)
where q is specific heat flux; a is heat transfer coefficient; (Te-Tc) is the difference between the
temperature of the wall and the cooling medium.

To describe the thermal processes in the method of SQ a sample droplet on the inner heat-
conducting surface of a cylinder that rotates rapidly (~8000 rpm), the model of one-sided heat flow
through the contact surface “film-cylinder” is usually used using the well-known Fourier equation of
heat conductivity. To simplify the calculations, it is usually assumed in this equation that the heat flow
through the free surface of the film can be neglected [1]. However, there are experimental results from
which it follows that in some cases of HT, simultaneous crystallization can be observed on the contact
and free surfaces [7, 8]. In the latest work, the authors, when obtaining metallic glass
Fezs.1Nbs0Cu1,0Si138Bs1 computer modeling of surface crystallization processes due to heat removal
through the free surface was carried out depending on the quenching modes. It was found that
depending on the nature of crystal nucleation and growth rate, it is possible to realize the entire variety
of surface crystallization phenomena observed when obtaining metallic glass. Therefore, under these
conditions, the estimation of the CR of the free surface of the film and the CR core is of particular
interest. The complexity of the CR estimation is primarily associated with establishing the dependence
of the heat input coefficient « from the parameters that determine it. It has been experimentally
established [1, 7, 8] that « depends on the diameter of the CR and the size of the quenching film, the
thermophysical properties of the cooling medium, the temperature pressure (Te-Tc). The properties of
the medium can be described by the following basic parameters: coefficient of thermal expansion £ [K"
1], thermal conductivity A [W/m'K], specific heat capacity Cp [J/kg'K], density p, dynamic and

Kinematic viscosity x and v = Lad [m?/s], a — thermal conductivity [kg/m-s] and a common parameter
Yo,

that depends on the shape, structure of the surface and its dimensions. Obtaining such experimental
dependences is practically impossible due to the significant number of parameters that affect the
process under study. Therefore, in this work, the relations obtained using the similarity theory [5] and
experimental dependences were used. Three thermophysical complexes can describe all parameters
that affect the thermal conductivity coefficient: the Nusselt number (Nu), the Grashof number (Gr),
and the Prandtl number (Pr):
3
Nu=2t; o= AT Te) o vy A 0
A v a Cpp

where L is geometric size characteristic of a body of this configuration; g is acceleration due to
gravity. It is convenient to determine the heat transfer coefficient from the criterion equation:

Nu = F(Gr, Pr). ®)
For the average heat transfer during air cooling, the last equation has the form:
0.25
Pr.
Nu =0.037Re*®pr®#| L | (4)
Pr,

where Pri, Pro is Prandtl numbers, which are calculated at film and ambient temperatures.; Re is
Reinold’s number which is proportional of relation forces inertia to forces friction. Transforming
equation (4) gives the following expression:

0.8 0.25
a=0037| Y& o702} A (5)
v 072) d

In [9], the value of the coefficient was experimentally obtained at the interface between the
metal in the form of a thermocouple junction with a diameter of 50 microns and running water, which
is 1 cal/em s-'K (Fig. 1, 2). However, the technical limitations of the experiments did not allow us to
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determine the dependence of the heat transfer coefficient on the smaller diameter of the CR and the
change in the cooling fluid. Due to the technical complexity of the experiments on the determination o
there is a need for its theoretical calculations.

For practical results of convective coefficients of infinite cylinders (CR case), the following
formula can be used [6]:

U8
T-T,
alel( dscj ' (6)
where d is the diameter of the CR; A; is coefficient that includes the physical parameters of the
environment:
1/8
i
;\:1,18(_59 j Jo )
a v
lg
41
<~~—— 3 |
|
~—1
|
3 | |
0 10 20 30 h,pm

Fig. 1. Dependence of the coefficient a on the free surface from the thickness Fe—20 at.% C
film and linear speed of rotation of the cylinder:1—70 m/s; 2—500 m/s; 3—1000 m/s

v, K/s

10° |—

104

0 10 20 30 h,um

Fig. 2. Cooling rate of the free surface Fe—20 at.% C film (speed of rotation of the cylinder—
70 m/s)

The work also calculated the heat transfer coefficients of CR during cooling in various cooling
media. The following equation was used to describe the cooling process of CR in air [6]:

0.26(0)le |
v ®)

al(d)=ﬂ1#'

where A1, V1 is thermal conductivity and viscosity of air; w, d is pulling speed and diameter of the CR.
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The results of calculations of heat transfer coefficients during cooling of CR in water and air
are shown in Fig. 3. Naturally, the coefficient when cooled with water is much larger, therefore the
Nusselt criterion was calculated from the following equation:

0.8

d

Nu(d) :o.zs(a)—j Pr>“(Pr, / Pr,)™, (9)
VZ

where Az, V2 is thermal conductivity and viscosity of water; Pr,, Prsis Prandtl number of water at

saturation temperature and at the former environment accordingly.

as, Wim'K (1) a1 (2)
1.2-10°

2000 10°
810

1000 6-10%

0 1-10 2:10 dm_m
Fig. 3. Dependence of the heat coefficient recoil when cooling CR in air (1) and water (2)
For CRs of large radii, the coefficient varies slightly depending on the insulation thickness and
corresponds to experimental values. However, with decreasing CR thickness, it increases sharply and
for ultrathin samples reaches ~10 W/m K (Fig. 3, 4).

vG, K/s

9105 | —

7-10°

|
0 5 10 15  dwuc,pm

Fig. 4. Dependence of the CR. CR from the core diameter (water cooling)

The formation of crystals on a heat-conducting substrate (Fig. 5) has several structural zones:
columnar (at the interface with the substrate) and a zone of equilibrium crystals. From the above
microstructures it is clear that with the advancement of the former to the center of the film, second-
order axes begin to form. Qualitative features of structure formation under conditions of large SQ can
be explained by the analysis of crystallization kinetics and thermal cooling modes: first of all, the
value of the thermal parameter Bio (Bi). Naturally, on the surface of the film at the interface with the
heat-conducting substrate, the undercooling is greater than in its inner layers. Therefore, the conditions
for crystal nucleation near the substrate are favorable due to the additional possibility of the seeding
action of the substrate itself. Increasing SH eliminates diffusion (concentration) undercooling and the
directions of the nuclei that arise in the depth of the liquid may no longer coincide with the direction
of external heat removal (Fig. 6).
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Fig. 6. Microstructure (x1000) of steel films obtained at CR (108 K/s)

In order to quantitatively explain the emerging change in structural morphology, the problem
of one-dimensional cooling of a medium with a constant temperature on the contact and free surfaces
of a film with a thickness of. It is taken into account that the cooling process through the contact and
free surfaces is independent. The general solution of the Fourier differential equation:

00 0’6

_ = a_z

ot OX
was found as the sum of two opposite processes. It is assumed that the boundary conditions are: a)
x=0,

(10)

(%j =0; b) x=6, (?j =—%9X:5 Initial conditions: at loss temperature 6=6,. The
x=0 X )x=s '

general solution of the Fourier equation, taking into account the boundary conditions, has the well-

known form [6]:

now  26sin X %a

0=3 0 #n cos(,un—jexp —H”ZT , (11)
n=l 4, +SINg, COS 1, o o

where 14, 4, ...44, is solution of the equation (Ctg s, E Bi :%5); a, A is thermal conductivity
i

and thermal conductivity films respectively. Using dimensionless quantities: gz X(0< X <1,
G
90
different thicknesses for the contact and free surfaces was calculated (Fig. 7, 8), tabl. 1.

=0, F= ra (Fourler number), the temperature distribution across the cross section of films of
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Table 1. Thermophysical parameters used in the calculations of the rapid cooling process of a

liquid iron film
tr?r?sa:‘ter Heat transfer
Film . coefficient Thermal Thermal Biot Initial
. coefficient . L
thickness, d, (contact (free conductivity | conductivity, | number, | temperature,
10%m surface), a, mé/s A, W/m-K Bi T, K
surface), ax, W/me.K
Wime-K_ | eB VIm™
10 10° 10 5 30 0,033 1810
100 10° 10 5 30 0,33 1810
AT, K
400
1
200
| ¥
0
10°° 107+ T,S

Fig. 7. Dependence of temperature distribution over the cross-section of the iron film (6 = 10 um):
1, 2 — for contact and free surface accordingly

AT, K 1

400 —

200 ¢

0]
10

Fig. 8. Dependence of temperature distribution of Fe film (6 = 100 um): 1, 2 — for contact
and free surface accordingly

The dependences of this distribution for the contact and free surfaces of the iron film with the
heat transfer coefficients, respectively, are given: 10° and 10* W/m2-K (Bi = 0,333) qualitatively
reflect the observed changes in the structural morphology of the film: approximately at a third of the
distance from the free surface, the supercooling value, which is the sum of two cooling processes
(Fig. 9, 10), has the smallest value, the latter can be the cause of deviation from the direction of
external heat removal. Experimental confirmation of structural changes in the morphology of films by
the above calculations of thermophysical cooling processes gives reason to consider the proposed
approach to determining the features of non-equilibrium cooling of films by the splat method to be
quite correct.
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Fig. 9. Distribution of total undercooling in a Fe—film with a thickness 10 um over time

AT, K - ~—
|
400 |— | —
\4 ‘
200 \3¥
. \
0 50 um

Fig. 10. Distribution of total undercooling in a Fe—film with a thickness 102 microns over time

Conclusions

Features and analysis of thermal cooling regimes in the splat quenching process showed that
simultaneous non-equilibrium crystallization occurs on both (contact and free) sides of the film. The
degrees of undercooling (350 and 250 K, respectively) and the cooling rates achieved in this case are
sufficient for non-equilibrium formation of the film structure. The recorded features of non-
equilibrium quenching from the melt in the splat cooling process can have a practical solution for cre-
ating interlayer amorphous-crystalline structures with the necessary set of improved physical proper-
ties of the SQ-films. A gquantitative assessment of the maximum level of cooling rates in the process of
casting a microwire in glass insulation is given. Although this level is significantly lower than that
achieved in the process of splat-cooling, the possibility of more non-equilibrium formation of the sub-
stance in the case of CR is due to the influence of the amorphous substrate in the form of glass insula-
tion. The amorphous state in thin CRs with a cast iron core Fe—20 at.% C confirms the implementa-
tion of an increased, compared to splat-hardening, level of non-equilibrium formation of the microwire
in combination with the cooling rates specified in the work and the increased degree of supercooling
of the liquid core of the CR.
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OCOBJIMBOCTI TEIUIOBUX PEXKUMIB OXOJIOAKEHHS ITPU
SPLAT-TAPTYBAHHI TA JIUTTI MIKPOIPOTY

Pedepar

VY crarTi JOCHiHKYIOThCS OCOOIHMBOCTI TEIIOBUX PEXUMIB OXOJIO/HKEHHS PO3ILIABIB ITiJ| Yac
splat-rapTyBanHs Ta JIMTTS MIKPOAPOTIB y CKJISIHIH i30JIAMMii MPU HAI3BUYAHO BHCOKHUX IIBHUIKOCTSX
OXOJIOJDKEHHS, sKi jocsraioTh 108 K/c. BeranopneHo, mo 3a3HaueHi YMOBH CHPHSIOTH (hOPMYBaHHIO
HIMPOKOTO CIIEKTpa METACTAOUIBHUX CTPYKTYPHUX CTaHIB, 30KpeMa MIKpO- Ta HAaHOKPHCTAJIIYHHX, a
TaKOX aMOpP(HUX CIUIABIB, SIKI MPOSIBISIIOTH YHIKaJbHI (i3MKO-XiMidHI BractuBocTi. OfHaK, mpobiema
IPSMOTO EKCTIEPUMEHTAJIBHOTO BU3HAUCHHS IIIBUAKOCTI OXOJIO/PKEHHS Y TOHKHX TUTIBKaxX Ta MiKpOIpo-
TaX TEXHIYHO YCKJAJHCHA BHU3HAYCHHSIM 3aJICKHOCTI TEIUIOBLAJAYi BiJl HU3KM TaKUX IapaMeTpiB, SIK
TOBIIMHA 3pa3Ka, TeIIo(i3NyHi BIACTHBOCTI SIK OXOJIOJDKYIOUOTO CEpPEIOBHIA, TaK 1 3pa3Ka, a TaKOX
pexxumu rapTyBaHHs. KpiM Toro, ogHoOYacHa HEpiBHOBa)KHA KPHCTAJIi3allisi HA KOHTAKTHIH 1 BiJbHIN
MIOBEPXHSX YCKJIQIHIOE TOUHE TependadeHHs GpopMyBaHHsS MOPQOIOTii CTPYKTYpH. Y 3B’SI3KY 3 UM
CJIiJT TIIKPECITUTH TIPAKTUYHY 3HAYYIIICTh 3aCTOCYBaHHS TEOPETHYHHX 1 OOUYHMCIIOBAIILHIX METO/IB JUIS
OIIIHKK KOeiIi€HTIB TEIUIOBIIadi, IBUAKOCTEH OXOJIOIKEHHS Ta 0OCOOIMBOCTEH 3MiHH MIKPOCTPYKTY-
pu. Ha ocHOBI piBHSIHB TEIUIONPOBIIHOCTI Ta KPUTEPIiiB MOMIOHOCTI POBENIEHO KiJIbKICHUI aHaIli3 Ter-
JIOBIJy1a4i ¥ IIBMIKOCTI OXOJIO/PKEHHS ILTIBOK 1 MIKPOJPOTIB Pi3HOIO JiaMeTpa y moBiTpi Ta Boi. JJoBe-
JICHO, 1110 3MEHILIEHHS TOBIMHY ILTIBKM a00 JliaMeTpa MiKpOAPOTY MPU3BOAMUTH JIO IIOMITHOTO 3pOCTAaHHS
KoeilieHTa TEeIUIOBIIIaui 1 IIBUKOCTI OXOJIO/PKEHHS, 1110 CTBOPIOE YMOBH JIJIsl YTBOPEHHsI MeTacTali-
JIBHUX CTPYKTYp. Y TPOLEC] JUTTS CKIISHOI 130151111, /Ie MIBUAKOCTI OXOJIOKEHHS JEII0 HUXKYl TTOpiB-
HsHO i3 ['PC, amopdHa ckisHa 000IOHKA cHpUsie MiABUILIEHHIO PiBHS HEPIBHOBAXHOTO (pOpMyBaHHS
CTPYKTYPHOI'O CTaHy MaTepiainy 3-3a OUIBIIOro IepeoXoI0KEeHHs Po3IiaBy. Pe3ynbratn MoaentoBaHHs
TEMIIEPaTypHOTO TIOJISI Ta PO3MOJILTY MEPEOXOIIOKEHHS y TUTIBKaX PI3HOI TOBIIMHM JAJH 3MOTY MOSC-
HUTH CTPYKTYpHI 3MiHH MOPQOJIOTii 3aJeHO BiJ PEKUMIB TeIUIOBiIBeneHHs. BcranosneHo, mo Ha
KOHTaKTHi} MOBEPXHi IUIIBKH MEPEOXOTIOIKEHHS € BUILUM, [0 CTBOPIOE CIIPHUATIMBI YMOBHU JUIs 3apO-
JOKEHHS 1 pOCTY KpHCTAJIB. 3alpONOHOBAHUI METO/] OIIHKU KOe(DiI[iEHTIB TEIIOBIIadi i IBUIKOCTEN
OXOJIOJDKEHHS J1a€ 3MOTY TIPOTHO3YBAaTH XapakTep MOPQOJIOriyHUX 3MiH 1 (Hi3UKO-XiMiUHI BIaCTHBOCTI
HIBUAKOOXOJIOJDKEHUX MarepialliB, 10 Ma€ BaXJIMBE MPAaKTHYHE 3acTOCyBaHHS it orpumanHs ['PC-
MOKPHTTIB 1 MIKPOJIPOTIB 13 33JAHUMHU €KCILTyaTalliHiHIMH XapaKTepPHUCTHKAMH.
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