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Supercooling of liquids is a crucial phenomenon to understand and control crystallization and vitrification in
various research fields. In particular, deep supercooling beyond a certain limit, called hypercooling, is practically
important for manipulating glass formation as well as crystal nucleation and growth. However, it is still very
ambiguous how hypercooling occurs and impacts glass formation. In this work, we find that the hypercooling
behavior of liquids is determined by the combination of undercoolability and hypercoolability, unlike the
common belief that deep supercooling is the prerequisite to observe hypercooling. This provides an answer to
a long-standing question of why certain materials exhibit hypercooling behavior, even though their liquids only
have small degree of supercooling. Moreover, we find a clear connection between the hypercooling limit and
glass forming ability, which explicitly reveals the hidden role of the hypercooling limit in glass formation from
both thermodynamic and kinetic viewpoints. The present results provide not only a key parameter for materials
design but also an insight into understanding glass formation.
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I. INTRODUCTION

The discovery of the deep supercooling phenomenon [1]
has attracted considerable attention for its fundamental under-
standing and industrial application in many research areas. In
particular, the deep supercooling of metallic liquids has led
to remarkable discoveries and questions about nucleation and
vitrification, such as the local order of liquid metals [2], ne-
gentropy phenomenon at the crystal-liquid interface [3], glass
formation mechanism [4-7], nonequilibrium crystal growth
[8], and bulk metallic glasses (BMGs) [9,10]. When liquid
supercools below its melting temperature, the driving force
for crystallization increases. Thus, the liquid finally crystal-
lizes, releasing latent heat which increases the temperature
back to the melting point (called recalescence). If the liquid
is partially crystallized during the recalescence, the remain-
ing liquid crystallizes at the melting temperature, forming a
plateau [path @ in Fig. 1(a)]. When the supercooled liquid
deeply cools below a critical temperature known as hypercool-
ing limit (Thyp), it completely crystallizes during recalescence,
showing no plateau [path @ in Figs. 1(a) and 1(b)]. The for-
mer behavior is called hypocooling, the latter hypercooling.
The hypercooling behavior of liquids has been intensively
investigated in crystal growth studies, since it produces
various nonequilibrium crystal growth phenomena during so-
lidification [11-16], affecting the mechanical properties of
materials.
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Moreover, hypercooling behavior has also been an im-
portant precursor to glass formation in metallic alloys and
oxides [17,18]. Recent studies indicate that CusgZrsg liquid
forming a BMG exhibits slow kinetics of crystal growth when
cooled below the Ty, [12,19,20]. In addition, many liquids
forming good BMGs have also displayed hypercooling be-
havior [21,22]. Interestingly, early transition metal (ETM)
liquids with hypercooling behavior [23,24] have shown better
glass forming ability (GFA) [25,26] than late transition metal
(LTM) liquids with hypocooling behavior [23].

However, the relations between the hypercooling limit,
maximum undercooling, and GFA are still unclear to date. For
example, ETM liquids, despite exhibiting lower undercoola-
bility than most LTM liquids [23,27], exhibit hypercooling
behavior and relatively easier glass formation. This seems
counterintuitive, since hypercooling is generally considered
as the result of deep supercooling. Furthermore, some good
BMGs have also shown smaller undercoolability than ele-
ments and alloys [21,28], highlighting the ambiguity of the
relationship between the hypercooling limit, the degree of
supercooling, and GFA. Until now, most GFA parameters
have been developed with melting temperature (Ty,), glass
transition temperature (7y), crystallization temperature (7)
upon heating, and enthalpy (or density) difference between
crystal and glass [29,30], but no Tyyp, or ATqy, (= T — Thyp)-
Thus, the explicit connections among the hypercooling limit,
degree of supercooling, and glass formation should be ad-
dressed with essential parameters governing the hypercooling
behavior.

In this work, we provide a perspective to understand the
occurrence of hypercooling behavior and its role in glass
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FIG. 1. Cooling process of a liquid showing various supercooling behaviors under adiabatic conditions: (a) Temperature-time curves; in
hypocooling behavior (path D), the supercooled liquid solidifies through the nonequilibrium condition during recalescence and equilibrium
condition during plateau regime; in hypercooling behavior (path @), the supercooled liquid solidifies completely during recalescence. (b)
Enthalpy-temperature curves; Tyy, is a temperature where the enthalpy of liquid is equal to that of crystal at the melting temperature Tp,, and
ATy = T, —Thy, is the hypercooling limit. (c), (d) Density and volume-temperature curves. Since crystallization is not an isochoric process,
there is a volume change AV, (density change Ap,) during recalescence. Alloying effect (A — B) is conceptually illustrated in (b), (d).
BL (= —dVL/dT /VL 1) in (d) is the volumetric thermal expansion coefficient of liquids.

formation. Remarkably, we find that hypercooling behav-
ior is determined by the combination of undercoolability
Unax (= ATnax/Tim) and hypercoolability Uny, (=AThyp/Tn)
which can be described by a dimensionless parameter
Ahyp[= Unmax/Unyp > 1 (hypercooling), and <1 (hypocool-
ing)]. This means that hypercooling behavior can occur even
with small A T, particularly when Uy, is smaller than
Unmax- In other words, deep supercooling is not the only pre-
requisite for achieving hypercooling. In particular, we clearly
demonstrate that the hypercooling behavior of binary alloy
liquids occurs due to the combination of these two quantities.
Moreover, we establish a direct link between the hypercooling
parameter (onyp) and the GFA across binary to multicom-
ponent BMGs. This relationship can be explained by the
thermodynamic and kinetic viewpoints of classical nucleation
theory (CNT). Accordingly, these results will provide a new
insight into understanding the relationship between hyper-
cooling, supercooling, and glass formation, as well as give
a strong impact on tailoring alloy design since we have one
more degree of freedom to control the supercooling behavior
(i.e., through Uyyp).

II. MATERIALS AND METHODS

Spherical samples were prepared with high-purity ele-
mental materials (all >99.9% purity, Alfa Aesar) [31] by
arc-melting under a protective Ar atmosphere (99.9999% pu-
rity). A zirconium ingot was melted to remove the residual
oxygen in the chamber before processing the samples. The
samples were flipped and remelted at least four times to ensure
the uniformity of the alloy composition, and the mass loss due
to arc-melting was checked to be less than 0.2% of the initial
mass.

Supercooling and density measurements of the samples
were performed by a high vacuum electrostatic levitation
(ESL) facility (~10~7 Torr), built at the Korea Research Insti-
tute of Standards and Science (KRISS) [31-33]. ESL provides
a containerless environment which minimizes heterogeneous
nucleation sites from the container walls, substantially en-
hancing supercooling [24] and promoting glass formation
[17,21].

During experiments, a levitated sample (2 mm in diame-
ter) is heated and melted using three lasers (UNIVERSAL,
ULCR-100) which have equal power and slightly larger beam
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size than the sample, and are symmetrically aligned. This
configuration minimizes temperature gradients on the sam-
ple and translational or rotational sample motion, ensuring
deep supercooling and precise density measurement [33]. The
sample temperature is continuously monitored by three in-
frared pyrometers (CHINO IR-CAI with 1.55 um wavelength,
METIS MI16 with 1.6 um wavelength, and CHINO IR-CAS
with 0.9 um wavelength), calibrated with the melting temper-
ature (for pure elements and binary alloys, refer to the data
in the phase diagram [34]; for ternary and multicomponent
glass-forming alloys, as determined by differential scanning
calorimetry (DSC) (Setaram Instrumentation, LABSYS evo)
measurements). The density measurement is conducted by
an imaging method with the combination of UV background
light (LICHTZEN Inno-cure 5000) and a black-white CCD
camera (BASLER piA640-210 gm). Before measurements,
several melting-solidification cycles are performed to ensure
deep and consistent supercooling levels. The maximum super-
cooling AT, achieved is taken as intrinsic undercoolability
Unax (= AThax/Thm)- The density of metallic liquids is then
measured during the radiative cooling process, covering a
wide range of stable and supercooled temperatures. This ESL
technique provides high accuracy in density measurement
for high-temperature materials. Detailed information on the
instrument, experimental procedures, and uncertainty evalu-
ation of density measurement can be found in our previous
studies [31-33].

III. RESULTS AND DISCUSSION

A. Determination of hypercooling and its mechanism
on elemental liquids

1. New determination of hypercooling limit

Crystallization from hypercooling temperature occurs via
the isenthalpic process during recalescence [Figs. 1(a)-®@ and
1(b)-@]. Thus, the released heat during recalescence should
be the same as fusion enthalpy, establishing a relationship
between the hypercooling limit (ATyy,) and fusion enthalpy
(AH;): ATy, = Tn—Thyp = AH;/Cp,1. [35]. However, mea-
suring the specific heat Cp,, and AH; is often challenging
for high-temperature metallic melts and is usually obtained
separately, causing significant uncertainty [36], and is time
consuming. Thus, we provide an alternative way to determine
ATy, with density or volume measurements, which can be
carried out efficiently and precisely by using ESL.

Unlike the isenthalpic process during recalescence
[Fig. 1(b)], density increases upon crystallization (i.e., this
is not an isochoric process [Fig. 1(c)]. The total density dif-
ference (Apr) between the liquid and crystal phases at Ty, is
described by Eq. (1) under the hypercooling condition

Apr = Apr + Ap, (1

where Ap; represents the density change of the supercooled
liquid from T, to Ty, and Ap; is the density change dur-
ing recalescence. Therefore, the hypercooling limit ATy, is
given by

A,Of - AiOr

A Elyp = kL

@

where ki, = —dpp/dT is the temperature coefficient of liquid
density at T, [see also volume expression in Fig. 1(d)]. As
exhibited in Fig. 2(b), these independent parameters can be
obtained simultaneously through density measurement dur-
ing the cooling process, covering regions from supercooled
liquids to crystallized solids, using ESL [31]. In addition,
Figs. 1(b)-1(d) show that ATy, decreases when AH;, AV,
and Apr become smaller by alloying (marked by B). Thus,
the liquid easily approaches Ty, with small supercooling,
slowing down the kinetics of atomic motion and increasing
the possibility of glass formation, as we will show later.

2. Effect of density difference between liquid and crystal
on hypercooling phenomenon; elemental metallic liquids

As shown in Eq. (2), we first examine the relation of ATy,
and Apr with twelve elemental liquids. Figure 2 shows rep-
resentative hypocooling and (quasi)hypercooling behaviors in
temperature-time (7-f) curves and density data as depicted in
Figs. 1(a) and 1(c) [see other elements in Fig. S1 in the Sup-
plemental Material (SM) [37], see also Refs. [38—62] therein].
The respective Apg, Ap;, and ki, values of various elements
are deduced from their density data (see details in Fig. S1(b)
and Table S1 in SM [37]). In Figs. 2(a) and 2(b), we observe
that quasihypercooling behavior of ETMs (e.g., Ti, Zr, Hf)
gradually changes into hypocooling behavior of LTMs (e.g.,
Ni, Pd, Pt) with an obvious plateau after recalescence (see all
the T-t curves of elemental liquids in Fig. S1(a) in SM [37]).

The deduced ATy, and Uy, (= Alhyp/Tn) based on
Eq. (2) are given in Fig. 2(c) and Table I. The ATy, values
agree well with those obtained by the zero-plateau time (ZPT)
method [35,63—65], which is a typical method to determine
AThyp (see Alpy, (ZPT) determination in Fig. S2 in SM [37]).
Interestingly, Ap¢, Ap;, and ki, values roughly increase with
atomic number Z in the same period, and these values are
larger in fcc LTMs than in bcc ETMs overall [Figs. 2(d), 2(e),
and 2(f)]. Note that the quasihypercooling behavior in ETM
liquids is observed, regardless of their small A p, and ki, values
[Figs. 2(e) and 2(f)]. This implies that hypercooling behavior
is dominated by A ps. In addition, ATy, (and Uyyp) of Ti, Zr,
and Hf is smaller than that of Ni, Pd, and Pt [Fig. 2(c) and
Table I]. This can be understood by smaller Ap¢ [Fig. 2(d)].
That is, the packing density & of ETM crystals with bcc
structure (® = 0.68 at 0 K, and ® = 0.62 at T, [66]) is
smaller than that of LTM crystals with fcc structure ($ = 0.74
at 0 K, and ® = 0.66 at T, [66]), while the packing densities
of the ETM and LTM liquids are almost same at T, (® ~
0.44-0.46 [67]). Therefore, ETMs have smaller Ap¢ than
LTMs due to their crystal structure differences, explaining the
smaller ATy, in ETMs than in LTMs along the same period.
Moreover, the smaller ATy, might contribute to the easier
glass formation of ETMs than LTMs [25,26], if the ATy, is
strongly correlated with GFA.

Another interesting point is that the ETMs (i.e., Ti, Zr, and
Hf) showing the quasihypercooling behavior do not exhibit
the largest undercoolability Up,,x among the liquids in present
ESL experiments [Fig. 2(c) and Table I]. This is somewhat
counterintuitive based on Fig. 1, since it has been com-
monly believed that hypercooling is the result of maximum
supercooling. We should note that the ATy, is an intrinsic
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FIG. 2. (a) Typical temperature-time (7-) profile and (b) density property of ETMs and LTMs measured by ESL. Figures are arranged
in the order of periodic table. The quasihypercooling and hypocooling behaviors are represented by violet and orange colors in 7- curves,
respectively; (¢) Upnyp(= AThyp/T) and Unax (= AThnax/Th); (d) density difference (A pr) between liquid and crystal at Ti,; (e) density change
during recalescence A p,; (f) temperature coefficient of liquid density ki, of ETMs and LTMs.
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TABLE 1. Supercooling and hypercooling properties of elemental metallic liquids.

ATy (K) ATiyp (K)*
Elements T (K) AT (K) Unnax (density) (ZPT) Unyp ahypb
Ti (bce) 1941 308 0.159 344 344 +5/341 £ 5 [63] 0.177 0.895
V (bcee) 2183 357 0.164 524 556 +£20 0.240 0.681
Zr (bcc) 2128 340 0.160 375 374 +£10/374 £ 5 [23] 0.176 0.907
Nb (bcce) 2750 455 0.165 744 730 £30/641 £ 10 [23]/706 [64] 0.271 0.612
Hf (bcc) 2506 413 0.165 433 404 + 15/399 [23] 0.173 0.954
Ta (bce) 3290 683 0.208 744 784 + 30 0.226 0918
Co (fcc) 1766 283 0.160 358 375+ 15 0.203 0.791
Ni (fce) 1728 320 0.185 414 423 + 15/410 [65]/444 £ 5 [23] 0.240 0.773
Rh (fce) 2237 414 0.185 689 706 £ 30/650 £ 10 [23] 0.308 0.601
Pd (fcc) 1828 274 0.150 491 465 + 25 0.269 0.558
Ir (fcc) 2719 493 0.181 969 984 + 35 0.356 0.509
Pt (fcc) 2041 343 0.168 586 624 £+ 30 0.287 0.585

“The errors express standard deviation (SD).

Payyp Of bec ETMs on Ti, Zr and Hf demonstrating quasihypercooling is close to 1 and larger than that of fcc LTMs on Ni, Pd, and Pt exhibiting

hypocooling behavior.

property of materials determined by the density and thermal
expansion coefficient, or fusion enthalpy and specific heat
(i.e., (Aps—Ap;)/ki, or AH¢/Cp 1), while the supercooling
A Thax 1s governed by the stability of the supercooled liquids
[68]. This provides a new perspective that the hypercooling
behavior can be manipulated by reducing the hypercooling
limit (ATyp), as we will demonstrate in alloy cases.

B. Competition of hypercooling limit and maximum
supercooling affecting the supercooling behavior;
binary alloy liquids

As we recognize in Fig. 1(a), the hypercooling behavior of
the supercooled liquid can be manipulated by either increasing
AT or decreasing ATyyp. When we mix two different kinds
of atoms to form alloys, density properties (i.e., Apf, Apr,
and ki) and Gibbs free energy of the alloy liquids vary from
their elemental properties, changing the ATy, and the A T,
respectively. The origin of the hypercooling behavior should
be distinguished by the impact of ATyy, or A Tiax. Thus, we
here introduce a parameter apy, to discern the supercooling
behavior

ATmax _ Umax
AThyp Uhyp .

3

Ohyp =

anpyp = 1 means the hypercooling case, while apy, < 1 de-
notes the hypocooling one.

We investigate the role of Upax and Uyyp in supercooling
behaviors with nine miscible binary alloys having bec and fcc
structures, as well as six binary intermetallic compounds. In
Fig. 3, Tisozrso, ZI‘S()Hfj(), C050Pd5(), Nis()Tij(), Ni5()Hf50, and
CuspZrso alloys show evident hypercooling behavior, while
other alloys do hypocooling (see detailed density data, Upax,
and Upy, as well as their deviations caused by mixing in
Fig. S3 and Table S2-S3 in SM [37]). Surprisingly, we find
that alloying unequally influences Upax and Upyp so that the
hypercooling behavior of binary alloy liquids has different
origins as shown in Fig. 4.

1. bcc miscible alloys (AH,,;x = 0)

We first consider a simple case with the bcc miscible al-
loy system (e.g., TisgZrsy and ZrsoHfsp) having zero mixing
enthalpy AHpix [38]. In this case, alloying modifies density
and only mixing entropy ASpnix in AGpix (i.e., AGpix =
AHpix — T ASnix). After alloying, the Upax of TisgZrso al-
loy slightly increases by 4.70% from the average values of
the elements, while little change is observed in the Up,x of
ZrsoHfsg alloy [see §(Unay) in Fig. 4(c)]. On the other hand,
the change of hypercooling limit [i.e., §(Uyyp) | shows rel-
atively large reductions of 9.92% for TisoZrso and 11.75%
for ZrsoHfsg, compared to their §(Up,x) in Fig. 4(c). Thus,
the smaller Uyy, than Upax gives anyp > 1 [Figs. 4(a) and
4(b)], corresponding to the hypercooling behavior in Fig. 3
(a). As we expected in Eq. (2), the reduced A ps with —13.87%
for TisgZrso and —13.03% for ZrsoHfsy is the main source
for the large decreasing Uyyp, with relatively small changes
of §(k.) by alloying [Fig. 4(d)]. Thus, the hypercooling in
these bee miscible alloys mainly originates from the reduced
hypercoolability (Upyp).

2. fec miscible alloys (AHpix ~ 0)

We observe more notable supercooling behavior in fcc
miscible alloy liquids. Among the fcc miscible alloy liquids
in this study, CosgPds is the only alloy exhibiting hypercool-
ing behavior [Fig. 3(a)]. This is very interesting, because Co
and Pd have shown hypocooling behavior like other LTMs
in Fig. S1(a) [37]. In this case, alloying increases Up,x by
43.23% and reduces Upy, by 17.20% from the average values
of its constituents (i.e., Co and Pd) [Fig. 4(c)]. This synergetic
effect yields the highest apy,, value (1.137) among the binary
alloys in this study [Fig. 4(b)]. Again, it is worth mentioning
that the large reduction of Upy, in CosoPdsg is ascribed to a
remarkable reduction in A p¢ of 29.78% and an increase in k.
of 16.95% [Fig. 4(d)].

We further investigate the effect of constituents on the
hypercooling behavior of CosoPdsg liquid by replacing Co
with Fe and Ni. Since Fe and Ni have almost the same atomic
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(a) Binary miscible alloys

(b) Binary intermetallic alloys
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FIG. 3. Supercooling behaviors of various binary alloy liquids (a) miscible and (b) intermetallic compound alloy liquids. The hyper-,
quasihyper- and hypocooling behaviors are represented by red, violet, and orange colors, respectively.

size with Co [69] and similar AH,,;(~0) with Pd [38], their
alloying with Pd expects similar supercooling behavior as in
CosoPdsg. However, the supercooling behavior of FesoPdsq
looks hypercooling [Fig. 3(a)], but actually, apyp is less than
one, indicating hypocooling or quasihypercooling [Fig. 4(b)].
This is due to the smaller changes in Uy, (—9.54%) and
Unax (23.22%) of FesoPdsy liquid, compared with those of
CosoPdsg liquid [Fig. 4(c)].

In the case of NisgPdsy alloy, we find a large decrease
of 8(Upyp) (—35.04%) due to a significant reduction of Ap¢
[Figs. 4(c) and 4(d)]. However, the Up,x of NisgPdsy liquid
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yields the smallest value (0.11) in this study [Figs. 4(a) and
4(c)]. Thus, NisgPdsg liquid shows the hypocooling behavior
with apyp < 1 [Figs. 3(a) and 4(b)]. This case clearly demon-
strates that the hypercooling behavior of liquids is the result of
the competition between their hypercoolability (Upyp) and un-
dercoolability (Unax). Accordingly, the supercooling behavior
of miscible alloy liquids is rather complicated, although they
have similar atomic size and zero or small AH,,;. Moreover,
the results with Pd-X (Fe, Co, Ni) liquids strongly reflect that
the Unax and Uyy, of alloy liquids can be affected by their
electronic interactions.

€ ] ]
Yool . J60
& ' SN0, | o
%30— ! :ll 30
2 | é | § z
O bae 1l B Ne &8 8 N| D
& ¢ &' $' & 0 =
I I
_30- 1 I:I 1 k 1 1 I:I 1 1 1 1 I__30
d) ! s0p)] !
7/
<<;30_ : WV 5(k,) > : -30@
= . ' =
N i 2'YU_ A @ e o 2
SOUTHIT = “r egen’ =
7] 1 |
30+ 1 | 4-30
] I

1 1 1 { IS & | 1 1 1 1 1
‘\)‘"“‘2&%&?‘5’@‘9*@@é\@é@‘z\"“&.‘é&&\y’n w“&s@(\}e“
N

S R G N SO A S LA

FIG. 4. Hypercooling origin on binary alloy liquids. (a) Experimentally determined Upay, Upyp; (b) athyp based on Eq. (3); (c), (d) Deviations
of Unax» Unyp and Apy, ki, from the average values of constituent elements caused by mixing. In (a)—(d), bcc, fcc and compound binary alloys

are marked by blue, violet, and black colors, respectively.

063401-6



ROLE OF HYPERCOOLING LIMIT IN SUPERCOOLING ...

PHYSICAL REVIEW MATERIALS 8, 063401 (2024)

3. Intermetallic compounds (large negative AH,;y)

We now consider more complex situations with intermetal-
lic compounds, taking into account the AH i effect. In these
cases, alloying yields a large negative A Gp,ix which may
strongly stabilize the supercooled liquids [70], leading to large
A Thnax (or Unyy). In addition, different atomic sizes might sig-
nificantly change the packing efficiency of their liquids [71],
resulting in the reduction of Apr between their crystalline
and liquid phases and thus ATy, (or Uyyp) too. Thus, we
may anticipate hypercooling behavior with the intermetallic
compound liquids.

We investigate six intermetallic alloy liquids and find
the hypercooling behavior with three binary alloy liquids
(NisoTiSQ, Ni50Hf50, and CU5()ZI‘50) [FIgS 3(b) and 4(b)] For
Ni-based alloys, the hypercooling behavior of NisyTiso and
NisoHfso liquids results from a huge increase of ~38% in
Unmax mainly, comparing their average Upax Of the constituents
[Fig. 4(c)]. In contrast, NisoZrso exhibits hypocooling behav-
ior [Fig. 3(b)] due to a large increase in Uyyp, but almost no
change in Up,ax [Fig. 4(c)].

CusgZrsg alloy liquid shows the hypercooling behavior
due to the synergetic effect of Upax and Uyy, caused by a
large increase of Upax (39.43%) and a huge decrease of Upyp
(12.18%). Unlike the case of CosoPdsy liquid showing the
same synergetic effect of the two factors, the large reduction
of Unyp of CusgZrsg liquid results from a negative change of ki
as well as a significant decrease of A pr (—44.27%) [Figs. 4(c)
and 4(d)].

Interestingly, the Up,x of CusgTisg liquid is even larger
than that of CusoZrsy [Fig. 4(a)], which possibly prefers
hypercooling. However, the highest Uy, (0.373) offsets the
benefit of large Up,x, resulting in hypocooling behavior finally
[Figs. 3(b) and 4(b)]. Similarly, the greatly enhanced Uy
(49.87%) of CosgZrsy prevents the hypercooling behavior,
although its Upax also substantially increases by 41.88% after
alloying [Fig. 4(c)]. It should be noted that the large ATy, (or
Unyp) of CospZrsp liquid results from the largest increase of
Apr on alloying, which is not observed in other alloy liquids
in the present work.

These results clearly demonstrate that the supercooling
behavior of the intermetallic liquids is determined by the
competition of Uyy, and Upax, even though the hypercooling
behavior is expected in the intermetallic liquids. In addition,
the hypercooling behavior of the liquids occurs with different
contributions of Upy, and Upax. In other words, deep super-
cooling is not the only prerequisite for realizing hypercooling.

C. Hypercooling parameter (o) and glass forming ability

In the previous session, we revealed that a smaller Aps
produces a smaller Uy, significantly influencing the hyper-
cooling behavior of liquids. If we can substantially reduce
Aps by mixing more elements having strong negative A
Hpix and significant atomic size mismatch, the hypercool-
ing behavior can be enforced further with a smaller ATy,
(= T—T'1yp) along the line B in Fig. 1. Consequently, the
liquid can easily cool below T'hy, and may become more
viscous, thereby facilitating glass formation. It should be re-
called that the small density difference between liquid and

crystal has been found in the formation of binary [30],
ternary [72], and multicomponent BMGs [21]. In fact, this
is consistent with the dense packing criterion of glass for-
mation for many BMGs [70,73]. Moreover, such mixing
can also affect atomic mobility (i.e., slow diffusion, or high
viscosity), which is one of the key factors governing glass
formation [74,57]. In this regard, the hypercooling parameter
(anyp) should be connected to GFA from both thermody-
namic and kinetic viewpoints, which has never been explicitly
elucidated.

We deduce the relation of hypercooling and GFA (i.e., Thyp,
T,, and T,) from Fig. 1(b). At T, the enthalpy of liquid
is given by Hy(Ty) = Hy(Ty) + Cp,L(Ty — 1) and the spe-
cific heatis Cp,1. = AH;/ATyyp. Then, the enthalpy difference
between liquid and glass (i.e., AHy, = Hy.(Tn) — Ho(Ty) =
H (Ty) + AH; — Hy(T,) = AH; + AHy) is given by

I, — T, 1-T,
AHy, = AH.,, + AHf = ——— AH; = AH,
¢ ¢ Iy — Thyp Unyp

“

where T, is the Turnbull parameter (T, = T,/Ty) [42]. After
rearranging Eq. (4), Uyyp is expressed as

U _i (3)
)

Note that the hypercoolability (Upyp) is now connected
to one of the representative GFA parameters, T;,. Since the
value of the denominator in Eq. (5) is positive and greater
than one, GFA increases with increasing T;, and decreasing
Unyp- Although Fig. 1(b) is schematic and simplified, Eq. (5)
explicitly exhibits the relation of hypercooling limit and GFA.
It is worth mentioning that Egs. (4) and (5) include Ty, 7,
T, and enthalpy difference between crystal and glass which
have been used to develop GFA parameters [29].

We further scrutinize the relation of the hypercooling limit
(or arpyp) and GFA in BMGs from binary to multicomponent
alloys. In Fig. 5(a), anyp increases overall with the critical
thickness (Dnax) of these BMGs, despite the uncertainty of
Dinax (see the comparison with other GFA parameters [42—46]
in Table S4-5 and Fig. S5 in SM [37]). Slightly decreasing
Unax of the BMGs with Dy,,x cannot explain the tendency
of GFA [Fig. 5(b)]. However, Uyy, distinctly decreases with
GFA in overall, yielding the increasing apyp. This behavior
indicates the strong impact of the hypercooling on glass for-
mation, which is consistent with Eq. (5). Again, as the number
of components having different atomic sizes increases, the
difference in excess volume between liquid and crystal be-
comes smaller [21], making a small change of k.. Therefore,
the change of Upy, (or ATpy,) should be relatively small.
Accordingly, A py plays the decisive role in Upy, (< Apr/kr)
in multicomponent alloys [Fig. 5(c)] and thus in GFA.

We can understand the effect of hypercooling limit on GFA
within the frame of CNT [68]. The nucleation rate per unit
volume and unit time is given by

C AG*
I =—exp <— ), (6)
n
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where C, AG*, n, and kg denote a constant, nucleation
barrier, viscosity of liquid, and the Boltzmann constant,
respectively. Assuming that at least one nucleus with the
critical size is needed to initiate nucleation, I xV xt should
be greater than one at a given temperature and volume
[68]. Then, the time ¢ for nucleation in unit volume is
given by

*

kgT

Int ocInn+ @)

Thus, the time for the nucleation event is proportional to n
and AG*.

Previously, Mukherjee et al. [21] found that the viscosity
(7m) of liquids was proportional to exp(CVs rm/AVr) (here,
C is constant) for several pure metals, binary eutectics, and
strong glass formers at Tp,. The smaller AV; (or Apy) is
correlated to the excess volume of the liquid and thus gives
the larger viscosity. This yields a longer time for the nucle-
ation event in Eq. (7), which is consistent with the results in
Fig. 5(c).

The other factor affecting the nucleation time is the nucle-
ation barrier AG* which is inversely proportional to (AH;)?
(ie., AG* = 1670? TII%/SAHf2 AT?). Here, AH; is propor-
tional to Apr (i.e., AHy = Cp . AThyp < Cp, L Aps/kp). Thus,
the reduced A pr by alloying can increase both the nucleation
barrier AG* and the liquid viscosity. This can cause a longer
time for nucleation occurrence, which facilitates easier glass
formation as temperature decreases. Since the smaller A pg
produces smaller ATy, in Eq. (2), the larger hypercooling pa-
rameter (onyp ~1/AThy, ~ 1/Apr) indicates the better GFA.
It is worth emphasizing that this study reveals the relationship
between the hypercooling limit and the glass formation in both
kinetic and thermodynamic viewpoints.

IV. CONCLUSIONS

In the present study, we unveil the hidden role of hyper-
coolability Uy, in supercooling behavior and glass formation
from elemental to multicomponent liquids. We find that ETM
liquids show hypercooling behavior due to the smaller density
difference between liquid and crystal at the melting temper-
ature than LTM liquids, although ETM liquids have smaller
undercoolability Up,x than LTM liquids. This explains the
relatively easier glass formation of ETM liquids than LTM
ones. Moreover, the hypercooling behavior of alloy liquids is
determined by the combination of Upax and Upy,,, which can be
described by a dimensionless parameter cthyp (= Unax/Unyp)-
This exhibits that large Uy, is not the only necessary con-
dition for the hypercooling behavior. Moreover, we find a
clear relation between the hypercooling limit and GFA, which
has been suspected [12], but not explicitly considered before.
Thus, the hypercooling parameter oy, can be considered as
one of the indicators of GFA. Furthermore, the present study
clearly demonstrates that the impact of hypercooling extends
to not only crystal growth but also glass formation. Accord-
ingly, the findings in this study open a new way to manipulate
the supercooling behavior and glass formation, which is of
great importance in applications and should stimulate further
studies in many research areas, including physics, chemistry,
materials science, metallurgy, and biology.
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