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Molecular dynamics simulations are performed to investigate the liquid—liquid phase transition (LLPT) and the spatial
heterogeneity in AI-Pb monotectic alloys. The results reveal that homogeneous liquid Al-Pb alloy undergoes an LLPT,
separating into Al-rich and Pb-rich domains, which is quite different from the isocompositional liquid water with a transi-
tion between low-density liquid (LDL) and high-density liquid (HDL). With spatial heterogeneity becoming large, LLPT
takes place correspondingly. The relationship between the cooling rate, relaxation temperature and percentage of Al and
the spatial heterogeneity is also reported. This study may throw light on the relationship between the structure heterogene-
ity and LLPT, which provides novel strategies to control the microstructures in the fabrication of the material with high

performance.
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1. Introduction

A possible first-order LLPT between two forms of the lig-
uid phase in some supercooled pure substances has received
considerable interest in recent years,!!'"8 because LLPT of-
fers an avenue for interesting applications that exploits dif-
ferent properties of distinct liquid phases.[”) Understanding
LLPT and its dynamic properties is of great importance to re-
searchers in the field of physics, chemistry and materials sci-
ence. However, despite intense scrutiny over the years, sci-
entists are still far from reaching a coherent understanding of
unusual structural behavior in the process of LLPT.[19-12] The
existence of two coexisting liquids with the same composition

[13.14] has been a controversial issue.

but different structure

Among the substances having two coexisting liquids in
supercooled states are water,!>8! silicon,!?! germanium,!3]
carbon, and hydrogen, etc. There is much evidence from sim-
ulation and experiment results that is suggestive of the ex-
istence of LLPT for a variety of liquids. For example, the
LLPT of water was first put forward"®! to account for its pe-
culiar thermodynamic and dynamic anomalies in supercooled

§[16-201 ¢

liquid states, which was followed by various theorie
support it. Recent studies provided sufficient evidence for a
liquid-liquid transition in ST2 model!>'~2%! and TIP4P/2005
model?’~21 which gave the best agreement with the experi-
ment among the TIPnP family of water.[3"! Remarkably simi-
lar to water, The LLPT in Si was first predicted by Aptekar, ']
and subsequently supported by MD simulations combined
with experiment data obtained by x-ray diffraction and Ra-
man spectroscopy.>!=4 In addition, the coexistence of two

forms of phosphorus liquids was directly observed by in situ
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[35-37

x-ray diffraction experiment. I Besides the isocomposi-

tional LLPTs, supercooled liquid to liquid transition, espe-
cially in sulfur, has also been comprehensively studied.3840]
However, to our limited knowledge, fewer efforts have been
focused on the type of binary liquids in the perspective of
LLPT, such as liquid Al-Pb binary alloy.

Considerable efforts have been devoted to studying the
local structure in LLPT because the local structure leads to
its heterogeneity which has close relation with the structural
origins of LLPT and associated phenomena. For example,
Debenedetti pointed out that the difference between two water
liquids lies in their local structures: in the high density lig-
uid, the local tetrahedrally coordinated hydrogen-bond struc-
ture is not fully developed, whereas in the low density liquid,
locally “ice-like” hydrogen-bond network is fully realized.!>!
The low density liquid had a more open network compared to
the high density liquid. The two types of liquid phases sep-
arated by a line of first-order LLPT were identified by their
density and local atomic structure. Tanaka also argued that
liquid is not homogeneous and the heterogeneity may be re-
sponsible for the LLPT in the molecular liquid.[*! Subse-
quently, by defining parameters presenting the local favored
heterogeneous structure, Tanaka gave a good explanation of
LLPT in water.[*>~* By analogy with different structures of
two forms of liquid in water, LLPT of liquid Si also involves
structure transition from a metallic dense-packed structure at
high temperature to a semiconducting open network at low
temperature./*! Furthermore, Treacy and Borisenko!*®! be-
lieved that the continuous random network (CRN) model rep-
resents the structural topology of amorphous silicon which has
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been used successfully to liquid silicon to find the inhomo-
geneous paracrystalline structures containing local structure
at the 10 to 20 angstrom length scale, indicating the struc-
tural heterogeneity. However, the relationship between struc-
ture heterogeneity and LLPT process remains uncertain. In
addition, how to quantify structure heterogeneity remains un-
solved.

Al-Pb alloy is essential for a number of industrially im-
portant materials, such as wheel bearings. However, its poten-
tial applications*”! are seriously limited because of a major
drawback caused by two liquid phases within the miscibility
gap having different densities, resulting in phase separation
at the macro scale.[*¥491 The existence of LLPT in alloy has
important implications for understanding the low-temperature
liquid state in general.’>>>!1 It may provide an opportunity
for comprehensive and satisfactory understanding of the struc-
tures and properties of immiscible liquid alloy. Till now, al-
though there has been much progress in the understanding of
the behavior of phase separation, some important questions on
the LLPT of binary alloy have remained unanswered.>>>>1 In
this paper, we report molecular dynamic simulations on the
LLPT of Al-Pb alloy, highlighting its relationship with struc-
ture heterogeneity.

2. Model and simulation methods

In this study, MD simulations are used to investigate the
structure of liquid AI-Pb alloy containing 10000 atoms placed
between two isolated and smooth walls, initially arranged into
50 x 50 x 1 face-centered cubic (FCC) lattice. The interaction
among metal atoms is described with embedded-atom method
(EAM) which is particularly appropriate for metallic systems.
The directions x and y are imposed periodic boundary con-
ditions, while the z direction is bounded with walls. In this
work, we use MD package LAMMPS to perform the simula-
tions. All simulations are carried out at a constant lateral pres-
sure, using the constant number, lateral pressure, temperature
(NPT) ensemble. The Nose—Hoover thermostat and barostat
are used to control the temperature and pressure, respectively,
and the velocity—verlet algorithm is used to integrate the equa-
tions of motion with a time step of 1 fs. The liquid is equi-
librated at 2000 K first. Subsequently, the well-equilibrated
liquid alloy is cooled from 2000 K to the target temperature
at different quenching rates. The final structures are obtained
after a relaxation process at the target temperature.

3. Results and discussion

3.1. Effect of the cooling rate on spatial heterogeneity
Figures 1(a) and 1(b) present snapshots of AlsoPbsg alloy

in different cooling processes (i.e. 100, 10, 1, and 0.1 K/ps).

As temperature decreases, Al atoms prefer to unite with Al
atoms to form some island-like local Al-rich domains in an

ocean of Pb-rich domains. Subsequently, Al-rich domains
with different radii and shapes contact with each other to grow
up as a bigger one. Meanwhile, the Al-rich domains evolve
from irregular to round. Eventually, the homogeneous one sin-
gle liquid phase transforms into two liquid phases with differ-
ent components and densities, which is considered as a kind
of LLPT. That is to say, phase separation takes place during
the LLPT for Al-Pb monotectic alloy, which is quite different
from the transformation between LDL and HDL in isocompo-
sitional liquid Si!?! and water.!! It also differs from layering
transitions induced by confinement and pressure in nanocon-
fined liquid.®! It can be seen that, during the LLPT, Al-rich
domains try to connect with each other to avoid meeting Pb-
rich domains. As we know, for a given area, the circle has the
smallest circumference. Therefore, the shape transformation
from the irregular to the round is also an effective way for the
Al-rich domains to avoid meeting the Pb-rich domains. Inter-
face length between Al- and Pb-rich domains which is roughly
estimated by the number of interface atoms is displayed in
Fig. 1(c), exhibiting that the interface length decreases during
the LLPT process. It can be deduced that the interface energy
between Al- and Pb-rich domains is very high which makes
the system reduce the interface length as much as it possibly
could. Therefore, interface tension plays a non-negligible role
in the LLPT process. It is worth noting that there are still some
Al or Pb atoms dispersed in Pb- or Al-rich domains, attribut-
ing to the role of mixing configuration entropy, which can be
expressed as

ASpix = —R(XaInXs +XgInXg),

where Spix is the mixing configuration entropy, R is the gas
constant, X4 and Xp is the molar fraction of component A and
B. Taking a derivative with respect to Xy, it can be seen that
when Xy is close to 0 or 1, its derivative would be approxi-
mate to infinity, meaning that obtaining pure Al or Pb needs to
overcome a sharp decrease of entropy. Therefore, Al- or Pb-
rich domains containing some number of Pb or Al atoms are
thermodynamically stable.

Figure 1(b) shows that when the cooling rate is 100 K/ps,
there is no noticeable phase separation. In contrast, when the
cooling rate is 0.1 K/ps, obvious phase separation has taken
place at 1600 K and the LLPT proceeds fast with the decreas-
ing temperature. At 1200 K, two Al-rich island-like round
domains exist in Pb-rich domain oceans, suggesting an obvi-
ous phase separation. The situations at 1 K/ps and 10 K/ps fall
somewhere in the middle of 0.1 K/ps and 100 K/ps. It is un-
derstandable that higher cooling rate makes the atoms have not
enough time to diffuse to complete phase separation before the
system reaches the target temperature, while at lower cooling
rate, atoms have enough time to diffuse and are free to couple
or decouple with each other to finish the phase separation.
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Fig. 1. (color online) (a) Initial structure of AlsoPbs alloy at 2000 K. Al atoms are marked red and Pb atoms are marked blue. (b) Snapshots
of AlsoPbsg alloy during the cooling process at four different cooling rates (i.e. 100, 10, 1 and 0.1 K/ps). (c) The interface length between
the Al-rich domains and the Pb-rich domains during different cooling processes. The interface length is roughly estimated by the number of

interface atoms.

It was found in liquid carbon filmP7! that the position
of the first peak gradually increased as the temperature de-
creased, which was opposite to the scenario of the normal sub-
stance. The author ascribed the anomaly to the LLPT, during
which carbon transformed from the twofold coordinated liquid
to the threefold coordinated liquid. Remarkably similar to car-
bon, the partial AI-Pb pair correlation function (PCF) during
cooling process also exhibits the anomaly that the position of
the first peak increases with the reduced temperature, as shown
in Fig. 2(a). Moreover, the height of main peak declines no-
tably as the temperature decreases, which is also contrary to
the normal substance. The reason is that as temperature de-
creases, LLPT takes place. Moreover, Al atoms aggregate with
Al atoms and separate with Pb atoms, so the first neighbor dis-
tance between Al and Pb atoms becomes large, corresponding
to the shift to the right for the position of first peak. Further-
more, the possibility of finding a Pb atom around an Al atom
decreases due to the separation of Al-rich domains with Pb-
rich domains, corresponding to the decline of main peak. Ob-
viously, the height of Al-Pb PCF main peak can give an indi-
cation of the extent of phase separation. If the phase separation
degree is high, main peak of partial AI-Pb PCF would be low.
When liquid Al5yPbs alloy is cooled down at different cooling
rates, the partial AI-Pb PCF at 1200 K is exhibited in Fig. 2(b),
revealing that the lower cooling rate corresponds to lower main
peak, thus, higher extent of phase separation, which shows fa-
vorable agreement with Fig. 1. Therefore, higher cooling rate
is not helpful for phase separation.

Al-Pb g(r)

Al—-Pb ¢g(r)

0 2 4 6 8 10
r/A

Fig. 2. (color online) (a) Al-Pb partial pair correlation function for
AlsoPbs alloy during the cooling process at the cooling rate of 0.1 K/ps.
(b) Al-Pb pair correlation function at 1200 K during different cooling
processes.

It is suggested that if the distance between two atoms is
less than a given cutoff distance, which is equal to the posi-
tion of the first minimum in the corresponding pair correlation
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function, then the pair of atoms is considered to form a bond.
Based on this principle, AI-Pb bond fraction at different cool-
ing processes is calculated and displayed in Fig. 3(a), which
displays the degree of Al atoms to meet the Pb atoms. As a
consequence, Al-Pb bond fraction can be adopted as a mea-
sure of the degree of phase separation.

To well describe spatial heterogeneity in the LLPT pro-
cess, micro-structure factor (MSF) is put forward and defined

as follows: 5

N
MSF = Z M7
= N
where x; is the atomic concentration of atom i, which is calcu-
lated by counting the number of Pb atoms and Al atoms within
a distance of 6.5 A around atom i. The quotient of the num-
ber of Pb atoms to the number of all atoms is exactly x;. x is
the average atomic concentration. N is the number of atoms.
Based on the definition, figure 3(b) illustrates MSF at different
cooling processes.
The definition of MSF is similar to the variance in math-
ematics, which is the expectation of the squared deviation of a
random variable from its mean, and informally measures how
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far a set of random numbers are spread out from their mean.
Similarly, the MSF is used to measure how far the concentra-
tion of each atom deviates from the average concentration. If
the system tends to be homogeneous, then the concentration
of each atom deviates little from the average, and MSF value
is small. However, when the system displays a great degree
of heterogeneity, the concentration of each atom deviates far
from the average, and MSF value is large. Therefore, the MSF
is effective to measure the extent of heterogeneity of liquid
alloy.

Figure 3(a) shows that Al-Pb bond fraction drops with
decreasing temperature, suggesting that Al atoms are unwill-
ing to meet Pb atoms to form a bond during phase separation.
Meanwhile, as temperature reduces, the MSF curve rises, as
shown in Fig. 3(b), revealing that spatial heterogeneity in-
creases during phase separation. Furthermore, Al-Pb bond
fraction curve and MSF curve are highly correlated. For ex-
ample, when Al-Pb bond fraction curve drops fast, the corre-
sponding MSF curve drops fast too. It can be concluded that
as spatial heterogeneity becomes larger, the LLPT takes place

correspondingly.
2000+ (b)
—0.1 K/ps
1600 — 1 K/ps
—10 K/ps
& 1000} — 100 K/ps
=
800
400
2000 1800 1600 1400 1200 1000
Temperature/K
2000 T T T
(d) 1800 K
1600 | —e— 1600 K
—A— 1400 K
—— 1200 K
% 1200 —-— 1000 K
=
800 +
400 +

1000

1 10 100
Cooling rate/K-ps—!

Fig. 3. (color online) (a) AI-Pb bond fraction and (b) MSF of AlsoPbs alloy during different cooling processes. If the distance between two
atoms is less than a given cutoff distance, which is equal to the position of the first minimum in the appropriate pair correlation function, then
the pair of atoms is considered to form a bond. (c) Al-Pb bond fraction and (d) MSF as a function of cooling rate at different temperatures of

cooling process.

The parameter to judge the start of the LLPT in water was

1.8 By detecting the av-

the density as reported by Wang et a
erage density of water with warming and cooling scans, the
author recognized the position where the maximum density
difference between the cooling and warming scans emerged

as the starting position of LLPT. Similarly, there is also a pa-

rameter MSF to determine the start of the LLPT of Al-Pb al-
loys. It is understandable that there is a striking close relation
between the LLPT and the spatial heterogeneity. Note that
MSF curve has a period of fluctuation without apparent rise or
drop at the initial stage of the cooling process. The starting

temperature where MSF rises can be considered apparently as
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the starting temperature point of LLPT. It can be seen from
Fig. 3(b) that when the cooling rates are 0.1 K/ps, 1 K/ps, and
10 K/ps, LLPT starts to take place at 1950 K, 1880 K, and
1850 K respectively. Interestingly, the three starting tempera-
ture points are also exactly located on the points where Al-Pb
bond fraction curves start to drop apparently at the correspond-
ing cooling rates. The good consistency is suggested that MSF
is a valid parameter to determine the start of the LLPT. Obvi-
ously, LLPT begins to take place at higher temperature if the
cooling rate is low. The reason is that diffusion is necessary
to the nucleation and phase transition. However, if the cooling
rate is high, atoms are unable to diffuse in time and LLPT is
delayed to the lower temperature. Therefore, high cooling rate
is unfavorable to the formation of LLPT.

Next, we compare Al-Pb bond fraction and MSF curves
at different cooling rates. When the cooling rate is 100 K/ps,
both AI-Pb bond fraction and MSF values exhibit no dramatic
change, suggesting low extent of phase separation and spatial
heterogeneity; whereas when the cooling rate is 0.1 K/ps, both
Al-Pb bond fraction and MSF values show dramatic change,
indicating high extent of phase separation and spatial hetero-
geneity. To directly investigate how cooling rate affects the
LLPT process and spatial heterogeneity, we plot Al-Pb bond
fraction and MSF curves as a function of cooling rate as dis-
played in Figs. 3(c) and 3(d). It can be seen that at the fixed
temperature, Al-Pb bond fraction and MSF change monoton-
ically with the cooling rate. Higher cooling rate tends to cause
a lower extent of phase separation and spatial heterogeneity.
Moreover, the slope of both curves at higher cooling rate is
steeper than that at lower cooling rate, suggesting that LLPT
forming rate is higher at lower cooling rate than that at high
cooling rate. Therefore, high cooling rate has a detrimental
effect on the LLPT and spatial heterogeneity.

3.2. Effect of the relaxation temperature on spatial hetero-

geneity

To explore how relaxation temperature affects the spatial
heterogeneity, the liquid alloys are quenched to the target tem-
perature at 100 K/ps and then relaxed at the target tempera-
ture. Since MSF is effective to estimate the spatial heterogene-
ity, figure 4(a) illustrates MSF curves at 1 ns when the liquid
alloys are equilibrium state. For liquid AlgoPbjg, Al;5Pbys,
AlgsPbss, and AlsgPbsg alloys, MSF curves rise first with the
decreasing temperature and start to drop after 1200 K, mean-
ing that MSF reaches its maximum value at 1200 K. How-
ever, the MSF of liquid Al35Pbgs alloy is another case where
its MSF reaches maximum at 1100 K. For liquid Aly5Pbys
and AljoPbgg alloys, MSF rises monotonically with decreas-
ing temperature.

Another important issue is the reaction rate of the LLPT
at different temperatures. Contrary to the conventional wis-
dom that the reaction rate is higher at higher temperature, our

results reveal an opposite trend in terms of LLPT process. Fig-
ure 4(b) shows MSF curves at different temperatures during
the relaxation process for AlsgPbsg alloy. If the spatial het-
erogeneity changes fast, the reaction rate is considered to be
high. Therefore, we can judge the reaction rate from the slope
of MSF curves. It can be seen that the slope of MSF curve
at lower temperature is larger than that at higher temperature,
which proves that lower temperature leads to higher reaction

rate.
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Fig. 4. (color online) (a) MSF versus temperature at 1000 ps in relax-
ation process for alloys with different atomic Al percentages. (b) MSF
of AlsoPbsg alloy during relaxation process.

Through the example of liquid AlsgPbsg alloy, we ex-
plain the reason why MSF curves behave like this. Figure 5(a)
shows the final equilibrium structures in the relaxation process
under different temperatures. At 1500 K, the numbers of Al
atoms dispersed in Pb-rich domains and Pb atoms dispersed
in Al-rich domains are both large. As temperature decreases,
the numbers of Al atoms dispersed in Pb-rich domains and Pb
atoms dispersed in Al-rich domains both reduce remarkably.
It might be understood that the state of Al atoms aggregating
with Al atoms and Pb atoms aggregating with Pb atoms is
thermodynamically stable. However, the atoms at higher tem-
perature can easily overcome the bound from homogeneous
atoms and jump to the heterogeneous atoms group owing to
their higher kinetic energy. As a consequence, the structure
at lower temperature deviates further from its initial homoge-
neous state, which suggests that the lower temperature leads
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to a higher MSF value and further results in high spatial het-
erogeneity at the temperature range from 1500 K to 1200 K.
Similarly the final equilibrium state at lower temperature de-
viates further from initial relative homogeneous state than that
at higher temperature, the driving force to increase the spa-
tial heterogeneity is stronger at lower temperature. Therefore,
spatial heterogeneity rises faster at lower temperature, thus
reaction rate is higher at lower temperature than that at higher
temperature. It can be seen from Fig. 5(b) that, at 1200 K,
both Al-rich domains and Pb-rich domains are disordered lig-
uid, whereas Al-rich domains start to crystallize at 1100 K
because Al has a higher melting point and is more prone to
crystallize than Pb. The LLPT is unable to proceed adequately
because atom diffusion is largely impeded by the crystalliza-
tion of the Al-rich domains, which can account for the fact that
spatial heterogeneity at 1100 K is smaller than that at 1200 K.
Figure 5(c) illustrates the partial Al-Al PCF of relaxation
equilibrium state which can further support the explanation.
At 1200 K or above, the short and broad second and third
peaks support the fact that Al-rich domains are liquid. Mean-
while, at 1100 K, the second and third peaks become narrow
and high, forming an ordered crystal of Al-rich domains. In
terms of liquid Algonlo, Al75Pb25, Al65Pb35, and A150Pb50
alloy with high Al percentage, the diffusion impediment due
to crystallization has already become very large at 1100 K,

Fig. 5. (color online) (a) Structures of the AlsoPbsq alloy at different
temperatures when the alloy is relaxed to its equilibrium state. (b) En-
larged Al-rich domains at 1200 K and 1100 K in panel (a), (c) Al-Al
pair correlation function for AlsoPbs( alloy at its relaxation equilibrium
state.

so the MSF maximum emerges at 1200 K. As the Al percent-
age decreases, the effect of crystallization of Al-rich domains
becomes weaker and weaker. So, for the liquid AlssPbgs al-
loy, the impediment is not obvious even at 1100 K, and the
MSF reaches its maximum at 1100 K, thus, the spatial hetero-
geneity reaches its maximum. Therefore, when the alloys are
liquid, the spatial heterogeneity increases with the decreasing
temperature. As the temperature is further reduced, the spatial
heterogeneity would decrease due to the crystallization of Al-
rich domains. The temperature where the spatial heterogeneity
maximum emerges would depend on the Al content.

3.3. Effect of the Al percentage on the spatial heterogene-

ity

Finally we report the effect of Al percentage on the spa-
tial heterogeneity during the LLPT process. Figure 6(a) shows
the MSF during the relaxation process at 1300 K for all lig-
uid alloys which are cooled from 2000 K at a cooling rate of
100 K/ps. During the relaxation process, AlsoPbsg alloy al-
ways has the largest MSF value, thus the largest spatial hetero-
geneity. If the Pb percentage goes away from 50%, the MSF
value becomes smaller. Therefore, the spatial heterogeneity is
strongly component-dependent. Moreover, the difference of
MSF values between two adjacent time points for AlsgPbs al-
loy is larger than that of these alloys whose atomic Al percent-
age is far from 50%, indicating that the spatial heterogeneity
of AlsoPbsg changes faster than that of other alloys. That is
to say, the reaction rate of AlsoPbsg alloy is larger than that of
other alloys. The horizontal axis is divided into 20 component
intervals and we count the number of atoms falling into every
component interval when the system is at relaxation equilib-
rium state as shown in Fig. 6(b). It can be found that the com-
ponents of most atoms are located at 0—10% and 90%—-100%,
corresponding to the Al-rich domains and Pb-rich domains, re-
gardless of Al percentage. Therefore, the initial homogeneous
structure of the liquid AlsgPbsg alloy at 2000 K deviates fur-
ther from the final equilibrium state compared to other alloys,
leading to the largest MSF value of Al5yPbs alloy. Moreover,
the driving force to increase the spatial heterogeneity of the
AlsoPbsg alloy is also larger than that of other alloys. So the
reaction rate of the AlsgPbsg alloy is also the largest. In con-
clusion, AlsoPbsg alloy has the largest spatial heterogeneity
and reaction rate, which are strongly component-dependent.

Wang et al. P81 plotted a phase diagram of the LLPT of the
confined heavy water by finding critical points under different
pressures and temperatures. By the same token, phase diagram
of the LLPT in the confined liquid SiC was also plotted. ¢!
Here, we calculate the MSF of all alloys during the cooling
process when the cooling rate is 1 K/ps. By determining the
starting point where the MSF values start to rise conspicu-
ously, we plot the phase diagram of the LLPT of the Al-Pb
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alloy compared with that obtained by previous study!>! which
is shown in Fig. 6(c). The starting temperature of our study is
higher than that of the previous study, which may result from
the potential function. However, the trend of the two curves is
similar, indicating that our result is valid. Through the phase
diagram, we can read the temperature where LLPT starts to
take place for alloys of any components.
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Fig. 6. (color online) (a) MSF as a function of component at different
relaxation time. (b) The number of atoms distributed in each compo-
nent interval when the system is at relaxation equilibrium state. (c) The
phase diagram for AI-Pb monotectic liquid alloy. Previous study data
are taken from Ref. [59].

4. Conclusion and perspectives

In summary, molecular dynamics simulations are carried
out to investigate the liquid—liquid phase transition (LLPT)
and the spatial heterogeneity in Al-Pb monotectic alloys. It
is shown that the homogeneous one single liquid phase trans-
forms into two liquid phases with different components and
densities, which is considered as a type of LLPT. LLPT

process is highly correlated with the spatial heterogeneity.
With increasing spatial heterogeneity, LLPT takes place corre-
spondingly. Higher cooling rate can delay the LLPT and pre-
vent the increase of spatial heterogeneity. Spatial heterogene-
ity would increase with decreasing temperature when the al-
loys are liquid. As the temperature further reduces, spatial het-
erogeneity would decrease due to the crystallization of Al-rich
domains. Moreover, high temperature can lead to low LLPT
reaction rate. Spatial heterogeneity and LLPT reaction rate are
strongly component-dependent. Of all alloys, AlsoPbsg alloy
has the largest spatial heterogeneity and reaction rate. Specif-
ically, the phase diagram of the LLPT of the Al-Pb alloy is
plotted.
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