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Abstract Salt hydrates are a class of phase-change materials (PCMs) capable
of storing thermal energy at a high volumetric energy density for a low cost
(<$10/kWhg,), making them of interest for improving the energy efficiency of
buildings and displacing peak load associated with environmental control systems.
However, select salt hydrates are susceptible to irreversible degradation associated
with phase segregation, and to undercooling—the occurrence of a metastable liquid
below the melting point due to a lack of nucleation sites for the crystalline solid.
Here, we present a study of phase-specific epitaxial nucleation agents which miti-
gate undercooling in eutectic nitrate salt hydrate systems. While eutectics can depress
melting temperatures into favorable ranges, metastable eutectics experience under-
cooling. We demonstrate that the nucleation of multiple phases in systems which
are susceptible to undercooling can increase the potential for phase segregation and
chemical stratification to occur. Furthermore, we illustrate the utility of multiple
nucleation agents in these systems to co-crystallize multiple crystalline phases.

Keywords Salt hydrates * Solidification + Thermal energy storage - Eutectic -
Phase segregation + Thermophysical properties

Introduction

Phase-change materials (PCMs) are a class of materials that absorb and release
a large amount of heat during reversible phase transformations and are great for
thermal energy storage (TES) applications. Thus, PCMs offer an approach to (1)
buffer transient temperature rises in pulsed power electronics [1], automotive [2],
and aerospace systems [3], with minimal additional mass and volume to a system,
or (2) to displace load on environmental control systems for buildings, allowing for
shifting of load demand on the power grid, and ultimately, improving the penetration
or intermittent renewable power sources. Salt hydrates are a class of inorganic PCMs
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of particular interest due to their high volumetric energy density, moderate thermal
conductivity, and low cost [4]. Furthermore, stoichiometric salt hydrate and anhy-
drous salt endmembers can be combined to form a large number of eutectic systems,
allowing for fine control of the melting temperature of the material, and affording
an approach to develop customized PCMs for particular applications. Despite this
potential, salt hydrates are subject to two principal limitations: (1) phase segregation
can potentially result in irreversible changes to the melting behavior with cycling
and (2) nucleation limitations in salt hydrate systems can require additional under-
cooling prior to the onset of solidification on cooling. The confounding effects of
phase segregation and undercooling on the stability of salt hydrate eutectics is poorly
understood.

Phase segregation refers to the physical separation of liquid and solid phases due
to buoyancy-driven processes and tends to occur during periods in which both solid
and liquid phases coexist (i.e., during solidification and melting processes). Thus,
phase segregation is associated with repeated cycling of a PCM between solid and
liquid states. Phase segregation is problematic, in that it has the potential to result in
chemical stratification, or compositional inhomogeneity within the system, when the
phases that segregate have dissimilar compositions. Compositional inhomogeneity
can cause the overall melting behavior of a volume to change, as thermal equilibrium
is achieved at different temperatures within different portions of the volume. This
situation occurs in some salt hydrate systems, most notably sodium sulfate decahy-
drate (Glauber’s salt) [S], but is not an intrinsic property of all salt hydrates. Several
approaches have been taken to avoid issues associated with phase segregation, most
notably including the use of additives which increase the viscosity of a PCM, or form
a viscoelastic gel, thereby limiting the separation of phases in the phase segregation
process [6]. Despite these attempts, in systems that are thermodynamically predis-
posed to phase segregate, degradation of properties with cycling can be delayed, but
generally not entirely avoided [7].

In addition, salt hydrates are susceptible to undercooling, which refers to a
phenomenon where a material does not solidify at the equilibrium melting temper-
ature, but rather requires additional cooling before a solid phase nucleates. Under-
cooling results from a nucleation-limited process, in which substantial energetic
barriers to nucleation limit the initiation of solidification. To overcome undercooling,
additional solid phases may be introduced into a system, which are selected due
to their tendency to nucleate the solid phase of interest [8]. One of the principal
approaches to identify active nucleation agents is the use of materials with epitaxial
relationships with the PCM phase that is solidifying; this approach affords a conve-
nient approach to identifying candidate phases and has shown broad utility across
multiple classes of materials. Nucleation agents with epitaxial relationships have
been demonstrated in different classes of PCMs (e.g., the addition of borax to sodium
sulfate decahydrate [5]), as well as in the processing of polymers (e.g., the addition
of talc to PET [9]) and metals (e.g., seeding during casting of metals [10]).

In this publication we assess the potential impact of phase segregation, together
in concert with metastable solidification, to result in changes in the melting behavior
of eutectic systems. It has previously been noted that eutectics, due to their tendency
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to solidify multiple solid phases simultaneously and often in an inseparable inter-
penetrating manner, are robust to issues associated with phase segregation. However,
this claim neglects the potential impact of metastable solidification. Here, we assess
the issue from a rigorous consideration of solidification behavior and phase rela-
tionships and illustrate with examples from different salt hydrate eutectic systems.
We demonstrate that metastable solidification can result in chemical segregation and
degradation of melting properties and assess the use of multiple nucleation agents to
help mitigate this issue.

Solidification in Multi-component Salt Hydrate Systems

As a salt hydrate solidifies or melts, different solidification reactions can occur
depending on the composition of the system and the characteristics of the phase
diagram (Table 1). In all cases, coexistence of a liquid phase and one or more
solid phases can potentially result in phase segregation, as solid phases generally
have dissimilar densities from the liquid brine phase. However, the primary mecha-
nism which results in degradation of the thermophysical properties of a PCM is not
the phase segregation process itself, but rather the tendency for phase segregation
to result in chemical stratification. Furthermore, this chemical stratification can be
exacerbated by the formation of additional metastable phases which are very weakly
soluble in water (e.g., lower hydrates of the salt), but which do not undergo the desired
phase transition process at the invariant reaction temperature. Thus, the tendency for
phase segregation to result in irreversible changes to the melting and solidification
behavior in a PCM depends on (1) the tendency for phase segregation to result in
compositional stratification and (2) the potential for additional metastable phases to
form that don’t readily revert to stable phases above or below the transition temper-
ature. Three main types of melting/solidification reactions have been considered for
potential use as PCMs, and are discussed here: congruent melting, eutectic melting,
and incongruent melting (Fig. 2). The relative behavior of these three systems is
described below.

Table 1 Comparison of various types of melting reactions that can occur in salt hydrate systems

Type of Example | Reaction Type of Eutectic Phase Compositional
melting (Fig. 2) composition Segr. strat. possible?
reaction possible?
Congruent | C LB Yes No. Xg = Xpiq
Eutectic E; L < B+ y |Equilibrium Yes No. Xeutsol. =
Xp+y = XiLig
E» L < B(+y) | Metastable Yes Yes. Xso1. =
Xﬁ i XLiq
Incongruent |1 L+5<y Yes Yes.
(peritectic) Xy # Xs # XLig
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Congruent solidification occurs when the liquid phase transforms into a single solid
phase at an invariant temperature, where the solid phase and the liquid have the same
compositions (e.g., L < B, Fig. 2, point C) [7]. In this case, during melting or during
solidifying, phase segregation may occur, due to buoyancy differences between the
two coexisting phases (L, ). However, as these two phases have the same chemical
composition, phase segregation cannot result in compositional stratification (Fig. 2).
Furthermore, in a congruent reaction, there is no tendency for additional metastable
phases to form. Thus, materials which exhibit congruent melting reactions are robust
over large numbers of cycles and exhibit no change in melting/solidification behavior
as aresult of phase segregation. It is worth stressing that, while phase segregation still
occurs in these cases, it does not generally impact the reversibility of the system. One
example of a congruently melting PCM, lithium nitrate trihydrate (LiNO3-3(H,0))
melts congruently at 30.1 °C [11]. While solid LiNO3-3(H,O) has a greater density
than the liquid phase, and therefore phase segregation may occur, chemical stratifi-
cation will not result. Thus, this reaction is stable over hundreds of cycles with no
measurable change in melting behavior [12]. Other examples of phases of interest
in salt hydrates which exhibit congruent melting include zinc nitrate hexahydrate,
Zn(NO3),°6(H,0) [13], and magnesium nitrate hexahydrate, Mg(NO3),6(H,O) [14].

Incongruent solidification occurs when a solid phase melts, producing a composi-
tionally different liquid than the original solid. This occurs at a peritectic point, where
the liquid phase and one solid phase together transforms to form a solid phase at an
invariant temperature (e.g., L + 8 <> y, Fig. 2, point I). Importantly, the liquid and
the solid (3) have different compositions in the region of phase coexistence above
the peritectic point. Phase separation can occur with this reaction due to buoyancy
differences between phases, and compositional inhomogeneity would result. This
results in melting over a broader range of temperature, and in extreme cases will
cause some portions of the volume to no longer melt. Additionally, if the solid (8) is
weakly soluble in water, its dissolution above the liquidus can be kinetically limited,
resulting in some volume not participating in transformations during future cycles.
One example of a salt hydrate that experiences incongruent solidification if brought
to temperatures above its melting point of 31.9 °C is sodium sulfate decahydrate,
Na,;S04-10(H,O) [15]. It undergoes a peritectic reaction as it incongruently solidifies,
making it unstable for use throughout many cycles.

Eutectic solidification occurs when a liquid phase transforms to two or more solid
phases at an invariant temperature and composition (e.g., L < B + y, Fig. 2,
point E;). In the case of a eutectic, the composition of the liquid is the same as
the composition of the aggregate solid mass. Phase segregation may occur due to
buoyancy differences as well as how the eutectic solidifies. In the case of equilibrium
solidification, both solid phases crystallize simultaneously, often in an intimately
interpenetrating fashion. In this case, the aggregate composition of the solid mass
is the same as the composition of the liquid, and chemical inhomogeneities do not
result (Fig. 1a). In the case of metastable solidification, one phase nucleates and
begins solidifying, while the second phase is kinetically limited. This results in a
liquid line of descent that moves away from the eutectic composition (Fig. 2, dashed
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Fig. 1 o and p phases segregating from the liquid brine phase due to differences in density. Compo-
sition will be uniform as there is a lack of compositional stratification occurring. a Represents
solidification, b eutectic solidification under equilibrium conditions, and ¢ eutectic solidification
with metastable solidification at one phase

line), and can result in compositional heterogeneities (Fig. 1¢). Unlike incongruent
melting, additional solid phases are not introduced at the eutectic reaction, and thus
eutectics do not tend to be susceptible to formation of weakly soluble phases which no
longer transform. An example of an equilibrium eutectic is the LiNO3;-LiClO4—H,0
pseudobinary eutectic where it melts at a local minimum of 27 °C [16]. A metastable
eutectic is studied with the LiNO3-3(H,0)-LiNO3;—NaNOj system described below,
which experiences a high degree of undercooling without the aid of nucleation agents.

Fig. 2 Example phase
diagram demonstrating T
congruent (C), eutectic (Eq,
E»), and incongruent melting
(I) at a peritectic. The dashed
line near E; represents the
metastable extension for the
liquidus of phase § below
E>. In the case where
solidification of phase vy is
kinetically limited at E;, this
line represents the change in
the liquid composition with
cooling. This is an original
figure made for this
publication by the authors
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Case Study: LiNO3-NaNO3-H;0 Eutectic

LiNO33(H,0) has been identified as a salt hydrate of interest for near room-
temperature heating and cooling applications because of its melting temperature
of 30.1 °C and also its relatively large specific heat of fusion of 287 J/g [11]. The
eutectic composition of binary and ternary systems based on LiNO;-3(H,O) has
been predicted using a modified BET method [17, 18]. Based on these predictions,
we synthesized the ternary eutectic in the system LiNO3;—NaNO3;-H,O that corre-
sponds with equilibrium solidification of the phases: LiNO3-3(H,0)-LiNO3;—NaNO;
(henceforth referred to as the LiNaW eutectic). Solidification behavior in this system
was investigated through both DSC (Fig. 3), and by tracking the internal temperature
of a3 mL volume cooled and heated continuously (at 0.1-1 °C/min) in a recirculating
water bath (Fig. 4).

Nucleation agents were added to the solution to decrease the undercooling
observed in the solidification of the LiNaW eutectic. Nucleation agents are mate-
rials which introduce low interfacial energy between the solid particle and the
solidifying material, which serve as nucleation sites and therefore, reduce under-
cooling. The nucleation agents, zinc hydroxy nitrate hydrate, Zn(OH)(NO3)'H,O,
and Cu3(NOj3)(OH)5-2(H,0), otherwise known as the mineral likasite, have been
demonstrated to reduce undercooling in LiNO3-3(H,0) systems down to 6.3 °C
[19]. Here, we illustrate the solidification behavior of both the pure LiNaW eutectic
and in the presence of the nucleation agent likasite, which reduces undercooling
specifically in the solidification of LiNO3-3(H,0). In both cases, solidification is
observed to occur in two distinct pulses, each associated with distinct exothermic
peaks (Fig. 3). Addition of likasite decreases the primary undercooling, AT;, which
is defined as the temperature difference between the equilibrium melting temperature
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Fig.3 DSC Curves of two cycles of neat LiNO3-3(H,0)-LiNO3-NaNO3 and two cycles of the

same neat LiNO3-3(H,0)-LiNO3-NaNO3 including the nucleation agent likasite. In both cases,
two distinct peaks are observed on cooling, suggesting that solidification occurs
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Fig. 4 Cycling of LiNO3-3(H20)-LiNO3—NaNO3 eutectic with likasite and BaCO3, CaCO3, and
SrSO3. a Features a more stressed system with cycling occurring at a higher temperature than (c).
b and d are individual cycles of (a) and (c), respectively

and the onset of solidification. However, the impact of likasite on the temperature
of the secondary solidification peak is relatively minor. This observation supports
the observations that in systems which are subject to metastable nucleation-limited
solidification, solidification of a eutectic does not necessarily result in simultaneous
solidification of all equilibrium phases.

To determine the impact of metastability on the cycling behavior of the LiNaW
eutectic, a larger volume (3 mL) was sealed in a stainless-steel tube and cycled for
hundreds of cycles. Importantly, the system was intentionally stressed by cooling
to progressively higher and higher minimum temperatures, to attempt to induce
solidification of just one phase at the eutectic point, and therefore, push the system
into a regime in which phase segregation can induce compositional heterogeneities
(Fig.4). Over a sufficiently large number of cycles under stressing conditions, melting
is observed to occur over a larger range in temperature, and solidification is observed
to occur at two distinct temperatures, suggesting that compositional heterogeneities

have been induced within the solidifying volume, resulting in degradation of cycling
behavior.
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Conclusion

Degradation in thermal properties in PCMs due to phase segregation is a known chal-
lenge in incongruently melting systems. It is generally assumed that eutectic systems
are robust to this issue, due to the tendency for all phases to co-solidify at equilibrium
in a eutectic system. However, in the case where one or more phases are kinetically
delayed, relative to other phase(s) solidifying at the eutectic, the opportunity exists
for phase segregation to result in composition inhomogeneities within a volume, and
for this to result in unstable behavior with cycling. We demonstrate these poten-
tial challenges in one candidate ternary eutectic system: LiNO3-3(H,O)-LiNO;—
NaNO;. Despite the inclusion of nucleation agents included expressly to decrease
the magnitude of undercooling, the system illustrates solidification of different phases
at different temperatures on cooling, and furthermore, after cycles which are inten-
tionally designed to push the system into a metastable solidification regime, melting
behavior changes with progressive cycling, and the system no longer exhibits a single
well-defined solidification or melting temperature. Thus, phase segregation can still
represent a technical limitation in at least some eutectic systems. Further exploration
of this phenomena is required to assess how general or specific of a case the illustrated
case represents, as well as approaches to best mitigate the issue for technological
applications.
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