
 
 

 

 
 

eISSN: 2949-0561 

 

 

REVIEW 

 
 

Cite this: Electrochem. Mater. Technol. 

4 (2025) 20254049 

 
 

 

 

 
 

Received: 12 February 2025 

Accepted: 12 March 2025 

Published online: 18 March 2025 
 

 

DOI: 10.15826/elmattech.2025.4.049 
 

 

 

Thermal expansion of alkali and alkaline earth halides in 
solid and molten states 

 
Olga Tkacheva a * 

 

Thermophysical properties of the alkali and alkaline earth halides, widely used in numerous electrochemical 

technological processes, are necessary for the design and operation of various devices in a wide temperature 

range. This review discusses the thermal expansion coefficients of solid and molten salts of the alkali and 

alkaline earth fluorides and chlorides, the regularities of their change depending on the nature, molar 

volume and temperature. The thermal expansion of the solid alkali and alkaline earth halides in the range 

from room temperature to the melting point does not obey a linear law. When salts melt, the thermal 

expansion coefficient increases, and the increase is greater the larger the cation size. In the liquid state, the 

temperature dependence of the volumetric thermal expansion coefficient is linear and changes slightly with 

temperature. The dependence of the thermal expansion of all molten alkali halides on the molar volume can 

be described by a linear function, which indicates the uniformity of interparticle interactions in these salts 

and the ionic nature of the bond. For fluorides and chlorides of alkaline earth metals, such a dependence is 

more complex. 
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1. Introduction 

Both molten and solid salts of the alkali and alkaline 

earth fluorides and chlorides are widely used in various 

fields of research and technology. Solid halides can be 

employed as heat-storing materials or electrolytes for 

chemical current sources [1, 2]. Nowadays, the halide 

solid-state electrolytes have received new development for 

all-solid-state batteries, since, compared to other 

electrolytes (oxide, sulfide), they have more balanced 

properties in various aspects, including ionic conductivity, 

electrochemical stability window, and moisture resistance 

[3]. Thermal energy accumulation can be carried out as 

latent accumulation due to various phase transitions, of 

which in the practice of heat accumulation (heat 

engineering and heat power engineering) the most 

common type of phase transformation is the 

“solid – liquid” transition [4]. 

The most common area of application of molten 

halide salts as a medium for technological processes is 

electrolysis, which is utilized to produce light metals such 

as aluminum, magnesium, calcium, alkali metals, etc. 

[5–7]. The production and refining of heavy, rare and 

refractory metals is effectively carried out in molten salts 

[8]. In recent years, a new direction in the application of 

molten salts has been actively developing, associated with 

the creation of molten salt nuclear reactors. In particular, 

the process of reprocessing spent nuclear fuel with a high 

burnup rate for fast neutron reactors requires the 

creation of new technologies. Molten salt nuclear reactors 

designed for the transmutation of minor actinides involve 

the use of molten halide mixtures as a fuel salt or a coolant 

[9–11]. Galvanoplastic coatings of metals and alloys in 

halide molten salts play an important role in engineering 

and industry [12, 13]. The use of such materials increases 

the efficiency and durability of equipment, reduces the 

costs of maintenance and repair of structures, and 

provides a higher level of safety and reliability. 

The wide involvement of molten halide salts in 

technological processes is due to the successful 
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combination of their physical and chemical properties: 

high electrical conductivity, low viscosity, thermal 

stability, and relatively low volatility. Technological 

processes are usually carried out at operating 

temperatures close to the liquidus temperature of salt 

systems.  This means that there is a high probability of 

solid phase formation in the event of some operational 

disturbances or, conversely, special targeted deposition 

(side ledge, crust) is carried out, for example, on the walls 

of an electrolysis bath, as occurs when starting an 

aluminum cell [14, 15]. In some cases, the electrolytic 

production of coatings is carried out in molten salts at 

temperatures below the melting point of the component 

being deposited [16]. 

Thus, many chemical and electrochemical processes 

involving alkali and alkaline earth halides are 

accompanied by liquid-solid phase transitions, which 

dramatically affect the change in the physicochemical 

properties of salt systems. The coefficient of thermal 

expansion (CTE) refers to such parameters. The values of 

CTE and the patterns of their change in solid and liquid 

states differ significantly, which must be taken into 

account when solving scientific and engineering issues 

related to both the development of new technologies and 

the design and calculation of critical and science-intensive 

parts and units of electrochemical devices and apparatuses 

operating in a wide temperature range. Knowledge of the 

CTE is necessary not only for design calculations of 

equipment, but also as a unique property of each material 

for studying the structure, strength of chemical bonds, 

etc. 

The objective of this work is to generalize the 

available literature data related to the thermal expansion 

of alkali and alkaline earth halides in solid and molten 

states. 

When a substance (body) is heated, the kinetic energy 

of the atoms increases, leading to a growth in their natural 

vibration, which counteracts intermolecular forces and 

promotes the removal of atoms or molecules from each 

other, while the size of the body increases. The amount by 

which a substance expands in response to an increase in 

temperature is mathematically expressed by the 

coefficient of thermal expansion (CTE). The higher the 

CTE of a material the more it will expand in response to 

heating. 

Crystals tend to have the lowest CTEs because their 

structure is extremely homogeneous and strong. For 

example, diamond has the lowest known coefficient of 

thermal expansion of all naturally occurring materials 

(1.1 · 10–6 K–1) [17]. Solids with the highest CTEs have weak 

intermolecular bonds (usually polymers). For example, 

the CTE of polyvinylidene fluoride (PVDF) is 

1.28 · 10–4 K–1. Metals tend to have relatively low 

coefficients (the CTE of iron is 1.13 · 10–5 K–1 [18]), but they 

have high melting points and are not susceptible to 

expansion stress-induced failure. This makes metals ideal 

candidates for use as structural materials in thermal 

expansion measurements [19]. 

Some materials exhibit not expansion but, on the 

contrary, compression with increasing temperature, i.e. 

they have a negative CTE. This phenomenon has been 

found for ceramic systems, for example, LiAlSiO4, 

Li2Al2O4 · nSiO2, ZrW2O6 [20, 21]. They have a 

crystallographic cubic structure, but an isotropic change 

in interatomic distances with increasing temperature. 

There are also some metals and alloys that are 

characterized by low, zero or negative thermal expansion 

[22]. For example, the Fe65Ni35 alloy changes from a 

paramagnet to a ferromagnet when cooled, and at room 

temperature its CTE is almost zero. 

A distinction is made between the coefficients of 

volumetric (𝛽) and linear (𝛼) thermal expansion. Gases 

and liquids always expand within the volumes of their 

vessels, so they are characterized by the coefficient of 

volumetric thermal expansion. The relative change in the 

volume of a body (V) that occurs as a result of a change in 

its temperature by 1 degree at constant pressure is 

described by the equation: 

𝛽 = 1 𝑉⁄ ∙ (𝜕𝑉 𝜕𝑇⁄ )𝑃. (1) 

The length of a body can be measured much more 

accurately than its volume, so it is common to measure the 

change in the linear dimensions of a solid body caused by 

a change in temperature. The relative change in the linear 

dimensions of the body (L) that occurs as a result of the 

change in its temperature by 1 degree at constant pressure 

is described by the equation: 

𝛼 = 1 𝐿⁄ ∙ (𝜕𝐿 𝜕𝑇⁄ )𝑃 ≈ ∆𝐿 (𝐿 ∙ ∆𝑇)⁄ . (2) 

In general, the 𝛼 may be varied when measured along 

different directions. For example, for anisotropic crystals, 

the coefficients of linear expansion along three 

perpendicular axes are different. For amorphous and 

isotropic solids with a cubic lattice (ax = ay = az), the 𝛼 is 

the same in all directions, and the following expression is 

valid: 

𝛽 = 3𝛼. (3) 
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The Equation (3) is usable for true CTLRs determined 

at one temperature. The relationship between the volume 

and linear coefficients obtained over a range of 

temperatures is more complex [23]: 

𝛽 = 3𝛼 + 3𝛼2𝑡 + 3𝛼3𝑡2. (4) 

However, since the value of 𝛼 is small, in most cases, for a 

limited temperature range, a simple relationship between 

the volumetric and linear coefficients of thermal 

expansion (Equation (4)) can be adopted with sufficient 

accuracy. 

2. Measurement methods 

Studies of the thermal expansion of solids can be 

carried out using both macroscopic and microscopic 

methods [24]. Using microscopic (X-ray) methods, the 

temperature dependence of lattice periods is considered 

[25–27]. Macroscopic or dilatometric methods examine 

changes in the volume or length of a sample with 

temperature. Dilatometers have different operating 

principles, but their most important characteristic is 

sensitivity to absolute changes in the dimensions of a 

body. Optical-mechanical, capacitive, inductive 

dilatometers are widely used [23, 28–30]. 

Mechanical dilatometers implement relative 

measurement of the CTE. In an optical-mechanical 

dilatometer, the sample expands during heating, 

displacing the pusher, the movement of which is measured 

using an optical sensor. In relative dilatometers, it is 

necessary to have either an intermediate link transmitting 

the elongation, or a measure relative to which the sample 

elongation is restrained. The change in the length of the 

sample is determined either on the basis of preliminary 

calibration of the device using a reference sample, or from 

geometric relationships. The main disadvantage of a 

dilatometer with a pusher is that the results depend on the 

properties of the reference material. 

Thus, an important factor in increasing the 

measurement accuracy is the choice of the reference 

material. Standards or reference samples for CTE 

measurements are selected depending on the technique, 

the required measurement accuracy, the temperature 

range of measurements, and the value of the measured 

CTE. A brief overview of standards is presented in [23]. 

For example, a standard sample of vitreous silica is used in 

mechanical dilatometers, which is intended for measuring 

materials with CTE above 5 · 10–6 K–1 in the range from 144 

to 873 K. Quartz allows measurements to be made from 

93 to 1173 K. The aluminum oxide and graphite extend the 

temperature range to 1873 and 2773 K, respectively. For 

high-precision thermal expansion measurement, 

especially for materials with CTE less than 5 · 10–6 K–1, 

ASTM E 289-2017 [31] describes interferometric methods 

for solids in the range of 123–973 K with an accuracy of 

± 0.04 · 10–6 K–1. 

In principle, the reference material can be any 

substance for which the CTE in the temperature range 

under study is accurately known. The thermal expansion 

of the reference material must be reproducible and stable 

over time at a constant temperature. To avoid errors due 

to the occurrence of thermal stresses in the sample, the 

temperature must be the same throughout the sample, 

and the furnace in which the measurements are carried 

out must ensure uniformity and stability of the 

temperature. Sometimes, a material with expansion 

coefficients close to zero is chosen as a standard, which 

corresponds to the “absolute” expansion coefficient and 

allows simplifying the test procedure [29]. 

Many dilatometers are mounted horizontally, as this 

ensures better temperature uniformity within the 

furnace. In these cases, a slight pressing force is applied to 

the plunger to ensure good contact between the sample 

and the plungers. This is especially important when 

measuring during cooling, as there is a risk of contact loss. 

When dealing with heterogeneous or anisotropic 

materials, full-field data (multi-plane displacement) are 

required for accurate strain measurements. Among the 

various full-field measurement methods, digital image 

correlation (DIC) is one of the most popular [28]. It is an 

optical non-contact experimental method for measuring 

full-field displacement and strain with sub-pixel accuracy. 

There are dilatometers designed to determine the 

volumetric thermal expansion of melts. However, they are 

rarely used due to both the choice of a construction 

material that is resistant to molten salts over a wide 

temperature range, and the specific design of the 

dilatometer itself. A vessel made of thin (quartz) glass with 

a capillary tube, which is the neck of this vessel, is usually 

used. The tube is equipped with a scale, the graduation of 

which by the relative change in volume is made by 

calculation or calibration. In experiments, the change in 

the volume of the vessel caused by the linear expansion of 

the vessel material is necessarily taken into account. 

Cantor (1969) [32] used a dilatometer, which was a 

nickel vessel with a narrow neck at the top, to measure the 

coefficient of volumetric expansion of a molten mixture 

of fluoride salts. To measure the liquid level, a metal rod 

was placed in the narrow part of the vessel, which could 

be moved along the height. The rod was part of an 

electrical circuit that allowed the liquid level to be 

measured. The salt was placed in the vessel, heated until it 

melted, and then the melt level was measured. The 
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accuracy of the measurements and the sensitivity of such 

measurements increase with an increase in the ratio of the 

volumetric expansion coefficients of the melt and the 

vessel material. If they are equal, this method becomes 

unsuitable. 

Parker (2022) [33] adapted the conventional push-

rod dilatometry for the measurement of volumetric 

expansion of liquid salts using a new graphite crucible 

design. The efficiency of this method was confirmed by 

the experimental CTE values of solid and liquid NaCl, 

which coincided well with the available literature data.  

The CTE of molten salts is usually calculated based on 

the temperature dependence of their density (𝜌) or molar 

volume (𝑉𝑚), which, in turn, is calculated from the density 

values using the Equations [34]: 

𝛽 = 1 𝜌⁄ ∙ (𝜕𝜌 𝜕𝑇⁄ )𝑃. (5) 

𝛽 = 1 𝑉𝑚⁄ ∙ (𝜕𝑉𝑚 𝜕𝑇⁄ )𝑃. (6) 

There are several methods for measuring the density 

of melts that guarantee high reliability of the 

experimental values: pycnometric, dilatometric, 

maximum pressure in a gas bubble, and hydrostatic 

weighing [35]. Almost all of them are based on the ratio 

of mass and volume or hydrostatic pressure at fixed 

external parameters. The main problem in implementing 

a particular research method is the choice of suitable 

structural materials resistant to aggressive salt 

compositions at high temperature. The hydrostatic 

weighing method based on Archimedes' law is most 

commonly used to measure the density of molten salts. 

The principle consists in successive weighing of the load in 

a gas atmosphere above the melt and in the melt. The load 

mass change related to its volume is the density of the 

melt. 

Vidrio (2022) [36] performed several series of 

measurements of the LiF-BeF2 melt using the classical 

hydrostatic weighing method and paid much attention to 

possible sources of error. According to these data, 

incorrectly prepared mixture composition introduces an 

error of > 0.6 % per 1 mol. of BeF2; the amount of 

impurities in the salt sample from 100 ppm to 1 mol. % 

introduces an error of about 2 %; non-isothermal 

measurement conditions - 0.2 %; the presence of 

dissolved gases in the melt - < 0.3 %; the release of gas 

bubbles with a change in temperature, depending on the 

inert gas above the melt - Ar or He, - 0.1 and 0.6 %, 

respectively. In addition, the measurement error includes 

the inaccuracy of determining the volume of the load - 

0.15 %; weighing error - 0.2 %; melt leakage onto the 

suspension thread < 0.3 %. 

Parker (2022) [37] developed a novel method for 

density measurement of liquid chlorides by neutron 

radiography by using a sealed volumetric dilatometer. It 

is reported that the uncertainty associated with this 

method is comparable to other techniques. 

However, analyzing the literature data, it can be 

concluded that the most common and reliable method for 

studying the thermal expansion of molten salts is the 

calculation of the volumetric expansion coefficient based 

on the temperature dependence of density, which is 

usually obtained using the hydrostatic weighing method. 

3. Alkali halides 

The thermal expansion coefficients of alkali and 

alkaline earth halides in the temperature range from 0 K 

to temperatures close to the melting point were studied 

several decades ago [34, 38, 39]. The main goal of these 

studies was to create mathematical models based on 

experimental measurements of thermophysical quantities 

(thermodynamic expansion coefficient, heat capacity, 

compressibility, etc.) that explain and predict the 

thermophysical properties of the material. One of these 

models, often applied to crystalline salt systems, is the 

Grüneisen model, which predicts anharmonic properties 

of the material, such as the coefficient of thermal 

expansion [24, 40–42]. 

The Grüneisen parameter (𝛾) is determined by the 

change in the frequency of oscillations of the crystal 

lattice depending on its volume and, as a result, describes 

the effect of temperature on the size or dynamics of the 

lattice change. It is usually calculated using an equation 

that includes experimental quantities: the coefficient of 

volumetric thermal expansion, the isothermal modulus of 

bulk compression, the molar volume, and the molar heat 

capacity at constant volume. 

Sunil (2012) [43] calculated the coefficients of 

volumetric thermal expansion of 16 alkali halides with the 

NaCl structure, whose crystal lattice consists of ions with 

a symmetric charge distribution, in the range from room 

temperature to the melting point, using the Grüneisen 

model. The RbF has the smallest 𝛽 (among the 16 halides) 

(0.94 · 10–4 and 1.16 · 10–4 K–1 at 300 and 600 K, 

respectively), and the LiI has the largest (1.80 · 10–4 and 

3.02 · 10–4 K–1 at 300 and 600 K, respectively). The alkali 

fluorides (except RbF) are characterized by similar 𝛽 

values: about 1.2 · 10–4 K–1 at room temperature and 

2.05 · 10–4 K–1 at the melting point of the pure salt. 

It should be noted that the available experimental 

CTE values of solids vary according to the different 

authors, even for the well-studied salt NaCl. The relative 

deviation  of the linear  thermal  expansion (𝛼) of the  solid 
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Figure 1 Relative deviations of the linear thermal expansion 

coefficient (𝛼) of the solid NaCl from the Rao data (2013) [27] 

obtained in works: Pathak [25], Srivastava [44], Enck [45], 

Leadbetter [46], Parker [33], Sunil [43]. 

NaCl from the values obtained by Rao (2013) [27] (by the 

𝛾-ray attenuation technique) is presented in Figure 1. 

Parker (2022) [33] measured the CTE of the NaCl 

sample by the conventional push-rod dilatometry. The 

average value of 𝛼 (NaCl)solid was reported to be 

5.63 · 10–5 K–1 in the temperature range of 300–1050 K. 

Pathak (1970) [25] studied the thermal expansion of 

solid salts by means of a diffractometer. In order to 

eliminate the temperature gradient in the sample, a special 

furnace was designed. The X-ray lines were detected by a 

Geiger counter. 

Leadbetter (1969) [46] used a liquid gallium 

immersion dilatometer, which was constructed of vitreous 

silica, and the volume change was measured by weighing 

the gallium expelled through a narrow-bore capillary 

tube.  

Enck (1965) [45] measured the linear thermal 

expansion for NaCl with an automatic recording 

dilatometer supplied with the optical system of the 

interferometric dilation. 

Sunil (2012) [43] calculated the thermoelastic 

properties (thermal expansivity and isothermal bulk 

modulus) of alkali halides at high temperatures based on 

the Anderson formula for thermal expansivity and 

interatomic potential functions within the framework of 

the Born model. 

Srivastava (2011) [44] proposed a model for the 

estimation of the temperature dependence of the volume 

expansion ratio and other thermal properties, which was 

applied to some ionic solids such as NaCl. 

As follows from Figure 1, with the exception of the 

data [33] and [43] obtained by simulation, most of the 

experimental results agree within ± 5 %. 

Another example is the thermal expansion of the 

solid LiF studied both by experimental methods [47–50] 

and by modeling [43]. Ekinci (2004) [48] reported new 

experimental data on the thermal expansion coefficient 

and the lattice constant of the LiF (0 0 1) surface. The 

lattice constant was determined from the angular 

positions of the elastic diffraction peaks observed by in-

plane scattering of He atoms. The thermal expansion 

coefficient was measured with an accuracy of 0.2 %. 

Pathak (1972) [47] determined the CTE of solid LiF at 

different temperatures using a diffractometer, Geiger 

counter, chart recorder and a specially designed furnace. 

The CTE temperature dependence was found to be related 

to the concentration of the thermally generated Schottky 

defects. The relative deviation of the temperature 

dependences of the coefficient of linear thermal expansion 

(𝛼) of solid LiF, obtained by different authors, from the 

Pathak data [47] are given in Figure 2. 

As follows from Figure 2, the values of 𝛼 coincide 

within ± 10 % in the temperature range of 273–600 K. At 

higher temperatures (before melting), the experimental 

data of Pathak [47] and the calculated data of Sunil [43] 

are in satisfactory agreement. The values of the coefficient 

of the LiF linear thermal expansion are 

𝛼273 = 3.47 · 10–5 K–1; 𝛼673 = 4.58 · 10–5 K–1; 

𝛼1173 = 6.96 · 10–5 K–1. 

The temperature dependences of the 𝛼 for 3 alkali 

halides (LiF, KCl, CsBr) obtained using the experimental 

results of the works [25, 47, 51] are presented in Figure 3 

in the range from 273 K to temperatures close to the 

melting point of the salts. It should be noted that an 

experimental dilatometric determination of the CTE of 

solid salts cannot be carried out near the melting point. 

For all the salts shown in Figure 3, the 𝛼 changes linearly 

only in the range from 273 K to a certain critical 

temperature, which is approximately 200 degrees below 

the melting point: 𝑇𝑚 (LiF) = 1121 K, 𝑇𝑚 (KCl) = 1043 K, 

𝑇𝑚 (CsBr) = 909 K. Above the critical temperature, the 

anomalous part of the thermal expansion may be the 

result  of Schottky  defects formed under  the influence of 

 

Figure 2 Relative deviations of the linear thermal expansion 

coefficient (𝛼) of solid LiF from the data of Pathak [47], obtained 

in the works: Pathak [50], Sharma [49], Sunil [43], Ekinci [48]. 
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Figure 3 Temperature dependences of the linear thermal 

expansion coefficient of some alkali halides: LiF [47], KCl [25], 

CsBr [51], at temperatures not exceeding the melting point of the 

salts. 

high temperatures, which do not play a significant role at 

lower temperatures [34, 47]. 

The patterns of change in the thermal expansion of 

solid salts in the series of halides of one alkali metal can be 

determined using the example of sodium halides, the 

temperature dependences of the thermal expansion of 

which are shown in Figure 4. The experimental values of 

𝛼 for solid NaF, NaCl, NaBr were obtained by Rao (2013) 

[27], and the calculated values for NaI were borrowed 

from the publication of Sunil (2012) [43]. 

It follows from Figure 4 that as the anion size 

increases, the 𝛼 rises regularly. As noted above, the 

thermal expansion temperature dependence of solid alkali 

halides is nonlinear. However, the linear behavior for NaF 

is noteworthy. This dependence is described by the 

Equation: 

𝛼 (𝑁𝑎𝐹)𝑠  = 2.5282 + 2.6 ∙ 10–3 ∙ 𝑇, (7) 

with the magnitude of the approximation reliability 

R² = 0.998. 

However, such a dependence is not observed in a 

series of salts of the same halogen but with a different 

cation composition. The 𝛼 values of solid chlorides and 

fluorides with different cations according to work [43] are 

given in Table 1. These are calculated data, but the authors 

claim a good agreement with the experimental data by 

Anderson (1995) [52]. 

If for the alkali fluorides no dependence of 𝛼 on the 

cation size is observed, then for the chlorides the opposite 

trend is found – a decrease in 𝛼 with an increase in the 

cation radius. It should be noted that for alkali fluorides 

and chlorides (except LiCl) the linear expansion 

coefficients are close in magnitude , their average values 

(𝛼𝑎𝑣.) are given in Table 1. 

 

Figure 4 Temperature dependences of the linear thermal 

expansion coefficient of sodium halides: NaF, NaCl, NaBr [27], 

NaI [43] at temperatures not exceeding the melting point of the 

salts. 

Table 1 – The linear expansion coefficient (𝛼 · 10–5 K–1) of alkali 

chlorides and fluorides at different temperatures [43]. 

Salt 300 K 600 K 1000 K 

LiF 3.33 4.08 6.17 

NaF 3.20 3.85 5.52 

KF 3.40 4.19 6.43 

RbF 3.13 3.88 5.67 

𝛼𝑎𝑣. 3.27 ± 0.13 4.00 ± 0.19 5.95 ± 0.42 

LiCl 4.40 6.05 8.06 

NaCl 3.97 5.03 6.13 

KCl 3.70 4.66 5.70 

RbCl 3.43 4.33 5.25 

𝛼𝑎𝑣.
 a 3.70 ± 0.27 4.67 ± 0.34 5.69 ± 0.44 

a – 𝛼 for LiCl was not included in 𝛼𝑎𝑣.. 

The maximum deviation of the 𝛼 from the 𝛼𝑎𝑣. for 

fluorides and chlorides (at temperatures up to 600 K) 

does not exceed 7 %. Thus, the scatter of data and the 

“reverse” trend of the change in the thermal expansion 

coefficient with an increase in the cation radius may be 

associated with errors in the inaccuracy of the initial data 

for modeling. 

The coefficients of volumetric thermal expansion of 

molten salts are available for almost all alkali halides, since 

they are easily calculated from the experimental data on 

the density temperature dependence. As an example, the 

values of the volumetric thermal expansion coefficient of 

the molten LiF from various literary sources [53–56] are 

collected in Table 2. 

Table 2 – The volumetric thermal expansion coefficient 

according to the different authors (𝛽 · 10–4 K–1) of the LiF melt. 

T, K [56] [53] [54] [55] 

1150 2.65 1.89 2.58 2.55 

1250 2.73 1.93 2.65 2.73 
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The density data for the molten LiF taken from the 

handbook by Janz (1968) [56] were obtained by the 

correlation calculations of all the results available at that 

time. The authors of [53] and [54] measured the density 

of the melts by hydrostatic weighing. The most recent 

data regarding the LiF density were obtained by the 

gamma-ray attenuation method [55]. The results of [58], 

[54] and [55] agree within 3 %. 

For the molten alkali fluorides and chlorides, the 

coefficient of volumetric thermal expansion rises as the 

radius of the cation increases, which is graphically 

reflected in Figures 5 and 6. The change in 𝛽 is presented 

in the temperature range from 300 K to temperatures 

100–200 degrees above the melting point. The values of 

the 𝛽 for the melts were calculated from the density data 

given in the reference book [56], for solid salts the 𝛽 were 

taken from [43]. 

As already stated above, the 𝛽 values of the solid 

alkali fluorides are close, and for the solid chlorides, a 

tendency for 𝛽 to increase as the radius of the cation 

decreases   is  clearly  traced.  In  the  liquid  state  for  both 

 

Figure 5 The volumetric thermal expansion coefficient of alkali 

fluorides. The dotted line indicates the melting point of the salt. 

 

Figure 6 The volumetric thermal expansion coefficient of alkali 

chlorides. The dotted line indicates the melting point of the salt. 

alkali chlorides and fluorides, the temperature 

dependence of the volumetric thermal expansion 

coefficient obeys a linear law and changes slightly with 

temperature. 

The melting process is accompanied by a jump-like 

increase in the 𝛽. For all salts, the jump in 𝛽 is greater the 

larger the size of the alkali cation. It follows from Figures 5 

and 6 that the smallest increase in 𝛽 during melting is 

observed for LiCl, and 𝛽 increases almost 2-fold for RbCl. 

The properties of molten salts are often considered in 

terms of their molar volume, which is calculated from the 

density of the melts. The volume of one mole of each 

substance contains the same number of particles, equal to 

Avogadro's number. The molar volume (𝑉𝑚) depends on 

the size of the ions, as well as on the interparticle 

interaction. In the monograph of Minchenko and 

Stepanov [57], it is noted that the dependence of the alkali 

halides molar volume on the sum of the cations and anions 

radii is described by a single linear function. This 

demonstrates the uniformity of the bond between ions in 

all alkali halides, which are typical ionic compounds. 

The dependence of the volumetric expansion 

coefficient of alkali halide melts on their molar volume at 

a temperature of 1300 K is depicted in Figure 7. The 

density, the coefficient of volumetric expansion and the 

molar volume of the melts were calculated using the data 

[57]. 

The 𝛽 of all alkali halide melts are practically aligned 

in a straight line, and their values are greater the greater 

the molar volume. In general, the volume thermal 

expansion coefficients of the molten alkali halides vary in 

the range of 3 · 10–4–5 · 10–4 K–1. 

 

Figure 7 The volumetric thermal expansion coefficient of alkali 

halide melts depending on their molar volume at 1300 K. 

4. Alkaline earth halides 

In the series of alkaline earth fluorides, with an 

increase in the cation size from Ca2+ to Sr2+ and Ba2+, the 



Electrochem. Mater. Technol. 4 (2025) 20254049                                                                                                                                                                                                                                      REVIEW 

 

 

 

8 

 

coefficient of linear expansion (𝛼) decreases. Thus, 

according to the data [34], at room temperature 

𝛼 (CaF2) = 1.89 · 10–5 K–1, 𝛼 (SrF2) = 1.81 · 10–5 K–1, 

𝛼 (BaF2) = 1.85 · 10–5 K–1. 

The experimental data on the temperature 

dependence of 𝛼 for the solid alkaline earth halides are 

scarce. Roberts (1986) [58] measured the 𝛼 of some solid 

alkaline earth fluorides and chlorides over a wide 

temperature range using a dilatometer with an aluminum 

oxide plunger. The experimental temperature 

dependences of the coefficient 𝛼 for the CaF2, SrF2, BaF2, 

and SrCl2 solid salts are presented in Figure 8. 

The coefficients 𝛼 of the CaF2, SrF2 and BaF2 are close 

in the range from room temperature to ~ 500 K. They 

change linearly in the temperature range from 300 K to 

the critical temperature (in the range of 1100–1200 K), 

which has a value on average ~ 550 K lower than the 

melting point of each salt: 𝑇𝑚 (CaF2) = 1691 K, 

𝑇𝑚 (SrF2) = 1750 K, 𝑇𝑚 (BaF2) = 1641 K. 

The CaF2, SrF2 and BaF2 are characterized by a cubic 

crystal structure of the fluorite type CaF2 [59, 60], in 

which the interatomic distances Me−F are practically 

identical. The fluorite structure is rather loose, which 

explains the high mobility of ions with increasing 

temperature. The authors [58] do not explain the 

anomalous behavior of 𝛼 at temperatures above 1100 K, 

however, they note that the change in the heat capacity of 

these compounds with temperature has a similar 

tendency. 

The temperature dependence of the coefficient 𝛼 for 

solid BeF2 differs significantly from that of the alkaline 

earth fluorides of group IIA. The structure of BeF2 is a 

quartz-like tetrahedral network [61–63]. The hexagonal 

modifications of 𝛼-quartz BeF2 (crystalline SiO2 structure) 

and 𝛾-quartz BeF2 are known, as well as a tetragonal 

modification of the 𝛼-cristobalite type, which at 303 K 

transforms into a cubic modification of the 𝛽-cristobalite 

type with 𝑇𝑚 = 1073 K. 

Wright (1988) [62] investigated the phase 

transformations and crystallographic structure of BeF2 at 

temperatures not exceeding the melting point and 

discovered a significant expansion of the 𝛾-quartz BeF2 in 

the temperature range of 303–503 K. The average 

coefficient of linear thermal expansion along the c axis 

calculated from these data was 𝛼𝑐 (BeF2) = 8.15 · 10–5 K–1, 

and along the a axis – 𝛼𝑎 (BeF2) = 6.6 · 10–5 K–1. At the 

same time, a rather large error of these calculations was 

noted, equal to ± 1.0 · 10–5 K–1. Gan (2022) [63] modeled 

the linear and volumetric thermal expansion coefficients 

of the 𝛼-quartz BeF2 and 𝛼-cristobalite BeF2. In the 

temperature  range  of 300–1500 K,  the linear CTEs along 

 

Figure 8 Temperature dependence of the linear thermal 

expansion coefficient of solid CaF2, SrF2, BaF2, and SrCl2 [58]. 

both axes have an almost constant value. It should be 

noted that the solid-liquid phase transition 

(𝑇𝑚 (BeF2) = 831 K) is practically not reflected in the 

model curves of the temperature dependence. 

Nevertheless, based on these data, it is possible to estimate 

the value of the volumetric CTE of 𝛼-quartz BeF2, which is 

~ 8.0 · 10–5 K–1 at 300 K and ~ 8.5–9.0 · 10–5 K–1 at 

temperatures above 500 K. Accordingly, the linear 

expansion coefficient of BeF2 has values from 2 to 

3 · 10–5 K–1 in a wide temperature range. 

The change in the volumetric thermal expansion 

coefficient for the solid and liquid alkaline earth fluorides 

CaF2, SrF2 and BaF2, as well as for the molten BeF2 and 

MgF2 in a wide temperature range is depicted in Figure 9. 

The dotted lines connect the 𝛽 values at the melting 

temperature with the last experimental points obtained 

for the solid state [58]. It is not clear what kind of the 𝛽 

temperature dependence exhibits in this range. 

The coefficients 𝛽 of the molten salts MgF2 and SrF2 

were calculated according to the data of Takeda (2015) 

[64], and CaF2 and BaF2 – according to Kirshenbaum 

(1960)  [65].  For  solid  MgF2,  the  𝛽  was  not found in the 

 

Figure 9 The volumetric thermal expansion coefficient of the 

solid and liquid fluorides of metals IIA. The melting points of 

the salts are marked with vertical lines. 
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literature in the range from 300 K to temperatures close 

to the melting point, and there are only model data [63] 

for the BeF2. The values of the density of the molten BeF2 

differ significantly according to different sources. The 

temperature dependence of 𝛽 (BeF2) was calculated on the 

basis of the molten BeF2 density data obtained by 

Krylosov (2023) [66]. However, when using the equation 

from the Janz handbook [56] to calculate 𝛽 (BeF2), the 

value obtained is 4 times greater: 

𝛽 (BeF2) = 8.07 · 10–4 K–1 at 830 K. 

The coefficient 𝛽 of the liquid alkaline earth fluorides 

CaF2, SrF2 and BaF2 rises regularly with increasing the 

cation radius. However, 𝛽 (BeF2) and 𝛽 (MgF2) do not fit 

into this sequence, which is explained by significant 

differences in the structure of their molecules and the type 

of chemical bonds, and significantly smaller ion radii 

[57, 67]. 

Kim (2021) [68] studied the molten structure of MgF2 

using MD simulation and found that MgF2, which forms 

an octahedral structure in the solid state, combines one or 

two fluorine atoms into an octahedral unit of MgF6 in the 

molten state and forms a three-dimensional network 

structure. Li (2023) [69] using molecular dynamics 

calculated that beryllium ions form chains, that is, BeF2 is 

a network system and the so-called “across network 

interaction mechanism” is also characteristic of BeF2. 

A comparison of the experimental data obtained for 

SrF2 and SrCl2, presented in Figure 8, illustrates that the 

dependence of the coefficient 𝛼 (SrCl2) on temperature 

has the same shape as the dependence 𝛼 (SrF2) = 𝑓(T), 

however the values for 𝛼 (SrCl2) are higher than those for 

𝛼 (SrF2). The temperature dependences of the thermal 

expansion coefficient for other solid alkaline earth 

chlorides have not been found in the literature. 

Nevertheless, it can be assumed that the alkaline earth 

chlorides in the solid state have higher expansion 

coefficients than fluorides. This conclusion does not 

contradict the statement that the coefficient of thermal 

expansion of salt is higher, the larger the size of the ions. 

The 𝛽 of the molten chlorides of Group IIA metals, 

calculated according to Janz (1988) [70], are presented in 

Table 3 for temperatures 10 degrees above the liquidus of 

each salt and 1300 K. 

It follows from Table 3 that the CTE of chlorides 

increases with the growth of the cation radius from Mg2+ 

to Ba2+, but 𝛽 (BeCl2) has a significantly higher value. The 

dependence of the 𝛽 for fluorides and chlorides of group 

IIA metals on the molar volume is complex and is not 

described by a linear function, and the 𝛽 values for 

beryllium and magnesium salts generally fall outside the 

overall pattern (Figure 10). 

Table 3 – The volumetric thermal expansion coefficients 

(𝜷 · 10–4 K–1) of molten fluorides of group IIA. 

 BeCl2 MgCl2 CaCl2 SrCl2 BaCl2 

𝑇𝑚.𝑝., K 713 987 1056 1145 1230 

𝛽 (𝑇𝑚.𝑝. + 10) · 104, 

K–1 

7.43 1.80 2.04 2.13 2.15 

(1300) · 104, 

K–1 

13.0 1.91 2.14 2.19 2.17 

 

 

Figure 10 The volumetric thermal expansion coefficient of 

molten fluorides and chlorides of group IIA metals depending 

on their molar volume at temperatures 10 degrees higher than 

the liquidus temperature of each salt. 

The volume of one mole of MgCl2 is larger than the 

volume of one mole of CaCl2, despite the significantly 

smaller radius of the magnesium ion. Roy (2021) [71] found 

by means of computational analysis using five DFT 

methods that octahedrally coordinated magnesium in 

solid MgCl2 upon melting is predominantly coordinated 

with five chloride anions, forming distorted square 

pyramidal polyhedra MgCl53–. This species is in 

equilibrium with four-coordinate MgCl42– and six-

coordinate MgCl64– complexes present as minor 

components in pure molten MgCl2. According to Bu 

(2021) [72], with increasing temperature, the typical ionic 

structure of molten CaCl2 does not change significantly 

and is an irregularly distorted octahedron, the Cl– ions 

around the Ca2+ ions are not fixed and are in dynamic 

equilibrium. 

The molar volume of liquid BeCl2 exceeds that of any 

other alkaline earth halide. Pavlatou (2000) [73] found 

that two types of polynuclear beryllium ionic species are 

formed in molten BeCl2, one consisting of a ‘‘chain’’ of 

edge-bridged BeCl4 tetrahedra and the other having a 

‘‘cluster’’ like structure of vertex-bridged BeCl4 

tetrahedra. 

Thus, for the alkaline earth (Ca, Sr, Ba) fluorides and 

chlorides melts, the ionic type of interaction is typical, 
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while the magnesium and beryllium compounds have a 

complex structure of associated particles. 

5. Conclusions 

The thermal expansion of solid salts of alkali and 

alkaline earth halides does not obey a linear law in the 

range from 300 K to temperatures close to the melting 

point. This fact can be explained by the significant 

contribution of defects to the volume of the crystal lattice 

and a change in the mechanism of increasing interionic 

distances with increasing temperature.  

For solid alkali and alkaline earth (calcium, 

strontium, barium) fluorides and chlorides, the 

coefficients of linear expansion are close in value in the 

temperature range up to the critical point of each salt, and 

there is no tendency for the CTE to increase upon heating 

with increasing ion radii. However, this pattern is 

preserved for molten alkali and alkaline earth fluorides 

and chlorides. In the liquid state, the temperature 

dependence of the volumetric thermal expansion 

coefficient is linear and changes slightly with temperature. 

When salts melt, the volumetric thermal expansion 

coefficient increases, and the increase is greater the larger 

the cation size. 

The dependence of the volume expansion coefficients 

of all molten alkali halides on the molar volume can be 

described by a linear function, but for alkaline earth 

fluorides and chlorides such a dependence has a more 

complex nature. Nevertheless, both dependences indicate 

the uniformity of interparticle interactions in these salts 

and the ionic nature of the bond. However, the structure 

of molten beryllium and magnesium salts is characterized 

by an intricate structure of complexes, associates of 

polynuclear ions, chains or clusters. Their thermal 

expansion does not obey the established regularities. 
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