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A B S T R A C T

This study focuses on the comprehensive analysis of the NaNO3–KNO3 system, a salt mixture that is extensively 
used as a heat transfer fluid and thermal energy storage material in concentrated solar power (CSP) plants. 
Despite its common application, discrepancies exist in the reported equilibrium phase diagrams, largely due to 
the formation of metastable phases influenced by experimental conditions. This work combines various ther
mophysical methods, including differential scanning calorimetry, thermomechanical analysis, laser flash anal
ysis, and high-temperature X-ray diffraction, to resolve these discrepancies. The thermal and structural 
properties of a 50 mol % NaNO3 – 50 mol % KNO3 mixture have been determined. Significant differences in 
phase transition temperatures and volume were observed between the first and second heating cycles. In-situ 
HTXRD confirmed the formation of metastable solid solution phases upon cooling to room temperature after 
the first heating. The comprehensive analysis provided insights into the equilibrium and metastable states of the 
mixture, highlighting the importance of combining thermal analysis techniques with XRD for a thorough char
acterization of material properties.

1. Introduction

During the last century, a large amount of experimental and 
computational data for different kind of salt systems has been collected 
and is currently represented in the relevant thermodynamic databases. 
The main interest to these systems is related to the use as heat transfer 
fluids or chemical reactants in key industries such as metallurgy, nuclear 
and solar energy, because they have unique thermophysical properties, 
coupled with their relatively low costs. The combination of salts with 
different cations and anions greatly increases the variety of applications. 
For example the NaNO3–KNO3 system has been extensively studied due 
to its applications as heat transfer fluid and thermal energy storage 
(TES) material for concentrated solar power (CSP) plants. Currently, in 
most CSP plants so-called SolarSalt (mixture of 60 wt% NaNO3 and 40 
wt% KNO3) is used due to its favorable thermophysical properties. 
However, its operational temperature is constrained to 560–565 ◦C due 
to thermal stability limitations [1–6].

Despite numerous studies on this system [1–21], significant 

inconsistencies still exist in the reported phase diagrams. These in
consistencies are particularly evident in the equilibrium phase relations, 
which are crucial for thermodynamic modelling and reliable computa
tional predictions of multicomponent systems. These predictions are 
essential for identifying optimal salt compositions while reducing 
dependence on trial-and-error experimental methods. Achieving accu
rate calculations for binary and multicomponent systems requires a 
precise and comprehensive description of the Gibbs energies of both 
solid and liquid phases. This approach becomes even more complex in 
the presence of solid solutions, particularly when the formation of 
metastable phases during experiments leads to misinterpretations of 
phase equilibria.

Thermodynamic software uses typically two main types of the phase 
diagram [11], e.g. in the FactSage [12] - FTsalt and FTfrtz databases 
(Figs. 1 and 2), which are based on thermodynamic evaluations of 
previous experimental data for this system [13–17]. Fig. 1 (FTsalt) 
representing the first type of the phase diagram, which considers the 
solid-liquid equilibrium as the eutectic type [13,14,17–19] with the 
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melting of two phases (limited solid solutions based on the high tem
peratures modifications of NaNO3 and KNO3). Fig. 2 representing the 
phase diagram from FTfrtz database features a loop with a minimum 
(azeotrope type) and a continuous solid solution (K1, Fig. 2) between the 
high-temperature forms of NaNO3 and KNO3 [11,20,21]. One of the 
reasons for these discrepancies is the formation of metastable phases 
during experimental study of the salt mixtures, which can depend on 
many different parameters of the experimental devices (differential 
thermal analysis (DTA), differential scanning calorimetry (DSC), ther
momechanical analysis (TMA), laser/light flash analysis (LFA) and 
XRD), e.g. on sample preparation procedure as well as on the tempera
ture program. Similar kinetic effects are observed also for other salt 
systems, e.g. for the binary KNO3 – Ca(NO3)2 [22] and the reciprocal K, 
Ca//Cl, NO3 system [23].

In order to develop a consistent and reliable thermodynamic data
base that can accurately predict phase equilibria in multicomponent 
molten salt systems, it is essential to perform a comprehensive analysis 
that takes into account the formation of metastable phases. In particular, 
a combination of thermal analysis techniques with high temperature in- 
situ X-ray diffraction is crucial to resolve structural ambiguities in these 
systems and improve the accuracy of thermodynamic modelling.

In this study, we present a detailed investigation of the NaNO3–KNO3 
system by combining DSC, TMA, and LFA with in-situ X-ray powder 
diffraction. This integrated approach enables a deeper understanding of 
the phase diagram and the thermal behaviour of this system, specifically 
focusing on the 50 mol % NaNO3 – 50 mol % KNO3 composition, which 
was selected as a representative composition for the study of thermo
physical properties of this system. A newly designed container for 
thermomechanical analysis (TMA) is employed for the first time to 
precisely determine the volume change of both the solid and liquid 
phases. In-situ TMA observations of the sintering process are important 
for minimizing errors in the determination of thermal diffusivity ob
tained from LFA results. The comprehensive analysis conducted in this 
work allows for the precise identification of metastable phase formation 
during heating and cooling cycles and facilitates a more accurate 
interpretation of experimental results obtained through different 

techniques.

2. Materials and methods

To clarify the discrepancies of literature data, a comprehensive 
analysis involving different of thermal analysis and X-ray diffraction 
techniques has been used to study the 50 mol % NaNO3 - 50 mol % KNO3 
mixture. This salt mixture was synthesized by blending high-purity 
NaNO3 (99.995 %) and KNO3 (99.999 %) acquired from Sigma- 
Aldrich. The pure compounds were mixed according to the mass ratio 
in a glazed porcelain crucible and heated to 300 ◦C under an air atmo
sphere. Afterwards, the prepared mixture was grinded and stored in an 
exicator. Thermogravimetric analysis of the resulting mixture revealed 
minimal mass loss (0.06 %) upon heating the sample to 400 ◦C over two 
cycles, indicating a low content of absorbed water (Fig. 1s in supple
mentary material). The ratio and purity of the initial composition was 
confirmed by the XRD results. This study is focused mainly on the for
mation of metastable phases in the solid phase. Therefore, just a limited 
temperature range up to 360 ◦C was applied for experiments in the 
liquid phase, which allowed us to avoid mass loss during these experi
ments. Traditionally salt materials tend to show a poor particle statistic, 
precluding accurate and reliable X-ray powder diffraction. To prevent 
this issue, the sample of 50 mol % KNO3 – 50 mol % NaNO3 was spun to 
improve particle statistics in a quartz capillary of ∅ = 0.7 mm. In-situ X- 
ray powder diffraction experiments were determined using an Empy
rean Series 3 diffractometer using a Cu X-ray tube, a focusing mirror, 
Soller slits of 0.04 rad, and a 1Der strip detector. The sample in the 
quartz capillary was heated using a non-ambient chamber mounted on 
the diffractometer. The various isoline plots and the Pawley fits were 
carried out using the HighScore suite [24].

NETZSCH DSC 204F1 Phoenix has been used for determination of 
heat capacity of the 50 mol % NaNO3 - 50 mol % KNO3 mixture. The 
experiments were performed in aluminum crucibles with pierced lid and 
a heating rate of 10 K/min and 40 ml/min flow rate of nitrogen. Three 
measurements (baseline, sapphire as a reference material and sample) 
under identical conditions were performed for determination of the heat 

Fig. 1. Phase diagram of the NaNO3 - KNO3 system from FTsalt database in FactSage.
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capacity according to the ratio method. Phase changes of the pure metals 
In, Sn, Bi and Zn were used for temperature calibration. The average 
temperature deviation was ±1 ◦C and the uncertainty for heat capacity 
was estimated to be ±3 %.

For determination of the thermal expansion of the prepared sample 
NETZSCH TMA 402F1 Hyperion® was applied. The measurements were 
performed in a new designed graphite container (Fig. 2s in supple
mentary material) with a heating rate of 2 K/min under helium atmo
sphere (40 ml/min) and constant applied force of 50 mN. The 
calibration correction with sapphire cylinder (diameter 5.97 mm, length 
4.99 mm) as a reference material was performed before the sample 
measurements under the same conditions. The calibration correction 
considers the expansion of the entire measuring system, including the 
pushrod, the sample holder and the container. The samples for TMA 
measurements were prepared using the pressing technique. The salt 
powder was pressed with a force of 20 kN (24 h, sample_1) and 7 kN (10 
min, sample_2) to a pellet with a cylindrical shape (diameter 6.01 mm) 
and with an initial length of 4.57 mm and 4.91 mm respectively. The 
prepared samples were placed into the graphite container and heated 
according to the temperature program. The temperature programme 
consists of three cycles. The first cycle involves heating to 210 ◦C at 2 K/ 
min, followed by a 24 h isothermal step and then cooling back to 20 ◦C. 
The second cycle follows the same heating and cooling steps but omits 
the isothermal hold, allowing the reproducibility of the signal to be 
assessed. The third cycle extends the heating to 305 ◦C, above the 
melting temperature (222 ◦C), to study the thermal expansion of the 
sample in the liquid phase.

The thermal diffusivity measurements were conducted using a 
NETZSCH LFA 467 HyperFlash on a pressed salt pellet (20 kN, 24 h) with 
a diameter of 12.58 mm and a thickness of 1.048 mm. The analysis was 
carried out over three heating cycles, with stepwise temperature in
crements of 25 ◦C, reaching a maximum temperature of 185 ◦C. At each 
temperature step, three measurements were performed and averaged for 
the final evaluation. To enhance the absorption and emission of radia
tion, the prepared salt pellet was coated with a thin graphite layer.

Since the measurements were conducted exclusively in the solid 

state, the single-layer model was applied for signal evaluation. A Xenon 
flash lamp generated a 600 μs light pulse to heat the front surface of the 
sample. A liquid nitrogen-cooled InSb photocell was used to detect the 
temperature response on the rear surface of the sample within a detec
tion area of 3.7 mm in diameter. The resulting signals were analysed 
using the standard model based on Cape-Lehman, which accounts for 
non-uniform front-surface illumination and rear-face detection, with 
pulse correction applied based on an exponential model. To account for 
variations in sample thickness due to thermal expansion, the thermal 
diffusivity values were corrected based on measured thickness changes 
using the TMA results. The accuracy of the method was validated using 
Pyroceram as a reference material, measured in a wide temperature 
range from 25 ◦C to 500 ◦C. The deviation from the reference values was 
found to be less than 2 %. The total uncertainty in the obtained thermal 
diffusivity values was estimated to be 4 %, considering both the statis
tical deviation of the signal and thickness variations during 
measurement.

Determining thermal diffusivity in the liquid phase requires a 
specialized sample container for LFA measurements, as discussed in 
previous studies [25–28]. These studies highlight the significant chal
lenges associated with accurately measuring the thermal diffusivity of 
molten salts, primarily due to the creeping effect [25–27]. Therefore, 
measurements in the liquid phase using LFA were not considered in this 
study.

3. Results and discussion

Fig. 3 shows the DSC curves for the first and the second heating and 
cooling of the 50 mol % NaNO3 - 50 mol % KNO3 mixture. Upon initial 
heating, the data shows a continuous solid-solid phase transition in the 
temperature range from 110 ◦C to 173 ◦C, and melting at 222 ◦C. This is 
consistent with the phase diagram from FTfrtz database (Fig. 2). The 
second heating curve shows an additional solid-solid transition at 98 ◦C, 
which is reproducible when the sample is treated with additional 
heating and cooling cycles. In contrast to the initial heating, the salt 
mixture displays a behavior in subsequent heating cycles that is better 

Fig. 2. Phase diagram of the NaNO3 - KNO3 system from FTfrtz database in FactSage.
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described by the phase diagram from FTsalt database in FactSage 
(Fig. 1). After this set of experiments, the sample was allowed to 
equilibrate for 1 week at ambient temperature; it was not possible to 
reproduce the behavior of the first heating curve during the experiment. 
This would suggest that the second heating curve (Fig. 3) represents a 
metastable state of the 50 mol % NaNO3 – 50 mol % KNO3 mixture. Such 
effects should be considered by interpretation of phase diagrams that 
typically describe equilibrium conditions.

The apparent heat capacity and phase transition enthalpies were 
calculated from the DSC data based on the sensitivity calibration using a 
sapphire reference sample. The results of this evaluation are shown in 
Fig. 4. The comparison of the values obtained from the fusion enthalpy 
of the 50 mol % NaNO3 – 50 mol % KNO3 mixture shows a good 

agreement with literature data of 101.6 J g− 1 [29] and 100.7 J g− 1 [30] 
within an uncertainty of 2 %. The specific heat capacity of the liquid 
phase remains almost constant in a wide temperature range from 240 ◦C 
to 360 ◦C, averaging 1.469 J g− 1 K− 1 and 1.488 J g− 1 K− 1 for the first- 
and the second heating cycles respectively. The average literature value 
of the 50 mol % NaNO3 – 50 mol % KNO3 mixture is 1.492 J g− 1 K− 1 

[27], which is in good agreement with the second heating values and 
corresponds within 2 % to the first heating values of specific heat 
capacity.

To confirm the DSC results, the same salt composition was tested 
using TMA and LFA devices. In this case the sample preparation pro
cedure plays critical role in the determination of the thermal expansion 
coefficient and thermal diffusivity, especially when preparing powdered 

Fig. 3. DSC curves for the first and the second heating and cooling of the 50 mol % NaNO3 - 50 mol % KNO3 mixture.

Fig. 4. Apparent specific heat capacity obtained by using the first and the second heating curves of the 50 mol % NaNO3 - 50 mol % KNO3 mixture.
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samples. This is because the powder particle size and compaction can 
significantly affect the thermal conductivity and expansion behavior and 
can lead to inaccurate or inconsistent results. Proper sample preparation 
ensures homogeneity and reproducibility of the results. Fig. 5 shows the 
first heating and isothermal step at 210 ◦C for 24 h of two differently 
prepared samples. The significant difference in length change observed 
during the first heating step for both samples can be attributed to the 
sintering process occurring in the second sample. The second sample 
(pressed with 7 kN, 10 min) undergoes a sintering effect, where the 
length decreases by around 0.5 % during 24 h. However, for the first 
sample (pressed with 20 kN, 24 h) the length of the sample was almost 
stable for 24 h.

Fig. 6 shows the recalculated TMA results as the volume change 
through 3 heating cycles of the 50 mol % NaNO3-50 mol % KNO3 
mixture (first sample, pressed with 20 kN, 24 h) including solid and 
liquid phases. The TMA confirms the deductions made from the DSC 
measurements, where the first heating cycle shows a different behavior 
compared to subsequent heating cycles. The phase transition tempera
tures as well as the values of volume change in % are displayed in Fig. 6. 
To the best of our knowledge, no literature data are available for the 
thermal expansion of the solid phase in the 50 mol% NaNO3 - 50 mol% 
KNO3 mixture [27], which means, that these values have been obtained 
for the first time in the present paper.Density values of the liquid phase 
have been published and discussed in previous research papers [27,
31–34] and have been summarized in Ref. [27], where the average 
values are given as a polynomial: 

ρliquid
(
g
/

cm3)= − 6.891×10− 4 ⋅ T(◦C) + 2.112 

The obtained volume change values were recalculated to density 
using the reference value at 230 ◦C, equal to 1.953 g/cm3. A comparison 
of the recalculated liquid-phase density data from this work with 
average literature data, computed using the polynomial from Ref. [27], 
is provided in the supplementary material (Fig. 3s). The results show 
good agreement with previous values within a 0.15 % uncertainty range.

The information obtained from the thermal expansion of the 50 mol 
% NaNO3 – 50 mol % KNO3 mixture was used to determine thermal 
diffusivity by LFA analysis. The thickness of the sample plays an 
important role in determination of the thermal diffusivity according to 

the equation [35]:
The LFA results are presented in Fig. 7 together with the DSC and 

TMA curves. The observed thermal effects and changes after the first and 
the second heating can be compared since all are related to the initial 
structural change of the sample.

An isoline plot of the in-situ heating from room temperature to 235 ◦C 
X-ray powder diffraction experiment of the first heating is shown in 
Fig. 8. X-ray diffraction signals of KNO3 (Pnma symmetry) and NaNO3 
(R-3c symmetry) are clearly present. A phase transition is observed at ca. 
110 ◦C, which is in good agreement with the DSC measurement. X-ray 
powder diffraction data provides insight into the phase transition of 
KNO3 as it undergoes a change in symmetry from Pnma to R-3m.

Upon further heating above 110 ◦C two features become visible: 
firstly, the reflections of the high temperature KNO3 phase starts 
following a nonlinear progression and secondly, the intensity of the 
reflections associated with the NaNO3 phase decreases, disappearing 
entirely above 185 ◦C. The concomitance of those 2 features suggest that 
sodium atoms are entering the high temperature structure of KNO3 to 
exhibit a full solid solution (K,Na)NO3 at elevated temperature. Above T 
~180 ◦C, this solid solution is the only phase present, ultimately melting 
at T ~220 ◦C. Above the melting temperature, the X-ray patterns clearly 
demonstrate the absence of any sharp peaks, displaying only broad 
humps, which are the typical signature of a liquid phase. While the data 
suggests the existence of a pure solid solution at high temperature, we 
note that this solid solution is not very homogenous in nature as illus
trated by the noticeably broader reflections characterizing this phase. 
Additionally, X-ray powder diffraction allows us for a phase quantifi
cation by Rietveld as function of temperature which is presented in 
Fig. 9.

As shown in Fig. 9, the decrease of the NaNO3 phase is smooth until 
about 115 ◦C followed by a step and then a nearly linear decrease from 
about 130 ◦C until its complete disappearance. This behavior is consis
tent with the exsolution of sodium from the NaNO3 phase to form a solid 
solution of (K,Na)NO3. The broad thermal event observed in the DSC 
measurement shown in Figs. 3 and 4 spanning the range from 130 to 
190 ◦C is ascribed to the energy change required for the formation of the 
solid solution, confirmed by the non-ambient X-ray phase 
determination.

The sample was allowed to cool and crystallize (Fig. 10a). At first 

Fig. 5. TMA results: Observation of sintering effect by the isothermal step at 210 ◦C and dwell time 24 h of two prepared samples from the 50 mol % NaNO3 - 50 mol 
% KNO3 mixture. Dashed lines – temperature profile, solid lines – relative length change for two samples.
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glance the data suggest the presence of only a single phase below tem
peratures of 220 ◦C; however, closer inspection reveals the presence of at 
least 2 phases with very similar cell parameters (Fig. 10b).

Upon cooling from 240 ◦C to 75 ◦C, the X-ray powder pattern is best 
described by a 2-phase model exhibiting the high temperature phase of 
KNO3 (symmetry R-3m) with very similar cell parameters. This 2-phase 
model suggests that the X-ray powder diffraction supports the phase 
description shown in Fig. 1.

A structureless fit of the data (Pawley fit) is shown in Fig. 11. The 
corresponding cell parameters are a = 5.2597(6) Å and c = 9.2357(8) Å 
for phase 1 while phase 2 is characterized by a = 5.2497(2) Å and c =
9.2644(3) Å. By comparison, the cell dimensions obtained for the 1st 
heating are a = 5.2562(7) Å and c = 9.287(1) Å. While the length of the 
a-axis is comparable, the c-axis is significantly affected by the change in 
elemental composition as sodium is incorporated into the high tem
perature phase of KNO3. The two phases that are present in subsequent 

heating cycles exhibit very similar cell parameters, which would suggest 
that their composition is also quite similar. Thus, although the presence 
of a pure NaNO3 phase is not impossible at that stage (Fig. 1), the au
thors consider this possibility to be unlikely. This conjecture is further 
supported by the DSC data that shows a single melting event, implying 
that the chemical composition of both phases must be very similar to 
exhibit a single melting event within the resolution of our experiment.

The subsequent heating cycles were complemented by a second in- 
situ X-ray diffraction heating study from 25 ◦C until 240 ◦C, although 
conducted with coarser temperature steps with data collected every 
15 ◦C; see Fig. 12.

The data shown in Fig. 12 is in perfect agreement with the DSC data 
measured upon the 2nd heating: a transition around 95 ◦C followed by a 
melting around 220 ◦C. This confirms the existence of 3 phases: the first 
existing below about 95 ◦C, and the other two closely related R-3m 
phases that melt concomitantly. The results of the 2nd heating are in 

Fig. 6. TMA results: Temperature dependence of volume change through 3 heating cycles of the 50 mol % NaNO3 - 50 mol % KNO3 mixture including solid and 
liquid phases.

Fig. 7. Comparison of DSC, TMA, and LFA results for the first and the second heating of the 50 mol % NaNO3- 50 mol % KNO3 mixture in the solid phase.
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closer agreement with the FTsalt phase diagram shown in Fig. 1, which 
consist from two solid solutions before melting ht-(K,[Na])NO3 + ht- 
(Na,[K])NO3.

4. Conclusions

In this work DSC, TMA, LFA, and non-ambient XRD were used for the 
study of the 50 mol % NaNO3 – 50 mol % KNO3 mixture. The experi
mental results obtained by DSC and TMA show significant differences 
between the first and the second heating of the prepared mixture, which 
is associated with a change in phase transition temperatures and in 
volume. This thermal behavior of the 50 mol % NaNO3 – 50 mol % KNO3 
mixture also has an influence on the thermal diffusivity values. To 
explain this behavior in situ XRD measurements have been performed 
with two heating and cooling cycles. These data confirm the formation 
of metastable solid solution phases after the first heating and cooling. In 
addition, the XRD data also elucidate the phase transitions detected by 
the DSC and TMA measurements for the first heating cycle where the 
NaNO3 is continuously dissolving in the (Na,K)NO3 solid solution. The 
thermodynamic and thermophysical properties of the mixture are 
determined by thermal analysis. This data is supported by the X-ray 
diffractograms that provide the information about the phases that are 
present and their respective quantities.

We have shown that both the FTsalt as well as the FTfrtz phase di
agrams (Figs. 1 and 2) [11–21] are required to explain the experimental 
results. The phase diagram from Fig. 2 is more related to the equilibrium 
state and from Fig. 1 representing metastable phases, which can be 
formed depending on the thermal and mechanical pretreatment of the 
sample. It was possible to prepare initially the stable phase of the 50 mol 
% NaNO3 – 50 mol % KNO3 mixture by using mechanical grinding 
process and keeping the sample for longer time in an exicator, which 
leads to complete separation of NaNO3 and KNO3 from the solid solu
tion. However, within the framework of the performed experiments 
(DSC/TMA/LFA/XRD), it was not possible to observe the formation of 
the stable phase after the first heating and cooling cycle. Therefore the 
similar discrepancies have been observed for the experimental results 
from the previous studies [11–21]. Similar conclusions are presented in 
Ref. [36], where samples were annealed at least for 48 h at temperatures 
above 130 ◦C to achieve an equilibrium state of the solid solution phase, 
which aligns with the phase diagram presented in Fig. 2. Moreover in 
our work is shown, how the combination of thermal analysis 
DSC/TMA/LFA techniques with XRD analysis allows for a comprehen
sive characterization of salt samples.
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