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Abstract

This study is a short communication on progress made in the adaptation of conventional push-rod dilatometry for the
measurement of volumetric expansion of liquid salts up to 1300 K. A new crucible design is offered as a practical solution
for measurement of liquid salts by this method. Proof-of-concept measurements of the volumetric expansion of sodium
chloride (NaCl) are compared to the available data in literature. Measurement of the coefficient of thermal expansion
(CTE) of solid NaCl compared favorably to the available data in literature, confirming both magnitude and trend. The
average CTE of NaCl (solid) was ay,c sorig = 363 - 107 1/K- The volumetric expansion of liquid NaCl was measured as
Bnaci Liquia = 396 - 107°1/K and is essentially constant from the melt point to 1300 K. The volumetric expansion produced
by this method is in reasonable agreement with the available published data and previous measurements made by the authors

by neutron radiographic technique.

Keywords Coefficient of thermal expansion - Molten salts - Ionic liquids - Liquid halides

Introduction

Liquid salts are of research interest for their potential appli-
cation in heat storage for concentrated thermal solar power
plants, pyrochemical processing and separation of actinides,
and as the coolant/fuel salt in certain molten salt nuclear
reactor (MSR) designs. As an energy storage media, molten
salts provide a useful range of material properties, includ-
ing: a broad liquid temperature range, large heat capacity,
and low viscosity [1-5]. Pyrochemical processing relies on
the unique redox behavior of the actinides in liquid salt sys-
tems and may be coupled with electrolysis to separate fission
products [6]. MSRs rely on the fact that liquid salts will
remove heat from the core without significant moderation
of the average neutron energy, which enables a high rate of
transmutation and burning of minor long-lived transuran-
ics. Optimization of a liquid salt for a given application is
difficult given the lack of information of thermophysical
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properties of most compositions and the impact of dilute
impurities on overall salt performance. In the case of the
single-species salts, where more data is available, there is
significant scatter in fundamental properties such as den-
sity, melt point, and enthalpy of fusion [7]. A comprehen-
sive understanding of these thermal properties as a function
of temperature and composition will be critical towards
future development of predictive models that will aid in the
design of engineered systems that implement molten salt
technology.

There are numerous technical challenges associated with
measurement of the thermophysical properties of liquid
salts. Chlorides and fluorides can be extremely hydroscopic.
Stock materials must be rigorously dried and purified, and
subsequent storage and handling must be performed under
controlled atmospheric conditions. The melting point of pure
unmixed salts is generally high, in excess of 1075 K. Given
the elevated vapor pressure at high temperatures (> 1300 K),
single-use sealed containers are often required [8]. Conven-
tional methods for measurement of thermal properties gener-
ally require non-trivial adaptations. This is highlighted by
recent investigations on molten salt heat capacity measure-
ments [9]. Novel methods for liquid salt characterization
are required for measurement of small sample sizes or unu-
sually hazardous materials, such as plutonium. Successful
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adaptation of a commercially available test apparatus ena-
bles measurement across a broad range of institutions and
promotes cross-validation of data.

This study is a short communication on progress made in
the adaptation of conventional push-rod dilatometry for the
measurement of volumetric expansion of liquid salts up to
1300 K. Push-rod dilatometry was chosen as it is an essen-
tially ubiquitous tool for measuring material thermal expan-
sion and its applications to molten salts will allow for more
rapid screening of candidate salt compositions. This tech-
nique also offers some advantages compared to other den-
sity measurement techniques, such as pycnometry (ASTM
D3505), gas bubble measurement (ISO Standard 18,213),
neutron scattering methods, or laser interferometry. With
respect to each of these techniques, force controlled push-
rod dilatometry would eliminate bubbles in the liquid phase,
use a small mass of sample material, is affordable, and has
low geometric complexity. A modified liquid cell crucible
design is offered as a practical solution for measurement
of liquid salts. Preliminary proof-of-concept measurements
of the volumetric expansion of NaCl are compared to the
available data in literature. The work presented here is a first
look into upcoming measurements and will extend to binary/
ternary salt mixtures, as well as uranium- and plutonium-
bearing salts.

Experimental
Materials

High purity (>99.99%) NaCl was purchased from Sigma-
Aldrich and was subsequently dried by vacuum furnace at
393 K for 24 h and then 493 K for 24 h, similar to such
methods described previously in [10-13]. Phase purity was
measured by powder x-ray diffraction (pXRD) (Bruker,
D2 Phaser, Bragg—Brentano geometry, Ni-filtered Cu Ka,
Bruker AXS, Karlsruhe, Germany), with comparison to
available powder diffraction file (PDF-4 +) database. XRD
samples were prepared and sealed in a dry inert atmosphere
glove box where the oxygen and moisture levels were moni-
tored and maintained between 1 and 5 ppm. The sample
container consisted of a low background silicon stage with

Fig. 1 Schematic representa-
tion of the liquid cell graphite

a plastic dome (Bruker AXS, Karlsruhe, Germany) which
sealed the sample material. This x-ray technique was able
to detect the presence of oxides or oxychlorides but was
limited to the detection of gross impurities in excess of 1-2
wt%. Maximal residual oxychloride/oxide contamination in
the dried salts was expected to be equal to or less than the
initial water content in the as-received materials, < 0.5 wt%.
Moisture content of the as received and dried salt was meas-
ured by coulometric Karl Fischer titration (Mettler-Toledo
GmbH, Analytical, C30S, Schwerzenbach, Switzerland)
using a heating technique to analyze volatile species in the
titration solution, hydranal. A moisture content of <500 ppm
in the dried salts was considered suitable for our measure-
ments. These levels of oxide, oxychloride, and water impuri-
ties were assumed to be tolerable and would not significantly
impact measurements of volumetric expansion, given the
larger overall position and temperature uncertainty associ-
ated with pushrod dilatometry.

Method

The coefficient of volumetric expansion of liquid NaCl was
measured by a force-controlled push rod dilatometer (DIL
402CD, Netzsch Instruments, Germany). A custom graphite
cylindrical crucible with a graphite push plate was used; a
schematic drawing of this crucible is shown in Fig. 1.

This crucible design was adapted from past dilatometry
measurements on molten metals and silicate melts [14-16].
The choice of machining technique and crucible diameter
was critical to the success of the experiment. The crucible
interior was shaped by plunge end milling and then polished
with a straight flute reamer. A range of crucible diameters
close to the diameter of the push plate were tested. Small
diameter mismatch led to binding of the push plate in the
crucible while large diameter mismatch allowed fluid to
leak from the crucible during the measurement. The cruci-
ble diameter was chosen such that no binding occurred, and
the mass loss of sample material was minimized. A mass
loss of < 1% was a criterion for a successful measurement,
as such a variation was within the precision of the mass
measurement and will not greatly impact material expansion
behavior. Prior to testing, salt was cast in the base of the
crucible using a furnace located within an inert atmosphere
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dry glovebox. During casting the crucible was oriented ver-
tically and the push plate was inserted from the top. Due to
the action of the push plate pressing down onto the salt melt
during the casting process, the salt solidified into a right cyl-
inder upon cooling. Given the diameter of the crucible, the
mass of salt was chosen such that the cast cylinder was 7 mm
in height. The casted cylinder of salt was removed from the
crucible and the height was measured directly.

Dilatometry measurements were conducted under a flow-
ing inert argon atmosphere up to 1300 K. Reference graphite
standards were manufactured of equivalent length, and the
length was measured as an average of 10 measurements by
a digimatic indicator (543-783BCERT, Mitutoyo, Japan).
Standards were turned and polished on a lathe to a length
of 7.00+0.02 mm, with a final polishing step of 1200 grit
alumina. The height of the as-cast salt block was measured
and recorded as L. The coefficient of expansion of solid
NaCl was determined by the ratio method with the known
expansion of graphite as described in ASTM standard E473-
11a. The volumetric expansion of the liquid NaCl was cal-
culated from the change in volume between the melt point
(T,,=1074 K) and 1300 K, taking into account the expan-
sion of the graphite crucible and the change in length of the
liquid column. Prior to measurement, the dilatometer fur-
nace chamber was purged via vacuum to at least 10~> mbar
and refilled with ultra-high purity (UHP) argon in order to
reduce the potential for residual moisture or oxygen contam-
ination. The dilatometer was set to standby for 30 min under
flowing UHP argon prior to each measurement. The coef-
ficient of volumetric expansion was measured up to 1300 K
using a heating rate of 5 K/min controlled by the sample
thermocouple located within 3 mm of the liquid measure-
ment cell. The sample thermocouple was calibrated with

solid

a five-point temperature calibration based on high-purity
(>99.99%) melt point standards. Temperature uncertainty
at the sample thermocouple was +5 K.

Results and discussion

Change in length (represented as dL./Lo) is plotted as a func-
tion of temperature in Fig. 2: The plot indicates the expan-
sion of solid and liquid NaCl, separated by a step discontinu-
ity which represents the melt event.

The melt event was shown as a decrease in dL/L,. This
was an artifact of the casting process and should not be inter-
preted as a contraction of the sample material. Because the
salt was cast within the graphite crucible prior to the start of
the measurement, the diameter of the salt block necessarily
contracted while cooling from liquid to solid. Therefore, the
diameter of the salt block at the start of the measurement
was significantly smaller than the diameter of the interior of
the crucible. When the salt liquified it flowed into this resid-
ual empty space. The push plate advanced to regain contact
with the sample material, and this movement was recorded
as an apparent decrease in dL/L. The average coefficient
of thermal expansion (CTE) of solid NaCl was measured
as Ayl song = 3-63-107° 1/[(, which is consistent with the
reported literature [17, 19, 20]. as summarized in Table 1:

At temperatures between 773 and 1073 K an increase in
CTE was observed, which was attributed to the defect con-
tribution to o which arises from the formation of Schottky
pairs [17, 18]. This trend was confirmed in this study: a(7)
was essentially linear until 773 K, above which the CTE
increased significantly. The temperature dependence CTE
is given by Eq. (1):
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Table 1 CTE [1/K] of solid.‘ Average Referonce
NaCl, from literature and this CTE - 105 [ 1/ K]
study

5.63 This work

5.26 [17]

5.11 [19]

5.51 [20]
Unact sonia =1:4838 - 1071172 + 6.8131 - 107°T

()

+5.05-107

where T is the temperature in Kelvin, and o is in units of
1/K. While the magnitude and trend are in close agreement,
the data for ay,cigoq at lower temperatures (<773 K) are
10-20% higher than measured in previous studies [17-20].
This may be due to entrapped gas within the cast block.
In order to mitigate this effect, future measurements will
repeatedly cycle the sample between the solid and liquid
phase. Solidification in the measurement configuration
should minimize any geometric effects. However, measure-
ment of the CTE of the solid salt was not the motivation of
this work. Indeed, this work was meant to demonstrate fea-
sibility of molten salt measurements and summarize results
of the volumetric changes of liquid NaCl. Thermal expan-
sion measurements on the solid phase was included here to
document that the measurement was accurate to the order
of magnitude of reference data, with reproduction of the
expected trend in CTE. This established confidence in the
measurement of the expansion of the liquid. Unlike the case
of the solid measurement, confinement of the liquid was
taken into account in the calculation of AV /V,.

Analysis of the expansion of the liquid was complicated
by the fact that the liquid cell would necessarily expand
during the measurement and must be corrected in the final
analysis [15]. The average coefficient of volumetric expan-
sion, E, is related to the total change in volume, initial vol-
ume of the liquid, and the change in temperature as shown
in Eq. (2):

AVr 1300k

”[(ro“graphiteAT1074—>1300k + Vo)leoo - (rOagraphiteAT300—>1074K + rO>Lmelt]

at melt, and AT is the change in temperature from melt to
1300 K. The dependence of f on temperature is shown by

Eq. (3):

Praci Liguia = 7-171 - 1071°T +3.867 - 107 ~ 3.96 - 107°1/K
3)
p is essentially constant. This result was supported by
other recent work where the volumetric expansion of molten
chlorides was measured by neutron scattering technique;
in that work the volumetric expansion was shown to be
3.98 « 1071 /K, which is in close agreement with the result
of this study [7]. This was a first of its kind measurement to
employ conventional pushrod dilatometry to produce volu-
metric expansion data of molten NaCl. Future work will
expand this effort to include measurements on other solid
and liquid chlorides, especially binary and ternary mixtures.
This method should be adaptable for the measurement of
liquid fluorides and liquid metals.

Conclusions

This short communication summarized progress made in
the adaptation of conventional push-rod dilatometry for
the measurement of volumetric expansion of NaCl up to
1300 K. An adapted design of graphite liquid cell crucible
was employed as a practical solution for measurement of
a liquid salt. This method may be generalized to include
measurements of any molten salt system. The method for
machining and properly sizing the push plate and cru-
cible was described. Measurement of the coefficient of
thermal expansion of solid NaCl compared favorably to
the available data in literature and confirmed both mag-
nitude and trend. The average CTE of NaCl (solid) was
Anacl ot = 5-63-107° 1/K~ The volumetric expansion of
liquid NaCl was found to be fy,c; 1iquia & 3-96 - 10~°1/K and
was essentially constant from the melt point to 1300 K. The
data represented here is shown as a first look into upcom-
ing measurements, which will extend to binary/ternary salt

(@)

BAT =
p v,

n (r OagraphiteAT300—>lO74K + 7 O)Lmelt

where 7, is the initial inner radius in the change in volume
from the melt point to 1300 K, VTm is the volume of the liquid
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