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Abstract Systems (LiF-CaF,).,—LnF; (Ln = Sm, Gd,
and Nd) were investigated by means of thermal analysis
and density measurements. Temperatures of primary
crystallisation were measured and solidified samples were
analysed by XRD as well as by SEM images and EDX
mapping of the solidified samples. Densities of individual
melts were measured by hydrostatic weighting (Archime-
dean method). Consequently, molar volumes were calcu-
lated. Unusual behaviour was observed in all three cases,
when molar volumes decrease with initial LnF5; additions
up to 1 mol % of LnF;. Further LnF; additions result in
molar volumes increase. In the case of GdF; system,
anomalous molar volume behaviour was observed: over
1 mol % of GdF3 molar volume is higher at lower tem-
peratures. Partial molar volumes of LnF; components were
analysed by both simple linear or polynomial regression
and multicomponent polynomial regression using least
square parameters minimisation procedure. With increas-
ing temperature, partial molar volumes of LnF; decrease
even to negative values.
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Introduction

In the second half of previous century, the research of
different molten salts systems, in general, was exhaustive
concerning single salts or binary systems. Predominantly
phase diagrams and, less frequent, other physico-chemical
properties were analysed. Even in binary systems there is
lot of obstacles: (1) relatively high melting points of
majority of salts, (2) formation of glasses making mea-
surements difficult, (3) formation of new phases that still
have not been characterised, and (4) high tendency to
reaction with oxygen impurities. Unless all phases formed
in the system are not known and unless they are not
thermo-chemically characterised, it is difficult to perform
such an easy task like calculation of phase diagram (this
can be partially overcome by some estimations).

Concerning the motivation to study molten systems, the
most frequently considered topic is potential in solar
energy storage for nitrate salts (e.g. [1-3]) or in nuclear
energy production for fluoride melts (among others, e.g.
topics for metallurgy). There are hundreds of reports on
physico-chemical properties related to nuclear applications
on different fluoride systems [4, 5]. The main problem
arises from the fact that all these accessible data suffer with
any systematic approach. Significant portion of these data
is only in restricted composition or temperature range or
only for some exact compositions. There are also signifi-
cant data gaps what make any effort for data correlation
impossible.

This work is related to the systems like LiF-CaF,-LnF;.
Summary of physico-chemical properties of binary systems
is given in Table 1. As can be seen from the table, there are
no data for, e.g., density, viscosity, or other physico-
chemical properties even for binary systems. Almost no
experimental data for ternary systems are accessible, as
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Table 1 Summary of physico-chemical properties of investigated binary systems

System Measured property Comment

LiF-LaF; Phase diagram 16.7 mol % LaF;; T.,, = 1043 K [6, 7]

LiF-GdF; Phase diagram 26 mol % GdF3; Ty, = 973 K 39 mol % GdF3; T, = 1028 K and o
— B 50 mol % GdF; at Ty, = 1148 K [8] 25 mol % GdFs;Tey.
= 971 K and 34 mol % GdFj3; T, = 1028 K [9]

LiF-NdF; Phase diagram 23 mol % NdFs; T.,, = 1011 K [8]

LiF-SmF; Phase diagram 27 mol % SmF;; Tey. = 971 K [8]

CaF,-LaF; Phase diagram 58 mol % LaFs; T, = 1584 K [10-12] 56.2 mol %
LaF;; Ty = 1585 K [7]

CaF,~GdF; Phase diagram 60 mol % GdF3; T, = 1506 K [10, 11, 13]

CaF,—NdF; Phase diagram 60 mol % NdFs; T, = 1557 K [10, 11]

CaF,-SmF; Phase diagram 67 mol % SmF3; T, = 1521 K [10, 11] 56 mol % SmF3;

LiF-CaF,-LaF; Phase diagram electrochemical investigation

LiF-CaF,~GdF;
LiF-CaF,-NdF;
LiF—Can—Sij,

Electrochemical investigation
Electrochemical investigation

Electrochemical investigation

Tow = 1473 K [14]

15.8 mol % LaFs; Toy = 981 K and 17.4 mol % LaFs;
T = 1002 K [7] 13.9 mol % LaFs; T,y = 985 K
and 14.8 mol % LaFs, Ty, = 1002 K [7] [15]

[14]
[14, 16]
[17]

Ty, s eutectic temperature and (7p.,.) is peritectic temperature

well. The aim of this work is to investigate systems of
(LiF—CaF,).,.—LnF; (Ln = Gd, Nd, and Sm) in terms of
primary crystallisation temperature measurements and
volume properties analysis in the temperature range up to
1273 K in order to get some systematic data suitable for
comparison.

Experimental
Chemicals

The following chemicals were used: LiF (99.9 %, Sigma-
Aldrich), CaF, (99 %, Merk), SmF5 (99.9 %, Chempur),
NdF3 (99.9 %, Chempur), and GdF3 (99.9 %, Chempur).
LiF was dried at 773 K during 4 h, and CaF, was dried at
773 K during 4 h. All chemicals were handled inside high-
purity argon atmosphere (99.9990 %, Messer Tatragas) in a
glove box (water content < 10 ppm).

Thermal analysis

The phase equilibria of the investigated system were
determined by the means of a thermal analysis method.
Detailed measuring procedure was published several times
and can be found in [6—14]. All samples were homogenised
and placed in a platinum crucible in glove box under inert
atmosphere (Ar—Messer, 99.999 % purity). Homogenised
sample (ca 7 g) in a platinum crucible was transferred into
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the preheated furnace at 353 K under dried argon atmo-
sphere (Ar—Messer, 99.996 % purity). The experiments
were done in tightly closed vertical resistance furnace with
water cooling (Detailed description of the experimental
device is shown in Fig. 1). Thereafter the sample was
heated at rates of 7 K min~" up to 323-343 K above the
liquidus temperature. The temperatures of phase transitions
at primary and eutectic crystallisation were determined.
The cooling rate was set to 1.5 K min~'. The temperature
control and the data processing were performed using
computerised measuring device (multicomponent model
for thermal analysis data collections—National Instru-
ments'™, where the data collections run online under
Labview™ software), developed on our institute. The
temperature of the sample was controlled by a Pt—PtRh10
thermocouple calibrated with the melting points of pure
NaCl. The original figure of cooling curve of thermal
analysis is shown in Fig. 2.

Density

The density of the investigated system was determined by
the Archimedean method. Crucial a part of devices are
precision analytical balance with automatic balancing, who
are they place above furnace. A platinum vessel suspended
in a platinum wire of 0.3 mm diameter, attached below an
electronic balance unit, was used as the measuring body
(platinum globule with diameter 15 mm and mass 34 g).
The temperature dependence of the volume of the vessel
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Fig. 1 Scheme of devices for measurement of the phase equilibri-
ums. / Pt crucible with sample, 2 Pt crucible with reference substance
(Al,03), 3 bottom flange of furnace, 4 Kanthal heating element,
5 stack of furnace, 6 thermocouples, 7 top flange of furnace
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Fig. 2 Cooling curve of the

20 mol % GdF;

system (LiF-CaF;)qy —GdF;—

was determined by calibration, using molten NaCl, KF, all
of analytical grade purity. The temperature was measured
using a Pt—Pt10Rh thermocouple calibrated at the melting
points of NaCl and KF. An online PC XT computer was
used for control of the measuring device and for evaluation
of the experimental data. The platinum crucible (diameter
40 mm, height 50 mm) containing homogenised sample
about 60-70 g [sample was homogenised in a glove box
(water content < 10 ppm)] was placed inside a water-

cooled vertical resistance furnace, which was preheated at
573 K. A sample was held under an atmosphere of dried
nitrogen. Position of platinum crucible was just below the
measuring body. A Pt-PtIORh thermocouple inside the
crucible was also used to indicate the melting of the sam-
ple. A scheme of the used apparatus is shown in Fig. 3.
The measurements were taken in a temperature interval
depending on the temperature of primary crystallisation of
the measured mixture. The samples were heated to the
upper temperature (373-423 K) above the primary crys-
tallisation. Then the measuring body was immersed into the
melt, and the first set of measurements in the cooling
direction was performed down to the temperature ca.
293 K above the temperature of primary crystallisation.
The density results were automatically recorded by the
measuring device every 3 s for each melt. A detailed
description of the measuring device, calibration, and data
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Fig. 3 Apparatus for the density measurement according to Archi-
medean method. / Analytical balance with automatic balancing,
2 stand on analytical balance, 3 output of working Pt thermocouple,
4 radiation rings, 5 working Pt thermocouple, 6 Pt crucible,
7 measuring body, 8 output of nitrogen, 9 stand on Pt crucible,
10 stack of furnace, /1 electric contact level, /2 Kanthal heating
element, /3 input of cooling water, /4 output of electric contact, /5 Pt
wire, /6 input of nitrogen
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manipulation was published several times -elsewhere
[15-19].

Powder X-ray diffraction

X-ray powder diffraction patterns of solidified samples
were collected on Stoe Stadi P transmission diffractometer
equipped with a curved Ge (111) monochromator placed in
primary beam and a linear PSD. In order to achieve better
resolution, cobalt lamp radiation was used. The records
were taken in the 20 range of 7-70° at room temperature
each for 2 h. Phase analysis was performed with X’Pert
HighScore Plus PANalytical software with PDF2 2011
database.

SEM EDX

The surface morphology of the samples was analysed using
a scanning electron microscope (SEM) EVO 40 (Carl-
Zeiss, Germany) equipped with energy-dispersive X-ray
(EDX) spectroscopy (calibrated to Cu). The samples were
cut into halves, and the surface on the cut edge was anal-
ysed after the sample was covered by carbon vapours.

Results and discussion

Eutectic composition of the systems LiF-CaF, was repor-
ted several times with the following coordinates:
19.5 mol % CaF, T, = 1042 K [20] and 21.7 mol %
CaF, T, = 1041.5 K [21]. In this work, the composition
of 21 mol % CaF, was used and the measured temperature
of primary crystallisation was as high as 1036 K.

For all three systems (LiF—CaF;)e,—LnF3 (Ln = Sm,
Gd, and Nd), temperatures of primary crystallisation were
measured in the temperature accessible concentration range
up to x(SmF3) = 0.55, x(GdF;) = 0.3, and x(NdF;) = 0.4,
respectively, because of relatively high melting tempera-
tures of pure salts (SmF3 1572 K, GdF; 1509 K, and NdF;
1649 K [22]). All the quasi-binary systems are cross sec-
tions of the ternary systems LiF-CaF,-LnFj3. In all cases,
only schematic phase diagram in the measured concentra-
tion range is presented as the real calculation of curves of
the primary crystallisation cannot be performed. The sub-
stantial objection for this calculation is the absence of
fusion enthalpies data of particular components, and the
second complication arises from the existence of new
unidentified phases formed in the systems.

In all investigated systems, one must cope with the
problem of phase’s identification. The basic complication
arises from the fact that in the PDF database of XRD
patterns lot of old incorrect data are still present, and it
means they are either mixtures of several compounds or
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they represent different compound as is the reality. Only
those XRD whit known structure or those supported by the
structure calculation can be considered without ambiguity.
The second problem is that in the investigated systems one
often get samples providing XRD patterns that cannot be
matched to any known compound. Thus until the structure
from single crystals or calculated structure from XRD of
pure phase is not known, one is not able to identify the
reaction products. This is general problem of this kind of
research. Based on these shortcomings, the measured
temperatures of primary crystallisation serve to estimate
experimental temperature range for density measurements
and will not be discussed in details.

(LiF=CaF3)eu—SmF; system

The temperatures of primary crystallisation together with
temperatures of other thermal effects are summarised in
Table 2, and data are graphically shown in Fig. 4. The
system LiF-SmF; seems to be simple binary one with one
eutectic point [23], and the formation of any additional
phases was reported neither in ICDD nor in PDF2 database.
This fact is worthy of remark as in all other systems MF—
SmF; (M = Na, K, Rb, and Cs) the formation of some
other compound was reported [24, 25].

The system CaF,—SmF; is not trivial simple binary
system, but that one with the formation of different
unspecified solid solution areas [26-28]. Neither in this
binary system the formation of any new compounds was
reported. In the quasi-binary system (LiF-CaF,)e, —SmFj3,
the formation of other phases fields was observed as

Table 2 Melt composition (x) of SmF;, temperatures of primary
crystallisation (7pc), together with temperatures of other thermal
effects (7, T,) and hitting temperature (7,.x.) of the (LiF-CaF,)qy.—
SmF; system

x(SmFs) Tpo/K T//K T»/K Toa /K
0.000 1036

0.003 1036 1083
0.006 1036 1083
0.010 1035 1083
0.030 1031 990 1083
0.050 1024 988 1083
0.100 1009 1000 930 1083
0.150 991 932 1223
0.200 977 935 1043
0.250 968 936 1043
0.300 949 1330 1123
0.400 1046 1035 937 1223
0.500 1330 1043
0.550 936 1273
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expected based on results of CaF,—SmF; system. In order
to estimate whether some new phases could be formed,
XRD patterns of the solidified samples were recorded and
summarised in Table 3. As can be seen some extra
diffractions start to appear from x(SmF3) = 0.1 besides the
system initial components. Moreover, intensities of
diffraction patterns of solidified mixtures are lower by
factor of 10 in comparison with pure components showing
thus lowered tendency to crystallise that can be caused by
the increased tendency to form a glassy fraction. The
intensity of the additional diffractions changes with the
increasing content of SmF; indicating the formation of
some new component or even more components. Final
complication arises from the shift of some diffractions
indicating the formation of solid solutions. Based on the
actual laboratory XRD patterns, it is not possible to iden-
tify how many phases are formed in the system. It is,
however, highly expected that some new phases are
formed. This assumption can be supported by the vanishing
of minor component of the (LiF-CaF,).,, at high SmF;
concentration as consequence of the interaction of these
components due to the “consummation” of CaF, below
detection limit. It must be also noted that in the solidified
system the presence of SmOF was detected based on XRD
measurements, most probably as a consequence of furnace
inert atmosphere imperfections. LiF and CaF, do not
undergo to any phase transformation with increasing tem-
perature at normal pressure; however, SmF; undergoes to
the phase transformation at 768 K from orthorhombic to
rhombohedral/hexagonal symmetry [22, 29].

The temperature dependence of the density for all our
investigated systems was expressed in the form of the
linear equation [15-19]
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Fig. 4 Schematic phase diagram of the system (LiF-CaF,)q,—SmF3
with thermal effects: Tpc (square), T, (circle), T, (triangle): molar
fraction of SmF; (x)

p=a—>bT (1)

where p/g cm ™ is density, T/K is temperature and coeffi-
cients a/g cm ™ and b/g cm™> K~ are constants along whit
the standard deviations of approximations, obtained by the
linear regression analysis of experimentally obtained data.
Table 4 summarises the regression coefficients a/g cm™>
and b/g cm > K~! for calculation of density of the (LiF-
CaF;)e—SmF; system, and concentration dependence of
density calculated based on these coefficients is shown in
Fig. 5. Measured density data for the eutectic mixture (LiF—
CaF,)ey. at 1173 K reported as high as 2.040 g cm > for
79 mol % LiF correspond to the reference density reported
as high as 2.020 g cm ™ for the composition of 80 mol %
LiF and temperature 1170 K [30]. With increasing initial
SmF; content, the densities of the melts increase signifi-
cantly. This increase can be characterised as “non-smooth”,
and it seems to reflect interactions in the melt that can be
deduced from the concentration dependence of primary
crystallisation temperatures and related processes.

Some more information about the system behaviour and
properties can be deduced from volume properties. We are
not aware of any data neither for binary systems LiF-SmF;
and CaF,-SmF; nor for the quasi-binary system (LiF-
CaFZ)eut._SmFS-

Molar volume dependence on composition in binary
systems is usually monotonic, but occasionally the pres-
ence of local minimum can occur (in the cross section of
multicomponent systems, the situation can be even more
complicated) [6, 11-13, 16, 17, 19, 31-33]. This is the case
for all investigated systems in this work. Molar volume of
(LiF-CaF,).,—SmFj3 initially decreases with small addi-
tion of SmF3 up to 1 mol %. With further SmF; addition
(up to 50 mol %), molar volume increases up to ca 50 %
higher value in comparison with the initial molar volume
(Fig. 6). However, the shape of the concentration depen-
dence of molar volume indicates that over 50 mol % of
SmF; the molar volume will increase less abruptly. Molar
volume of pure molten SmF; was not possible to measure
as its melting temperature is 1572 K [22]. It can be just
estimated that molar volume of molten SmF; could be
higher (ca 15-25 %) than its room temperature value that is
as high as 31.21 cm® mol ™.

In our previous works, the calculation of compressibility
parameter, (, provided some basic information whether
volume contraction (e.g. NaF-K,;NbF;, KF-K,NbF; sys-
tems [33]) or volume expansion ((LiF-NaF-KF),, —Na;.
ZrgF3, system [6]) takes place in the system. In these
systems, molar volumes monotonically increased with
addition of the solute component to solvent. Compress-
ibility parameter can be calculated according to

CiT = Vi - Vi*T (2)
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Table 3 Phases identified in the XRD patterns of the solidified samples of the (LiF-CaF;).,—SmF; system

x(SmF;) w(SmF;) LiF CaF, SmF; SmOF Unassigned diffractions dIA
1.000 1.000 — — + - -
0.010 0.054 + + - + -
0.030 0.148 + + - + -
0.050 0.228 + + - + -
0.100 0.385 + + + + 1.9745
0.150 0.498 + - + + 1.9760
0.200 0.584 + - + - 3.2201
2.7899
1.9739
1.6773
0.250 0.652 + - + — 3.2283
2.7960
1.9766
1.7464
0.300 0.707 + - + — 3.2283
2.7983
1.9782
1.7464
0.400 0.789 — - + - 3.2422
2.8080
1.9840
0.500 0.849 — — + - 3.2404
3.0216
2.8063
1.9844
1.9782

Table 4 Regression coefficients a/g cm™> and b/g cm > K~ ' and the standard deviations for the temperature (7/K) dependence of the density

(plg cm™>) of the investigated system (LiF-CaF;).,—SmF;

X(LiF—CaF,)ey. x(SmF5) alg cm™? b 10Ygecm3 K™ T/IK

1.000 0.000 2.758 + 0.007 6.119 + 0.059 1203-1073
0.995 0.005 2.744 + 0.002 5.510 £ 0.014 1223-1123
0.990 0.010 2.613 + 0.001 3.779 + 0.012 1223-1123
0.980 0.020 2.826 + 0.004 5.156 + 0.033 1223-1123
0.950 0.050 2.683 + 0.002 2.520 + 0.015 12231123
0.900 0.100 3.518 + 0.002 6.789 + 0.019 1143-1043
0.850 0.150 3.423 + 0.004 4.858 + 0.030 11931113
0.700 0.300 4.287 + 0.004 6.281 £ 0.033 1273-1193
0.600 0.400 4.968 + 0.006 8.404 + 0.045 1323-1233
0.500 0.500 5.429 4+ 0.006 7.505 + 0.039 14231353

where {!'/cm® mol ™" is compressibility parameter of the ith  the pure added component. Partial molar volume of the

. =T 1. .
component at certain temperature. V; /em® mol ™" is partial
molar volume of the added component at certain temper-

ature (here SmF;), and Vi*’T/cm3 mol ™! is molar volume of
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Fig. 5 Graphical representation of concentration dependence of the
density p and the standard deviations of p of the molten system (LiF—
CaF,)c—SmF; at temperature (square) 1123 K; (circle) 1173 K;
(triangle) 1223 K
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Fig. 6 Molar volume V,, and the standard deviation of V,, of the
molten system (LiF-CaF;).,,—SmF; at temperatures (square)
1123 K; (circle) 1173 K; (triangle) 1223 K

where VI/cm?® mol™' is molar volume of a mixture at
certain temperature and x;, x; are molar fractions of (LiF-
CaF,)e,. and SmF;, respectively. It is evident that the
compressibility parameter for SmF; in (LiF-CaF;)eu—
SmF; system will be negative and the volume contraction
plays a dominant role at concentrations close to pure (LiF—
CaF,)cy.. The problem to determine its value arises from
the fact that the molar volume concentration dependence at
low SmF; concentrations can be mathematically described
by many different ways. It means that one can take the first
two, three, four, or more points and use any “suitable”
mathematical function. Exactly, the selection of this
“suitable” mathematical function plays the crucial role in
the final value of partial molar volume of SmF; at its

concentration close to zero (representing the situation that
one mole of SmF; is added to a huge amount of (LiF-
CaF,)ey. solvent). The results can vary extremely from
smaller positive values to large negative ones. For exam-
ple, when considering only the first two points of molar
volume (at 1123 K) to construct linear function on con-
centration, a value of partial molar volume as high as
7.5 cm® mol ™! can be calculated, while for the first four or
five points using quadratic function partial molar volumes
adopt the values —18.0 or 9.9 cm’® mol ™', respectively.
Also other functions could be selected, but one must keep
in mind that some of them will not be consistent with
physical observation, i.e. some polynomial function of
higher power might have increasing character with very
small SmF; concentration (approaching zero). At this
“zero” point, it is crucial whether tangent to the molar
volume function will have negative or positive value. This
extremely sensitive mathematical function selection influ-
ence on calculated values makes impossible to distinguish
which function is the right one. However, decrease in
molar volume itself with initial SmF5 addition refers to the
volume contraction. It is expected that very compact SmF5
solid phase, in which each Sm atom is coordinated by nine
fluorine atoms, will decompose and its volume will
increase during dissolving in (LiF-CaF,).,.. However, the
formed components will have strong tendency to make
coordination bonds with free F~ anions from ionic (LiF-
CaF,)eye, thus resulting to the volume contraction. The
final effect will then result in overall volume contraction as
a result of the two described opposite processes. If this
process would continue at any SmF; composition, the
concentration of free F~ would continuously decrease and
logically it can be expected that the activity of free Li* (or
Ca”") cations would increase. Consequently, the formation
of ternary compound (e.g. LiSmF3) will be expected what
seems not to be the case. As molar volume increases with
further addition of SmF3, some other process probably will
dominate, but based on only volume properties they cannot
be identified and some more sophisticated experiments
would be necessary, e.g. in situ EXAFS measurements or
others.

In order to, at least, estimate partial molar volume, a
series of calculation was done with different input condi-
tions and using both simple linear or polynomial regression
and multicomponent polynomial regression. In the late
case, an approach of Redlich—Kister equation was used
(described in e.g. [19]). Least square parameters minimi-
sation procedure was used for all case. Results are sum-
marised in Table 5. Other combinations provided somehow
physically inconsistent results. Finally, it can be estimated
that the compressibility parameter will adopt values ca in
the interval from —30 to —40 cm® mol™"! in the investi-
gated temperature range.
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Table 5 Molar volume VlT / cm? mol~! and partial molar volume ViT / cm? mol ™! of (LiF—CaF,)e, ~SmF; at 1123, 1173, and 1223 K; x; is (LiF—

CaF>)eut; X2 is SmF3

Conditions VI /em?® mol ™! V! Jem® mol ™! V! Jem® mol ™!
ifx; — 1
First two-point simple linear regression VIBK =178 —10.3x, - Vélz}fK =175
mF3 .
173K _ _ _
Vi =18.1—-17.1x; Vé:lil( —10
ViR = 18.4 - 2420 123K
Vomg, = =58
First five-point simple quadratic V2K — 17.8 — 8.0x, + 620.6x3 VIBK — 630.5 — 620.6x3 VoK —99
. mk3 mr3
regression 173K _ _ 2 _ —
Vi 7% = 18.0 — 12.3x, + 648.6x5 Vég}:f — 654.4 — 648.62 V;JS;K 53
V128K — 18.3 — 16.8x, + 679.3x3 13, 13
g : Ve = 680.7 — 679.3:} Ve = 1.4
First five-point multicomponent VIBK — 17.8x) 4 690.1x1x3 + 8.9x}x, Véﬁ‘( = 137142 — 1362.4x VK —9.0
polynomial regression— 173K _ 2 2 s .
Redlich—Kister equation Vi 70 = 1800 4 74200 £4T0R pIBK 362 141808 VeK — 47
V123K = 18.3x; + 740.5x,x% + 0.3x}x, K ik
VemE, = 1480.7x% — 1480.4x3 Vemg, = 0.3
Table 6 Melt composition (x) of GdFs, temperatures of primary 1040 |-
crystallisation (7pc), together with temperatures of other thermal
effects (T, T>) and hitting temperature (7T},,x) of the (LiF—CaF,)eu— 1020 - 0 o
GdF; system | 5
x(GdF;) Toc/K T/K T»/K Tmax/K 1000 | B g
0.000 1036 1073 o 980 ° o =
0.003 1035 1123 = =
0.006 1036 1123 960 | ”
0.010 1033 1103 .
0.030 1026 983 911 1000 940 -
A
0.050 1019 981 1083 920 AAn & Ao A A
0.070 1009 922 1123 i A
0.085 1002 923 1123 900 T T T T T
0.100 998 923 1123 0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.125 985 924 1123 x(GdFy)
0.150 74 926 123 Fig. 7 Schematic phase diagram of the system (LiF-CaF,).,—GdF;
0.170 965 926 1033 with thermal effects: Tpc (square), T, (circle), T, (triangle): molar
0.200 952 927 1033 fraction of GdF; (x)
0.250 928 1033
0.300 931 1173

(LiF=CaF3).,—GdF3 system

The situation in this system is in some aspects similar to the
previous one. Table 6 summarises the temperatures of
primary crystallisation together with temperatures of other
thermal effects, and data are graphically shown in Fig. 7.
The system LiF-GdF; is not simple binary one, and the
formation of unspecified crystallisation fields was sug-
gested [23]; moreover, the formation of LiGdF, phase was
reported in PDF2 database [34]. System CaF,—GdF; shows

@ Springer

similar features as that one with SmF3: formation of dif-
ferent unspecified solid solution areas [26, 27, 35]. In
contrast to the system CaF,—SmFj3, the formation of addi-
tional phase CaGd;F;; was reported in the system CaF,—
GdF3, as well as the formation of Cag,GdgsF> g [36] and
Cag gsGdg.12F> 12 phases [37]. Measured experimental data
of primary crystallisation temperatures indicate to exis-
tence of simple binary system; however, it is probably not
the case and these data represent similar situation as in the
system above, i.e. the formation of solid solution fields.
This increased tendency to form additional phases is visible
also from analysis of XRD patterns of the solidified
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Table 7 Phases identified in the XRD patterns of the solidified samples of the (LiF—CaF;).,—GdF3 system

x(GdFs)

Ww(GdF3)

C an

GdFs

GdOF LiGdF,

Unassigned diffractions d/A

1.000
0.010

0.030

0.050
0.100

0.125

0.150

0.170

0.200

1.000
0.055

0.152

0.234
0.392

0.454

0.506

0.543

0.592

J’_

+

+ —

4.1416
1.9636
1.6617
4.1431
27771
2.7769
4.1337
2.7749
1.7169
1.5988
1.5302
1.5016
3.2001
2.7748
1.7173
1.6713
1.6005
1.5307
1.5020
1.4343
4.1376
3.2078
2.7792
1.9597
1.7182
1.6761
1.6707
1.6008
3.2062
27771
1.7179
1.6744
1.6044
1.5995
3.2071
2.7767
1.7171
1.6750
1.6038
1.5987
1.5306
1.5018
1.4342

samples summarised in Table 7. The presence of GdF; was
not observed as the most probably it reacts with either LiF
or CaF, or both. The formation of other phases (unidenti-

fied) is also highly probable as

some unidentified

diffractions were observed in solidified samples and their
intensity change with concentration variation. Solid—solid
phase transformation of pure GdF; was reported at tem-
perature 1172 K [38] or at 1310 K [22].

@ Springer
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Table 8 Regression coefficients a/g cm > and b/g cm™ K~' and their the standard deviations for the temperature (7/K) dependence of the

density (p/g cm™>) of the investigated system (LiF-CaF,).,—GdF;

x(LiF=CaFy)ey. x(GdF3) a/g cm™? b x 10%g em™ K™ T/IK
1.000 0.000 2.758 £ 0.007 6.119 £ 0.059 1203-1073
0.995 0.005 2.811 £ 0.006 5.646 £+ 0.048 1223-1123
0.980 0.020 1.788 £ 0.002 —4.430 £ 0.017 1133-1033
0.950 0.050 1.974 £ 0.001 —4.339 £ 0.011 1223-1023
0.900 0.100 2.199 £ 0.002 —3.647 £ 0.020 1173-1033
0.850 0.150 1.872 £ 0.006 —8.417 £ 0.054 1123-1023
ool Concerning the volume properties, Table 8 sum-
ssl g marises the regression coefficients a and b for calcula-
tion of density of the (LiF-CaF,).,—GdF; system and
2'7_' concentration dependence of density calculated based on
2.6 - é these coefficients is shown in Fig. 8. The main difference
O?E 25 8 in comparison with the previous system is that the
S Hul density increases with temperature over 0.02 mol %
\g osl 4 addition of GdFs;. This is anomalous behaviour in con-
- trast to the majority of the systems when density

22 L8 decreases with increasing temperature.

21k Some more information can be deduced from volume
2.0 1 . 1 1 1 properties, Fig. 9. We are not aware of any data neither for

n 1 . 1 n 1 n n
0.00 0.02 004 006 008 0.10 0.12 0.14 O0.16
X (GdFy)

Fig. 8 Graphical representation of concentration dependence of the
density p and the standard deviations of p of the molten system (LiF—
CaF,).—GdF; at temperature (square) 1123 K; (circle) 1148 K;
(triangle) 1173 K

23 |-

+BOEH

22 |-

21 b A

3 -1
Vv, /cm3 mol

TR T R U S TS R SR
0.04 0.06 0.08 0.10 0.12 0.14 0.16

X (GdF,)

Fig. 9 Molar volume V,, and the standard deviation of V,, of the
molten system (LiF-CaF,).,—~GdF; at temperatures (square) 1123 K;
(circle) 1148 K; (triangle) 1173 K

@ Springer

binary systems LiF-GdF; and CaF,—-GdF; nor for the
quasi-binary system (LiF-CaF,).,—GdF;. Volume prop-
erties were treated in similar way as for samarium analogue
system. With initial addition of GdF; (x = 0.05), values of
molar volume decrease, and values of molar volume
increase with increasing temperature as was expected and
as was observed also for pure (LiF-CaF,).,,. and all points
in the system (LiF-CaF,).,,—SmF;. With further addition
of GdF;, molar volume increases like in samarium analo-
gous system; however, the values of molar volume
decrease with temperature at particular concentrations.
This is significantly different behaviour from the previous
system. Reason for these observations is unknown and
might arise from the structural properties of gadolinium
salt. In spite of these obstacles, partial molar volumes were
calculated analogously to samarium system and are sum-
marised in Table 9. As can be seen, partial molar volumes
have relatively large negative values at higher tempera-
tures, ca —30 cm® mol™'. From these values, an unusual
consequence can be deduced at higher temperatures. When
one mole of GdF; at e.g. 1173 K (it is in solid state at this
temperature and its molar volume is expected to be rela-
tively close to its value at room temperature that is
30.4 cm® mol ™) is added to the large amount of molten
(LiF-CaF,)ey, the final volume of the system will even
decrease; this can be quantified by compressibility factor {
ca —60 cm® mol™!. Of course, it is valid only at low
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Table 9 Molar volume VT /Cm mol~! and partial molar volume V /cm mol ™! of (LiF-CaF,)e, ~GdF; at 1123, 1173, and 1223 K; x; is (LiF—

CaFZ)eut.s X2 is Gqu

Conditions VI /em? mol ™! V! Jem® mol ™! V! Jem® mol ™!
ifx, — 1
First two-point simple linear regression VIBK =178 — 91.2x, - VIGLZSK — _734
VI4SK — 17.9 95 1x, PUSK _ 2o 5
GdF;
VITBK = 18.1 — 99.0x, UK
Von = —80.9
First four-point simple quadratic regression V123K — 17.7 — 16.9x, + 717.9x3 VoK = 718.7 — 717.92 Var k=038
3 3
148K _ _
V148K — 17.8 — 32.7x, + 938.8x3 V(l}ldthxK —923.9 — 938.82 V(l}ldzlljiK — 149
V””K 18.0 — 48.6x, + 1160.8x3 _
: 2 VarS = 11302 - 1160.82 Vg = —30.6
First four-point multicomponent polynomial V12K = 17.7x; + 774.0x1x; — 774.0x7x2 V2" = 1547962 — 1548.083 Vi © = —0.1
regression—Redlich—Kister equation 148K _ N N
Vo= 1780 + 9755008 — 1580 plSK o690 qoga 4y VISR — 157
V“73K 18.0x; + 117. 8x|x2—31 6x2 X2 ik —UT3K
Vear, =267.2x1 —298.8x7 Vg, = —31.6
Table 10 Melt composition (x) of NdF;, temperatures of primary 1040
crystallisation (7Tpc), together with temperatures of other thermal
effects (T}, T») and hitting temperature (7y,,x.) of the (LiF—CaF,)ey— 1030 _@ o o
NdF; system L
1020
X(NdF3) Tpc/K TI/K T2/K Tmax./K L o
1010
0.000 1037 1073 L
0.003 1036 1073 é 1000 - O
N
0.006 1033 1093 990 A
0.010 1034 995 1093 L o
0.020 1030 990 1093 980 -
0.050 1033 1014 966 1093 o070 o 5 o °
0.100 998 962 1093 r = A A .
0.150 985 964 1093 or-
0.200 971 965 1093 0.0 0.1 0.2 0.3 0.4
0.230 967 1163 x (NdFy)
0.250 970 1203 i ) ) .
Fig. 10 Schematic phase diagram of the system (LiF—CaF,).,—NdF3
0.300 970 1223 with thermal effects: Tpc (square), T, (circle), T, (triangle): molar
0.400 973 968 1223 fraction of NdF5 (x)

concentration below 2 mol % of GdF;. This observation
has interesting impact to the practical application when
addition of small portions of GdF;3 to the certain melts will
have not to be compensated by larger volume of pots.

(LiF-CaF ;). —NdF; system

Table 10 summarises the temperatures of primary crys-
tallisation together with temperatures of other thermal
effects, and data are graphically shown in Fig. 10. This
system is more similar to the system (LiF-CaF;), —SmF;
as to the gadolinium analogue. Based on literature data, the

binary system LiF-NdF; seems to be simple binary system
without the formation of additional phases [23]; however,
some ternary phases were identified in the systems MF—
NdF3; (M = Na, K, Rb) [24, 39, 40]. Binary system CaF,—
NdF; shows features of solid solution areas formation
[26, 27].

Measured experimental data of primary crystallisation
indicate the existence of simple binary system; however,
it is probably not the case and these data represent similar
situation as was described in both systems above i.e. the
formation of solid solution fields. XRD patterns of
solidified samples are summarised in Table 11. It is

@ Springer
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Table 11 Phases identified in the XRD patterns of the solidified samples of the (LiF-CaF;)., —NdF; system

x(NdF5) w(NdF5) LiF CaF, NdF; NdOF Unassigned diffractions dIA
0.010 0.052 + + — + -
0.050 0.223 + + - + -
0.100 0.377 + - + + -
0.200 0.577 + - + + -
0.250 0.645 + - + + -
0.300 0.700 + — + + -
0.400 0.784 + - + - 3.2655
2.8281

Table 12 Regression coefficients a/g cm ™ and b/g cm™> K~ ! and the standard deviations for the temperature (7/K) dependence of the density
(plg cm™) of the investigated system (LiF-CaF;).,—NdF;

x(LiF—CaF))ey x(NdF3) alg cm™ b x 10%g em™ K™! T/IK
1.000 0.000 2.758 % 0.007 6.119 & 0.059 1203-1073
0.995 0.005 2.630 =+ 0.004 4.436 =+ 0.003 1223-1053
0.990 0.010 2.662 + 0.003 4361 =+ 0.002 1223-1063
0.950 0.050 2.817 + 0.002 3.415 £ 0.016 1213-1073
0.900 0.100 3.151 £ 0.001 3.578 + 0.011 1173-1043
0.800 0.200 3.652 + 0.005 3.682 + 0.043 1223-1093
3.4
L 22 .
32k 2 4
3.0} 21r
oo :
L 28|
g | 8 mE 20
(®)] (&)
~ 2.6 - ~
= r >E 19 é
R ’
2.4 [ é
22} 18144
e o8
2.0
1 1 | 1 17 * . * L * L * L
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
x (NdF,) x (NdF)

Fig. 11 Graphical representation of concentration dependence of the
density p and the standard deviations of p of the molten system (LiF-
CaF,).«—NdF; at temperature (square) 1098 K; (circle) 1123 K;
(triangle) 1173 K

evident that Nd system shows similar features like Sm
system; only initial phases in solidified samples were
identified (together with some NdOF impurities), and the
formation of any other known ternary fluorides was
observed, in contrast to Gd system. However, the pres-
ence of unidentified diffractions indicates the formation of

@ Springer

Fig. 12 Molar volume V,, and the standard deviation of V,, of the
molten system (LiF-CaF,).,—NdF; at temperatures (square) 1098 K;
(circle) 1123 K; (triangle) 1173 K

some new phases. These new phases in all three cases
require deeper analysis that is, however, beyond the scope
of this work

We are not aware of solid—solid phase transformation of
pure NdF; (in contrast to published data for SmF; and
GdFs3).
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Table 13 Molar volume VrT] /cm3 mol~! and partial molar volume V;r /cm3 mol™" of (LiF-CaF,)e,—NdF; at 1098, 1123, and 1173 K; x; is

(LiF—Can)euL; X is NdF3

Conditions VI /em?® mol ™! V! Jem® mol ™! V! Jem® mol ™!
ifx, — 1
First two-point simple linear regression VIOBK — 17.7 — 16.5x, - Vll\l‘flfK —12
VIBK = 17.8 —24.3x FUBK _
: VN, = —0.5
VIT3K — 18 1 — 40.5x, ik
Ve, = —224
First four-point simple quadratic regression VIOBK — 17.7 — 8.7x, + 497.1x3 VII\%?K = 506.1 — 497.1x} VII\I%QSK =90
3
123K _ _
Vi =17.8 — 13.8x, + 574. 8x2 VII\IIdZFZK —578.8 574.8xf V;ﬁl{ —40
VUK Z 180 — 24.4x, + 736.3x2 ik ik _
Vi = 729.9 - 736,322 Ve = —6.4
First four-point multicomponent polynomial VIOBK — 17 7x; + 545.9x123 + 8.7x3x, VII\%?K = 1083.1x% — 1074.4x} VII\I?SK =87
regression—Redlich—Kister equation 123K _ ; ;
Vi 25 = 17.8x) 4 619.9313 + 3.6x1x, VamK _ 123626 — 1232.68] VaeX = 3.6
VUK — 18 Ox; — 6.7x1x + 775.8x1 12
m P Ve = 154498 — 1551.7x] Voo = 6.8

Fig. 13 SEM images of the
solidified samples of the
systems (LiF-CaF;)e . —

20 mol % LnF3 (Ln = Sm, Gd,
and Nd) from top to down (leff)
and element mapping (right)

Table 12 summarises the regression coefficients a and
b for calculation of density of the (LiF-CaF,)e,—NdF3
system. Data from density measurements (see Fig. 11)

GdF3
MAG: 1000 x  HV: 20,0 kV  WD: 13,1 mm

NdF
MAG: 1000 x  HV: 20.0kV  WD: 13,1 mm

show similar features to the previous both systems resulting
to the analogous behaviour also of volume properties.
These are, however, more close to samarium system

@ Springer
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(without anomalous behaviour of molar volume) like in
gadolinium system (i.e. values of molar volume decreases
with temperature at certain concentration). Molar volume
shows local minimum (see Fig. 12) at low NdF; concen-
trations, like in Sm and Gd systems. When comparing
values of all three systems, molar volume of Nd system at
e.g. 15mol % at 1123 K is lowest in the series
Nd < Sm < Gd what obeys the elements position in the
periodic table (but does not obey the sequence of molar
volumes of tri-fluorides in solid state that is
Gd < Nd < Sm).

Partial molar volumes of NdF; were treated like in
samarium and gadolinium analogues and are summarised
in Table 13. As can be seen, partial molar volumes of NdF5
and SmF; in (LiF-CaF,)., are closer to each other at
comparable temperatures as partial molar volume of GdF;
that is significantly lower.

SEM EDX analysis

From the SEM images of the solidified samples (Fig. 13), it
can be seen that morphology of samarium samples seems
to be slightly different from those of gadolinium and
neodymium; however, the expected homogeneity seems to
be present in all studied systems. Based on the element
mapping, it can be deduced that mixtures of crystalline
phases with different compositions of grains are present.
This observation is in agreement with XRD result confirming
the crystalline nature of samples (with some degree of glassy
phase). Both SEM images and EDX mapping provide sup-
porting information to XRD results, i.e. features of solid
solution formation can be deduced from diffusive boundaries
of element contents between particular grains.

Conclusions

Temperatures of primary crystallisation of the systems
(LiF—CaF,).,—LnF; (Ln = Sm, Gd, and Nd) were mea-
sured in order to provide, at least, scheme of phase dia-
grams. Based on XRD patterns of solidified samples, it can
be expected that some new phases are formed in all three
systems. The number of these phases, however, cannot be
predicted. In spite of the effort, several procedures to
obtain suitable single crystals for their structural charac-
terisation have failed.

Volume properties analysis revealed unusual behaviour
of investigated systems, in some aspect even anomalous.
Small additions of LnF3 up to 1 mol % to (LiF-CaF;)..
result in decrease in molar volume. This has consequence to
the partial molar volumes of LnF; thus having very small
even negative values at higher temperatures. Such a

@ Springer

relatively large volume contraction, when expressed through
the compressibility parameter, may reach values that are
bigger (in absolute value) that molar volume of pure
component.

Samarium and neodymium systems show similar prop-
erties in phase analysis, as well as in volume properties,
while gadolinium system shows different behaviours. The
reason for this macroscopic behaviour could arise from the
structural and electronic properties of the central atoms.
The main difference between the studied three systems is
that Nd®* and Sm>" have similar electronic properties in
the sense of only partially occupied f orbitals, while Gd™>
has f orbitals fully half filled. These different microscopic
properties might result also to the different macroscopic
ones. In order to prove this hypothesis, more extended
experiments are required including also other lanthanides.
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