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Temperature dependence of the elastic moduli
and damping for polycrystalline LiF-22% CaF,
eutectic salt
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The Young's and shear moduli and damping were measured for as-cast polycrystalline LiF-22
(mol%) CaF, eutectic specimens as a function of temperature using the piezoelectric ultra-
sonic composite oscillator technique (PUCOT). The shear modulus decreased with increasing
temperature from about 40 GPa at 295 K to about 30 GPa at 1000 K, while the Young's
modulus decreased from about 115 GPa at 295 K to about 35 GPa at 900 K. These values are
compared with those derived from the rule of mixtures using elastic moduli data for LiF and
CaF, single crystals. It is shown that, while the shear modulus data agree reasonably well with
the predicted trend, there is a large discrepancy between the theoretical calculations and the
Young’s modulus values, where this disagreement increases-with increasing temperature. The
reason for this discrepancy is unclear but several possibilities are examined and discussed. The
effective activation energy for damping was determined to be about 0.21 eV/atom which was
found to be in reasonable agreement with the activation energy for migration of anion vacan-

cies in the CaF, phase.

1. introduction

Advanced solar dynamic systems, containing thermal
energy storage units, are currently being designed to
provide a continuous supply of electrical power for
orbiting spacecraft. The basic function of a thermal
energy storage (TES) unit is to store heat energy
collected during the sunlight portion of an orbit and
to release it when the vehicle is in eclipse with this
energy storage and release being attained by a
thaw-freeze cycle of a TES material. The attractive
thermophysical properties of fluoride salts [1, 2] make
them potential candidates for use as thermal energy
storage materials in advanced solar dynamic systems.
In particular, the LiF-CaF, eutectic mixture contain-
ing about 21 (mol %) CaF, [3] is under consideration
for use as the thermal energy storage material for
space-based solar dynamic systems [4].

A major problem that arises with the use of fluoride
salts as energy storage materials is the high volume
expansion (=~ 30%) that they undergo on melting.
This can lead to a stress build-up on the walls of the
container when pockets of molten material are entrap-
ped between the containment vessel and the unmelted
salt [5, 6]. Under such conditions, it is conceivable
that localized distortion or rupture of the containment
vessel can occur if the volume expansion of the liquid
is not accommodated by the deformation or fracture
of the unmelted salt.
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Clearly, in order to design a suitable salt contain-
ment unit for solar dynamic systems, which must
maintain its structural integrity for tens of years, it is
desirable that the mechanical properties of the
LiF-CaF, eutectic material be characterized as a
function of temperature, strain rate and microstruc-
ture. The strength characteristics of this salt have been
reported elsewhere [5-7], and the present paper pre-
sents the results of dynamic elastic moduli and damp-
ing measurements conducted on the eutectic. The

‘elastic moduli data are expected to provide useful

information in evaluating the thermal stresses gener-
ated within the salt, which are likely to influence the
magnitude of the stresses acting on the containment
wall.

2. Experimental procedure

The material used in this investigation was produced
from Cerac, Inc. in the form of a randomly cast ingot
of a slightly CaF,-rich hypereutectic composition
(Table I). The LiF-CaF, shows no measurable ter-
minal solid solution region [3] so that the eutectic salt
is essentially a mixture of pure LiF and CaF, with the
volume fraction of the latter being about 40%
(Table I). Microstructural observations of the as-cast
material showed large variations in the microstructure
near the grain boundaries as illustrated by the typical
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TABLE I Chemical composition of the as-cast material.

Phase mol(%) vol(%) wt(%)
CaF, 21.9 41.0 458
LiF 78.1 59.0 54.2

Impurities (wt%): Al: <0.001%; Cu: <0.001%; Fe: 0.005%; Mg:
0.005%; Si: 0.001%.

Figure 1 Representative (a) optical and (b) back scattered electron

micrographs of undeformed as-cast LiF-22% CaF, material after

etching. (a) The eutectic lamellae are fairly intact near the grain

boundaries. (b) The eutectic microstructure has broken down near
“the grain boundaries.

optical and back scattered electron (BSE) micrographs
shown in Fig. 1a and b, respectively. While the lamel-
lar microstructure is well defined within the grains and
fairly intact at most of the grain boundaries in Fig. 1a,
this is not the case in the regions shown in Fig. 1b. In
the latter instance, the lamellar structure in the vicinity
of the grain boundary is either very coarse or non-
existent, so that two neighbouring grains are separ-
ated by a broad transition region consisting of glo-
bules of CaF, in a matrix of LiF. The inter-lamellar
spacing, A, was reasonably uniform within each grain
although the lamellae showed evidence of kinking and
growth faults in some regions (e.g. grain A in Fig. 1a).
The frequency distribution plots for the nodule or
grain size, d, and A were fairly wide, where both these
quantities were measured by the linear intercept tech-
nique [5, 6]. The modes of the distribution functions
for grain size and inter-lamellar spacing occurred at
Ainoge & 350 pm and Aoq. & 2.3 pm, respectively, with
the mean values occurring at d.,, = 645 um and
Amean = 2.8 um, respectively.

Dynamic Young’s modulus, E, and damping or
internai friction, 0!, measurements were conducted
simultaneously on rectangular specimens of approx-
imate dimensions 40 x 3 x 3 mm>® which were cut
from random locations in the casting using a diamond
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saw with water as a lubricant. Cylindrical specimens
approximately 50 mm long and 6.4 mm in diameter
were core drilled parallel to the ingot thickness, and
these were used in the dynamic shear modulus, G,
measurements. The ends of all specimens were poli-
shed with 600 emery paper in order to ensure proper
contact with the piezoelectric transducer.

The measurements of E and G were made with the
piezoelectric ultrasonic composite oscillator technique
(PUCOT) [8-12] operating at frequencies of 150 and
80 kHz, respectively, and at temperatures between 295
and 1020 K. However, in one instance, Young’s modu-
lus measurements were conducted at 638 K over a
24 h period on a core drilled specimen using a resonat-
ing frequency of 80 kHz in order to confirm the data
obtained on the randomly cut specimens. Allowances
were made for changes in length and density of the
specimen with temperature by using appropriate
values of the coefficient of thermal expansion (CTE)
estimated from CTE data for CaF, and LiF [13]. The
reproducibilities of the E and G measurements were
approximately +2.3 and +5.6%, respectively.

After measurements with the PUCOT, representa-
tive specimens were ground and polished sufficiently to
expose the central regions, which were then examined
by optical microscopy. These observations revealed
that the total volume fraction of pores was less than
2%, and that there were at least 7 to 10 grains across
the thickness section in these specimens. However,
there were significant differences in the microstruc-
tures of the randomiy cut and core-drilled specimens.
The randomly cut specimens used for determining E
consisted essentially of equiaxed grains (Fig. 1a), while
the core-drilled samples used for measuring G had a
significantly larger number of columnar grains, which
extended between 1/3 to 1/2 of the specimen length
with the eutectic lamellae being almost perpendicular
to the growth axes of these grains in most instances.

3. Results and discussion
3.1. Temperature dependence of the elastic
moduli

The measured values of E, G and 0 ~! are tabulated in
Table II as a function of the absolute temperature, T.
Fig. 2 compares the temperature dependence of the
experimental values of the shear modulus with the
upper and lower bounds predicted by the rule of
mixtures (ROM) calculated from

Grom = ViGp + Vi Gy (1)
where Ggoy is the shear modulus, V; and V,, are the
volume fractions of CaF, and LiF, respectively, and
G; and G, are the estimated shear moduli of poly-
crystalline CaF, and LiF, respectively (Appendix).
The procedure empioyed in deriving the upper and
lower bounds predicted by the rule of mixtures ap-
proach based on the moduli of the individual phases is
outlined in the Appendix. The experimental values of
G decrease linearly with increasing temperature from
G~43GPa at T=300K to G=27GPa at
T = 1020 K. It is evident from Fig. 2 that the experi-



TABLE Il Measured values of Young’s and shear moduli and
damping for polycrystalline LiF-22% CakF,.

T E*® G® Q!

(K) (GPa) (GPa)

295 115.8 426 3.9 x 1072
450 97.8 — 84 x 107*
450 95.3 — 14 x 1073
495 — 40.5 —

515 85.3 — 14 x 1073
675 — 383 —

680 63.0 — 79 x 1072
745 58.6 — 1.0 x 1072
785 — 30.7 —

879 — 258 —

900 355 — 1.4 x 1072
940 — 24.6 —

1005 — 30.1 —

1005 — 30.4 —

1013 — 30.7 —

1019 — 263 —

1019 — 278 —

*The Young’s moduli were determined on specimens cut randomly
from the ingot using a resonance frequency of 150 kHz.

®The shear moduli measurements were conducted on core-drilled
specimens with their axes parallel to the thickness of the ingot using
a resonance frequency of 80 kHz.
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Figure 2 Comparison of the experimental values (O) of shear
modulus for LiF-22% CaF, with the upper and lower bounds
predicted by the rule of mixtures (---).

mental data are scattered about a linear regression
line given by the relation

G = 49.6 — 00218 T(GPa) @)

where the correlation coefficient was found to be 0.88.
Fig. 2 also demonstrates that the lower bound predic-
ted by the rule of mixtures is in good agreement with
the experimental data.

Fig. 3 shows the temperature dependence of the
Young’s modulus where it is seen that E decreases
linearly with increasing temperature from E =
115 GPa at T~ 300K to E ~ 35 GPa at T = 900 K.
The broken lines shown in Fig. 3 represent the upper
and lower values of Young’s modulus calculated from
the rule of mixtures using the procedure outlined in
the Appendix. A single datum obtained at 638 K on a
core-drilled specimen is also shown. It is apparent
from Fig. 3 that the predicted and the experimental
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Figure 3 Comparison of the experimental values (O) of Young’s
modulus (150 Hz) for randomly-sectional LiF-22% CaF, speci-
mens with the upper and lower bounds predicted by the rule of
mixtures (---). A represents the Young’s modulus for a core drilled
specimen (80 Hz).

values of Young’s modulus are not in agreement with
each other above 400 K, and that this discrepancy
increases with increasing temperature. A regression
line through the experimental data gave

E = 1552 — 0133 T (GPa) (3)

with a correlation coefficient of 0.998.

This disagreement between the experimental and
the theoretical data for E cannot be attributed to any
porosity present in the material for three reasons.
First, the PUCOT is relatively insensitive to micro-
structural defects of the order of a pore size since the
wavelengths of the standing strain and displacement
waves are twice the length of the specimen [12].
Second, the temperature dependence of the shear
modulus does not show a similar disagreement with
the ROM results as the Young’s modulus data (Fig. 2).
Third, an estimate of the decrease in the Young’s
modulus due to porosity calculated from [14]

E = E (1 — 1L9P +09P?) )

where E, is the Young's modulus of the dense material
and P is the volume fraction of closed pores, suggested
that E is only about 5% of E, for the experimental
value of P =~ 0.02.

It was reported in an early investigation on alumi-

‘nium, copper and nickel that residual strains and

excess dislocations produced by cold working these
metals by 20% resulted in lowering the dynamic

- Young’s modulus by about 1 to 3% [15,16]. As

shown in Fig. 3, this is not the case for the present set
of data where the discrepancy between the predicted
and the experimental values of E increases with in-
creasing temperature so that they differ from each
other by more than 55% at 900 K. Thus, residual
strains present within the ingot cannot account for the
present observations.

It may be argued that the inconsistency arising from
the good agreement between the shear modulus data
and those expected from the ROM results in one case
(Fig. 2), and the discrepancy between the measured
and the predicted values of Young’s modulus on the
other (Fig. 3), is due to the differences in the micro-
structure between the two sets of specimens described
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in Section 2. Table IIT shows the values of E and Q!
obtained on a core-drilled specimen tested at 638 K
over a 24 h period. It is evident from Table III that
there is no significant change over a 24 h period in the
values of E and Q™! which are about 75 GPa and 5
x 1073, respectively. These observations confirm that
residual strains cannot account for the results shown
in Fig. 3. Furthermore, the agreement in the data
shown in Fig. 3 for the core-drilled specimen and
those with a random microstructure suggests that the
elastic moduli measurements: reported in this paper
were not influenced significantly by the microstructure
or resonance frequency (in the kHz range). Therefore,
it must be concluded that the rule of mixtures does not
apply to the Young’s modulus data.
Assuming a Poisson’s ratio, v, of about 0.3, the
measured-values of G were converted to E using the
istropic relation

E =210 + VG &)

A comparison of the values of E determined from
Equation 5 with those measured directly (Fig. 3) con-
firmed that the two sets of results were not in agree-
ment with each other. While it is possible that the salt
may be anisotropic due to the presence of a solidi-
fication texture, X-ray diffraction peaks of the CaF,
and LiF phases taken from three mutually perpendi-
cular sections did not show any evidence of significant
texture in the material. Due to the large grain size,
which did not permit the incident X-ray beam to
sample a large enough number of grains for statistical
accuracy, no attempt was made to determine the pole
figure for this material.

3.2. Activation energy for damping

Seven measurements of Q! conducted in the
longitudinal wave mode yielded the data shown in
Table I and Fig. 4. Apart from one outlying point
obtained at room temperature, the results clearly indi-
cate that the temperature dependence of damping is of
the form

Q™" = Q"' (0)exp (—AH/KT) (6)

where Q~1(0) is a reference value of damping, AH is
the effective activation energy controlling the level of
damping, and k is Boltzmann’s constant. A linear
regression fit to the data shown in Fig. 4 for
T>300K gave values of Q !(0)~0.25 and
AH ~ 0.21 4+ 0.02 eV/atom (i.e. 20.6 + 2.3 kJmol™1)
with a coefficient of correlation of about 0.98. In
attefnpting to assign some physical significance to this
value of the effective activation energy, it was neces-

TABLE III Values of Young’s modulus and damping at 638 K as
a function of time for a resonant frequency of 80 kHz.

Time E Q!

() (GPa)

0 744 4.8 x 1073
0.3 74.4 53 x 1073
227 75.1 4.8 x 1073
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Figure 4 Variation of damping with the reciprocal of the absolute
temperature for LiF-22% CaF,.

TABLE IV Experimental and theoretical activation energies for
several processes in CaF, and LiF.

Process CaF, LiF
(eV/atom) (eV/atom)
Anion
Formation energy of:
(a) Frenkel pair 2.8 [17]
2.20-2.64 [18] —
2.20-3.1 19]
2.70 [201

2.70° [21, 22]

(b) Schottky pair — 2.17* [27]
Migration energy: —
(a) interstitial 1.64 [17]
(b) vacancy 0.52-0.88 [17]
0.81-1.02 [18]
0.65-1.20 [20]
0.36 [23]
0.54 [24]
0.17 [25]
Cation
Formation energy:
(a) Frenkel pair 7.10* {22] —
(b) Schottky trio 5.80° [22] —
Migration energy
of a vacancy 0.9-2.1" [19] 0.66° [28]
Associated energy of a
dislocation-Frenkel pair  0.50* [26] —

? Theoretical estimates.
b Estimated from the experimental data.

sary to compare it with the compiled data on experi-
mental and theoretical activation energies for the
formation and migration of several types of defects in
CaF, [17-26] and LiF [27, 28] (Table IV). An exam-
ination of Table IV suggests that the present value of
0.21 eV/atom is in reasonable agreement with the
values for anion vacancy migration in CaF, [25].
Thus, the temperature dependence of damping in
LiF-22% CaF , appears to be related to the migration
of anion vacancies in the CaF, phase of the eutectic
material.

4, Summary and conclusions
The conclusions are as follows.

(1) Measurements of the Young’s and the shear
moduli for the LiF-22% CaF, eutectic as a func-
tion of the absolute temperature showed that these



elastic moduli decreased linearly with increasing
temperature.

(2) The shear modulus data were in good agree-
ment with the lower bound predicted by the rule of
mixtures but a similar comparison with the experi-
mentally determined values of Young’s modulus was
unsatisfactory.

(3) The effective activation energy for damping was
0.21 eV/atom and this value was found to be in
reasonable agreement with published values for the
migration of anion vacancies in the CaF, phase.
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Appendix
A1 Equations used for estimating the
polycrystalline elastic moduli from
cubic single crystal data
Several equations have been proposed for estimating
the elastic moduli of an isotropic polycrystalline ma-
terial using cubic single crystal data on elastic stiffness,
c;j» or elastic compliance, s;;, where i = 1 or 4 and j
=1, 2 or 4 [29]. The two most commonly used
expressions arc the Voigt and the Reuss models, re-
spectively. The Voigt model, which is valid for the
situation where the grain boundaries are parallel to
each other so that the strain is uniform in all the
grains, predicts that the shear modulus, Gy, and the
bulk modulus, By, are given by

Gy = (cyy — C1p + 3¢44)/5 (A1)

and
By = (cy1 +2¢y,)/3 (A2)

The Reuss model, which assumes that the grain
boundaries are perpendicular to the stress axis and the
stress is uniform from one grain to the next, suggests
that the shear modulus, Gy, and the bulk modulus, By,
are given by

Gr = {[4(511 ~ 512)/5] + (Bs44/5)} 71 (A3)
and
By = [3(511"‘2512)];1 (A4)

Comparison of Equations (A2} and (A4) reveal that
both models lead to identical values for the bulk
modulus.

An estimate of the upper, Gy, and lower, Gg, bounds
for the shear modulus was derived by Hashin and
Shtrikman [30, 31], who obtained

Gy = G, + 3{[5/(G, — G,) — 48,1} 1 (AS)

and
Gs = G, + 2{[5/(G, — G,) — 6B,]} ' (A)

where
G, = 05(c;; — ¢i3) (A7)
G, = ¢y (AB)
B, = — 3(Ky + 2G,)/[5G,(3Ky + 4G,)] (A9)
B, = — 3(Ky + 2G,)/[5G,(3Ky + 4G,)] (A10)

Ashby [32] and Frost and Ashby [33] suggested
using a geometric mean of Equations (A7) and (AS)
since it is related to the elastic energy of a screw dis-
location. Thus, the Ashby modulus, G,, is given by

Ga = [05c44(cq; — C12)]0'5 (A11)

The corresponding Young’s modulus, E;, can be
calculated from Equations (A1) - (A3) and (AS)—(A11)
using [34]

E, = 9ByG,;/(3By + G)) (A12)

where G, is the appropriate shear modulus given by
the above models.

A2 Evaluation of the Young's and shear
moduli from single crystal data on CaF,
and LiF

The temperature dependence of ¢, ¢{3, Cass S115 812

and s,, for CaF, and LiF single crystals were com-

piled from several sources [35-38]. Using Equations

Al to A12, the isotropic elastic moduli were estimated

from each set of data as a function of temperature, and

the corresponding linear regression equations were
obtained. This procedure identified the set of equa-
tions required for predicting the upper and lower
bounds for the shear and Young’s moduli. Fig. Al
and A2 show the variation of the shear modulus with
temperature for CaF, and LiF, respectively, where it is
evident that the experimental data from the different
investigations are in excellent agreement with each
other. The Ashby and the Reuss models predict the
upper and lower bounds, respectively, for CaF,

(Fig. Al) while the Voigt and the Ashby equations

form the upper and lower bounds, respectively, for

LiF (Fig. A2). The regression equations for these

models are tabulated in Table Al using the data re-

ported by Hart [37] and Vidal [38] for LiF and CaF,,
respectively.
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Figure A1 Plots of the isotropic shear modulus against the absolute
temperature for data obtained on CaF, single crystals [36, 38]
showing the upper and lower bounds predicted by the different
models (--- [36], —— [38]).
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Figure A2 Plots of the isotropic shear modulus against the absolute
temperature for data obtained on LiF single crystals [35, 37] show-
ing the upper and lower bounds predicted by the different models

(— 351, — [37]).

TABLE AI Upper and lower bound regression equations for E
and G for CaF, and LiF.

Moduli

(GPa) CaF3 LiF®
Ashby Reuss Voigt Ashby
(upper) (lower) (upper) (lower)

E; 122.0-0:024T 113.0-0.0267 142.0-0.0607 134.0-0.071T

i

G;

i

479-00107 44.1-0.011T 59.8-0.031T 54.9-0.033T

Note: “Based on the data of Vidal [38].
bBased on the data of Hart [37].

A3 Evaluation of the rule of mixtures elastic
modulus for the eutectic salt

The upper and lower bound values of E and G were

determined for LiF-22% CaF, from the sets of

equations tabulated in Table Al using the rule of

mixtures. Thus,

VeXei + VinXmi (A13)

Xrom =
where Xgpom = Erom O Groms Ve and V,, are the
volume fractions of CaF, and LiF, respectively, and
X;; and X,; are the values of E; or G, for CaF, and
LiF, respectively, calculated from the regression equ-
ations tabulated in Table AL
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