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Abstract—Differential scanning calorimetry and high-temperature X-ray diffraction were used to measure
the molar heat capacity and lattice thermal expansion of pyrochlore europium hafnate in the temperature
range 298—1300 K. Eu,Hf,0; does not experience structural transformations in this temperature range. The
thermal expansivities of europium hafnate were estimated.
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INTRODUCTION

Europium hafnate Eu,Hf,0; of pyrochlore struc-
ture type (Fd3m) crystallizes with the metal ratio Eu :
Zr=1:1inthe region of continuous hafnia-base solid
solutions (1 — x)EuO, sxHfO, (x = 0.45—1.0), which
have disordered fluorite crystal structure (Fm3m).
Pyrochlores crystallize at high temperatures (1600—
1900 K), where diffusion processes are activated [1].
Europium hafnate is a high-temperature oxide and
does not experience structural transformations up to
the temperature at which it converts to the disordered
fluorite structure (~2500—2700 K) [2—5]. Europium
hafnate, as other rare-earth zirconates and hafnates,
too, has a good potential for use in the nuclear indus-
try and in power production [6—8]. Of special interest
are protective coatings for high-temperature power
plants, namely, for gas turbines (thermal barrier coat-
ings, TBCs) and aircraft engines (thermal/environ-
mental barrier coatings, TBC/EBC) [9—11]. The high
chemical inertness and corrosion resistance of rare-
earth hafnates and zirconates, which should ensure
the durability of coatings, needs to be confirmed,
especially in high-temperature contact with CMAS
(calcium magnesium alumina silicate) oxides. Experi-
mental studies are quite costly and laborious, but
methods of chemical thermodynamics modeling
chemical equilibria at high temperatures can help to
solve this problem [12, 13]. The advantage of this
approach is the elimination of kinetic factors that
complicate experimental measurements. Model cal-
culations require reliable data on temperature-depen-
dent thermodynamic functions—heat capacity,
entropy, enthalpy increment, and Gibbs free energy—
over the widest possible range of temperatures. The
high-temperature heat capacity of Eu,Hf,0, was mea-

sured by differential scanning calorimetry (DSC) in a
helium atmosphere in the temperature range 373—
1073 K [14], and was calculated from drop calorimetry
measurements of the enthalpy increment in the ranges
774—1679 K [15] and 977—1738 K [16]. The DSC-
derived values [14] seem overestimates, and the values
derived from drop calorimetry measurements [15] and
[16] are not very consistent with each other, especially
at temperatures above 1000 K. Thermal expansion
parameters are an important characteristic of high-
temperature ceramic materials. This work comprised
DSC measurements of the Eu,Hf,0O, molar heat
capacity in the range 298—1300 K, X-ray diffraction
studies of temperature-dependent unit cell parame-
ters, and assessment of thermal expansivities in the
range 298—1300 K.

EXPERIMENTAL

Synthesis, measurement and data processing pro-
cedures are described in detail elsewhere [17]. The
chemicals used in the synthesis were europium sesqui-
oxide (99.99 wt %), hafnia (99.99 wt %) produced by
Lanhit, hydrochloric acid (35—38 wt %, specialty
grade 20-4), and aqueous ammonia (25—28 wt %
NH,OH, specialty grade) produced by Khimmed.
The prepared sample was single-phase europium haf-
nate with the unit cell parameter a = 10.541(4) A
(pyrochlore) as probed by X-ray powder diffraction. It
was not nanosized as shown by scanning electron
microscopy and its coherent scattering domain sizes
estimated from the X-ray diffraction pattern (Figs. 1
and 2). The composition of the sample as probed by
chemical analysis was Eu,Hf; ;O ¢4; the oxygen index
was derived from the metal oxide ratio. As shown pre-
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Fig. 1. X-ray diffraction pattern of a europium hafnate
(pyrochlore) sample, a = 10.541(4) A.

viously [18], this deviation from stoichiometry cannot
significantly affect the molar heat capacity value. The
formula weight calculated as recommended in [19]
was 772.9038 g/mol. The heat capacity was measured
by DSC (STA 449 F1 Jupiter (Netzsch)). The thermal
expansion was measured by high-temperature X-ray
powder diffraction (Shimadzu X-ray diffractometer
equipped with an HZ-1001 high-temperature attach-
ment) [20].

RESULTS AND DISCUSSION

The heat capacity of pyrochlore europium hafnate
in the range 298—1300 K measured by DSC (Fig. 3) is
well fitted by the Maier—Kelley equation [21]:

C; (T, J/(mol K)) = 284.08

(D
+0.028361507 —4756428/T%, R’ = 0.9998.

The temperature-dependent heat capacity does not
feature anomalies due to structural transformations.
Figure 3 compares the Eu,Hf,0;, heat capacities in the
range 300—1300 K taken from various sources: our
measurements (curve /), calculations from Eu,0; [22]
and HfO, [23] heat capacities in terms of the Neu-
mann—Kopp rule (curve 2), results borrowed from
[15] (curve 3) and from [16] (curve 4). One can see
that curves / and 2 lie very closely to each other,
although the Neumann—Kopp heat capacity estimate
at 298.15 K (242.8 J/(mol K))) is 4.5 J/(mol K) higher
than our experimental value. The heat capacities cal-
culated from enthalpy increments [15] (curve 3) are
also close to our values (curve /). The heat capacities
calculated by the equation found in [16] as
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Fig. 2. Surface micrograph of a europium hafnate sample.
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Fig. 3. Eu,Hf,07 molar heat capacity at 300—1300 K: (7)
measured in this work, (2) calculated by the Neumann—
Kopp rule, (3) borrowed from [15], and (4) borrowed from
[16].

HC(T) — H°(298.15 K)(J/mol)
= 298.6937 +2.113 x 1077’
+48.663%10°/T + 105564.86, )

C, (T) = 298.693 + 4.226T x10°T
— 48.663%10°T 2.

(curve 4) are also close to our values (curve /) in the
range 300—800 K; at higher temperatures, however,
they are serious underestimates. Thus, the general
trend of the temperature dependences calculated by
differentiating enthalpy increments [15, 16] slightly
differs from direct heat capacity measurements, and
extrapolation of these values to high temperatures can
significantly distort actual values. Lépez-Cota at al.
[14] measured the high-temperature heat capacity of
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Fig. 4. Temperature-dependent unit cell parameter a of
pyrochlore europium hafnate (Fd3m): (I) determined in
this work, (2) calculated by Eq. (3), (3) borrowed from [24,
25], and (4) the same for Gd,Hf,05 [17].

pyrochlore europium hafnate by DSC. However, their
results presented graphically in the paper are signifi-
cant overestimates (C, > 380 J/(mol K) for 300—1100 K),
most likely, due to a methodological error, namely, the
use of helium as an inert gas, with its high thermal
conductivity.

The thermal expansion of europium hafnate was
studied by high-temperature X-ray diffraction in the
range 298—1300 K and by determination of the tem-
perature- dependent unit cell parameter a of the cubic
pyrochlore (Fig. 4; Table 1). The thermal expansion of
europium hafnate has a positive trend, just as
expected, and the general trend confirms the absence
of structural transformations in the range of tempera-

Table 1. Temperature-dependent unit cell parameter (a), cur-
rent thermal expansivity (0l7), and relative thermal expansion
(TE) of pyrochlore europium hafnate; p = 101.3 kPa

T, K a, A or ;_1? " TE, %
298 10.541 11.79 0
303 10.543 11.79 0.02
473 10.561 11.77 0.19
573 10.572 11.76 0.29
673 10.586 11.74 0.43
773 10.600 11.73 0.56
873 10.613 171 0.68
973 10.625 11.70 0.80
1073 10.638 11.69 0.92
1173 10.649 11.67 1.03
1273 10.661 11.66 1.14
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tures studied. The temperature-dependent parameter
a is satisfactorily fitted by the linear equation

a (A) =10.5034 £ 0.0011
+(1.2432£0.0130)x10*7, R* = 0.9989,

and the relative thermal expansivity remains a con-
stant value to high accuracy:

)

Ogs (K™') = [1/a(298 K)l[da(T)/dT]
=11.79x10°°,

whereas the current thermal expansivity decreases sys-
tematically as temperature rises:

o (K™') = [1/a(D)]lda(T)/dT]
=1.1835x107> —1.3758 x107"°T,

R> = 0.9995.

The relative thermal expansion (7E) is described
by the relationship

TE (%) = 100 x [a(T) — a(298 K)1/a(298 K)
=—0.3566 +1.18 X 10°T, R> = 0.9995.

The unit cell parameter versus temperature plots
for europium hafnate and gadolinium hafnate [17] are
almost parallel (Fig. 4, curves I and 4), which is an
indication to the closeness of values of derivatives
da(T)/dT and relative thermal expansivities: 0,5 (K™') =

11.79 x 10 and 11.75 x 107, respectively. Our tem-
perature-dependent unit cell parameter plot coincides
with that in [24] to a 5% error (Fig. 4), but the calcu-
lated relative thermal expansion differs from that in
[25] almost twofold.

CONCLUSIONS

Pyrochlore europium hafnate has been prepared by
reverse precipitation and characterized by scanning
electron microscopy, X-ray powder diffraction, and
chemical analysis. The molar heat capacity of euro-
pium hafnate has been measured by differential scan-
ning calorimetry (at 298—1300 K), and it featured no
anomalies due to structural transformations in this
range of temperatures. The temperature-dependent
unit cell parameter of cubic europium hafnate
(pyrochlore) has been determined in high-tempera-
ture X-ray diffraction experiments, and thermal
expansivities have been estimated. The relative expan-
sivities of europium hafnate and gadolinium hafnate
have almost equal values and are invariable in the
range 298—1273 K. The results can be used for ther-
modynamic modeling of processes where Eu,Hf,0; is
involved, for predicting the behavior of a europium
hafnate based high-temperature material in corrosive
settings, and for developing new europium hafnate
production technologies.
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