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Abstract—The molar heat capacity of lanthanum hafnate of the pyrochlore structure type was measured by
differential scanning calorimetry in the temperature range 310–1380 K. The temperature dependence of the
unit cell parameter a in the range 303–1273 K was characterized. The absence of structural transformations
was demonstrated, and the thermal expansion coefficients in this temperature range were estimated.
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INTRODUCTION
Thermal and corrosion protection of gas-fired

power plants and aircraft engines has been a challenge
over the last decades [1–5]. One of the candidates for
a protective material is lanthanum hafnate of the
pyrochlore structure type [6]. Among its advantages
are high temperature of congruent melting, low ther-
mal conductivity, low vapor pressure, and relatively
wide homogeneity region [7–10]. The high-tempera-
ture chemical resistance of lanthanum hafnate to
gaseous and solid substances contained in air, partic-
ularly to CMAS (calcia-magnesia-alumina-silica) [11],
requires thorough experimental investigation, the
extent of which can be significantly reduced by pre-
liminary thermodynamic modeling [12]. The model
calculations were based on the temperature depen-
dence of the Gibbs free energy, which was calculated
using the enthalpy of formation of lanthanum hafnate,
and on the temperature dependence of the heat capac-
ity over a wide temperature range. The enthalpy of for-
mation of La2Hf2O7 of the pyrochlore structure type
(Fd3m) was found earlier [13, 14]. The low-tempera-
ture (0–346 K) heat capacity and the calculated ther-
modynamic functions were determined in our previ-
ous work [15] from the results of adiabatic calorimetry
of a synthesized and characterized La2Hf2O7 sample
(pyrochlore). The molar heat capacity at higher tem-
peratures is also available in the literature [6, 10, 16].
However, these data disagree with each other; there-
fore, the purpose of this work was to measure the tem-
perature dependences of the heat capacity in the range
310–1380 K. The second purpose of this study was to
investigate the thermal expansion by exploring the
temperature dependence of the unit cell parameter a
of lanthanum hafnate of the pyrochlore structure type
in the range 303–1273 K.

EXPERIMENTAL

In our previous work [5], the reverse precipitation
synthesis and subsequent step annealing of a lantha-
num hafnate sample were described in detail, and so
was its identification by X-ray powder diffraction anal-
ysis, chemical analysis, X-ray f luorescence analysis,
scanning electron microscopy, and differential ther-
mal analysis. The molecular weight of a sample
(746.78933 g/mol) was determined from the atomic
weights of the elements [17]. The molar heat capacity
of lanthanum hafnate was measured by differential
scanning calorimetry with a Netzsch STA 449 F1
Jupiter simultaneous thermal analyzer in an atmo-
sphere of high-purity (99.999%) gaseous argon. The
temperature dependence of the unit cell parameter was
studied by high-temperature X-ray diffraction with a
Shimadzu X-ray diffractometer (CuKα radiation, λ =
1.5418 Å) and an HA-1001 sample heating attachment
in the temperature range 303–1273 K at an interval of
100 K with preliminary holding for 20 min at each
measurement temperature [18].

RESULTS AND DISCUSSION

The final annealing of a lanthanum hafnate sample
was performed at 1773 K for 4 h. This procedure is
necessary for the complete interaction of the initial
components and the formation of the pyrochlore crys-
tal structure, which is not nanosized [14, 19]. Accord-
ing to the elemental analysis data, the obtained sample
has the composition La1.992Hf2.008O7.004. As we showed
previously [20], such a deviation from stoichiometry
cannot significantly distort the calculation of the
molar heat capacity for a rational composition from
experimental data.
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Fig. 1. Temperature dependence of the heat capacity of
lanthanum hafnate (pyrochlore): (1) this work, (2) calcu-
lation by the Neumann–Kopp rule from the heat capaci-
ties of La2O3 [22] and HfO2 [23], (3) [16], (4) [10].
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Fig. 2. Temperature dependence of the unit cell parameter
(pyrochlore): (1) La2Hf2O7, (2) Nd2Hf2O7 [24], (3)
Gd2Hf2O7 [25], and (4) [26].
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The molar heat capacity was measured by differen-
tial scanning calorimetry in the temperature range
310–1380 K, and the results of these measurements
are illustrated in Fig. 1 (curve 1) with the uncertainty
interval of the differential scanning calorimetry
method (~2.5%). The obtained results are well
described by the Maier–Kelley equation [21]

(1)

Figure 1 makes an estimate of the heat capacity of
La2Hf2O7 by the Neumann–Kopp rule from the heat
capacities of individual oxides La2O3 [22] and HfO2
[23] (curve 2),

(2)

and gives the results of the calculation from the
experimentally measured increment in the enthalpy in
the range 988–1773 K [16] (curve 3),

(3)

and also the results of the differential scanning calo-
rimetry of the heat capacity (curve 4) [10],

(4)

Liang et al. [6] also measured the temperature
dependence of the heat capacity by differential scan-
ning calorimetry; however, the analytical expression
that they presented [6] contains outright misprints,
contradicts with the graphic image, and cannot be
compared with other data.
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As Fig. 1 shows, the curve calculated by the Neu-
mann–Kopp rule (curve 2) is virtually parallel and
above the confidence interval for the experimental
heat capacity, beginning with the value 229.3 J/(mol K)
at 298 K, which differs from the experimental value
Cp (J/(mol K), 298.15 K) = 221.8 J/(mol K) that we
found by adiabatic calorimetry [15]. The heat capacity
calculated by the Neumann–Kopp rule was used [16]
to calculate the heat capacity from the enthalpy incre-
ment  –  (Eq. (3)). As we noted previously
[24], the differentiation of the enthalpy increment
does not always give a satisfactory result. Note that,
although curve 3 (Eq. (3)) to 1000 K is within the con-
fidence interval of our data, it is steeper, which may
significantly distort the calculations in the extrapola-
tion toward higher temperatures.

The thermal expansion of lanthanum hafnate with
the pyrochlore structure was studied by high-tempera-
ture X-ray diffraction. The temperature dependence
of the parameter a is illustrated in Fig. 2 and is near-
linear, but can be more accurately described by the
quadratic dependence

(5)

From this dependence, the thermal expansion
coefficients can be estimated, namely, the instanta-
neous coefficient αT = (da/dT)/aT, the relative coeffi-
cient α298 = (da/dT)/a298, and the linear relative coef-
ficient TE, % = 100 × (aT – a298)/a298.

Table 1 presents the calculated thermal expansion
coefficients and unit cell parameter at temperatures of
303–1273 K at an interval of 100 K. The thermal
expansion is positive: (da/dT) > 0, and the structure
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Table 1. Temperature dependence of the unit cell parame-
ter a of La2Hf2O7 and the thermal expansion coefficients:
the instantaneous coefficient αT, the relative coefficient α298,
and linear relative coefficient TE, P = 101.3 kPa

T, K A, Å αT × 10–6, 
K–1

α298 × 10–6, 
K–1

TE, %

303 10.774 8.20 8.20 0.02
473 10.786 8.63 8.65 0.13
573 10.796 8.89 8.91 0.22
673 10.806 9.14 9.17 0.32
773 10.818 9.39 9.43 0.43
873 10.828 9.64 9.69 0.52
973 10.838 9.89 9.95 0.61

1073 10.850 10.14 10.22 0.72
1173 10.860 10.39 10.48 0.82
1273 10.870 10.64 10.74 0.91
type Fd3m is preserved throughout the temperature
range.

As Fig. 2 shows, both the temperature dependences
of the lattice parameter of lanthanum hafnate and the
previously characterized curves for neodymium haf-
nate (curve 2) [24] and gadolinium hafnate (curve 3)
[25] are virtually parallel; hence, the thermal expan-
sion coefficients calculated using the derivative
(da/dT) have similar dependences on temperature.
Here, the dependence a(T) (curve 4) taken from the
published article [26] is also shown, with the differ-
ence that the variable T in the equation presented in
the article is replaced by (T – 273 K). After this
replacement, the temperature dependence takes the
meaning and virtually coincides with that we obtained.

CONCLUSIONS

A polycrystalline sample of La2Hf2O7 of the
pyrochlore structure type was synthesized and identi-
fied, and its heat capacity in the temperature range
310–1380 K was measured by differential scanning
calorimetry. The thus measured heat capacity agrees
with that determined previously by adiabatic calorim-
etry. The temperature dependence of the molar heat
capacity was represented as the Maier–Kelley equa-
tion. At temperatures of 303–1273 K, by high-tem-
perature X-ray diffraction, the change in the unit cell
parameter of lanthanum hafnate was calculated, the
thermal expansion was shown to be positive, the
absence of structural transformations was demon-
strated, and the thermal expansion coefficients were
estimated. The results of this work can be used to make
thermodynamic calculations of phase equilibria with
the participation of lanthanum hafnate, determine its
chemical resistance to aggressive media, а also develop
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
technologies of synthesis and application of protective
coatings.
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