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Abstract

The heat capacities of hafnium—oxygen solid solutions, HfO,, (X = 0.11, 0.19 and 0.22), were measured from 325 to 905
K by using an adiabatic scanning calorimeter. Entropy changes due to the order—disorder transition of the oxygen sublattice
were estimated from the heat capacity data in this study and were recomputed for HfO, (X = 0.14 and 0.17) whose heat
capacities had been measured in our previous study. The experimental transition entropy change obtained for the
composition of X =0.17 (= 1/6) was in good agreement with the theoretical transition entropy change calculated on the
basis of the crystal analyses using statistical thermodynamics, while the experimental values for the other compositions
(X # 0.17) were smaller than the theoretical values. The difference between the experimental and theoretical values was
considered to be caused by the increasing degree of configurational freedom in the ordered structures due to the increments
of oxygen vacancies for X < 1/6 or the increments of interstitial oxygen atoms for X > 1/6. © 1997 Elsevier Science B.V.

1. Introduction

It is known that the interstitial oxygen atoms dissolved
in titanium and zirconium metals form ordered structures
in low temperatures and cause order—disorder transitions
between 600 and 800 K. We have measured the heat
capacities of titanium—oxygen [1] and zirconium-oxygen
[2] solid solutions and discussed the order—disorder behav-
iors of the oxygen atoms in view of statistical thermody-
namics by referring to the experimental transition entropy
changes computed from measured heat capacities.

Hafnium also belongs to the same IVA group as tita-
nium and zirconium metals. Oxygen dissolves in hafnium
metal up to 20 at.% (O/Hf = 0.25) [3,4] and these dis-
solved interstitial oxygen atoms form ordered structures
similar to those of titanium- and zirconium-oxygen solid
solutions [5]. Hirabayashi et al. [6] determined the ordered
structures of hafnium—oxygen solid solutions, HfOy, by
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using electron and neutron diffraction methods. They re-
ported that the basic ordered structures of HfO, was the
ordered one for X =1/6 and oxygen vacancies for X <
1/6 or interstitial oxygen atoms for X > 1/6 existed in
the basic ordered structure. Moreover, they measured the
heat capacities of HfO, (X = 0.11 to 0.23), but the experi-
mental transition entropy changes computed from their
heat capacity data were smaller than the theoretical values
calculated on the basis of their crystal structure analyses.
We also measured heat capacities of HfO, (X = 0.14, 0.17
and 0.19) alloys from 325 to 905 K by using an adiabatic
scanning calorimeter [7]. In our previous work, the experi-
mental transition entropy changes computed from the heat
capacity data were larger than those reported by
Hirabayashi et al. [6] and the experimental values for the
composition of X = 0.14 and 0.17 were in good agreement
with the theoretical values. However, for X = 0.19, the
experimental value was smaller than the theoretical one
and the shape of the heat capacity curve was different from
those for HfO, (X =0.14 and 0.17), TiOy [1] and ZrOy
21

In this paper, we describe the results of heat capacity
measurements of HfO,, X =0.11 and 0.22, from 325 to
905 K by using an adiabatic scanning calorimeter together
with that of X = 0.19 measured again after annealing and
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discuss the transition mechanism in the wide composition
range by comparing the experimental entropy changes of
the order—disorder transition with the theoretical values
from the view point of statistical thermodynamics, includ-
ing the recomputed experimental values of the composi-
tions of X = 0.14 and 0.17 measured in the previous study

[7].

2. Experimental

The experimental procedure in this study has been
described previously [7]. In this study, we prepared HfO,
with compositions of X =0.11 and 0.22. For X =0.19,
the sample prepared in the previous study was used in the
measurement after reannealing. It was confirmed from an
X-ray diffraction method that both prepared alloys were
single phase having a hexagonal crystal structure of «-Hf.
The composition of each alloy was determined from weight
gain in oxidization to hafnium dioxide, HfO,. The deter-
mined compositions were in nearly good agreement with
the initial compositions. To fabricate the samples for heat
capacity measurements, the prepared alloys were crushed
into pieces of less than 3 mm in size and about 36 g of
each alloy was sealed in each quartz vessel with a helium
gas pressure of 20 kPa (150 Torr).

The heat capacity measurements of HfO, (X =0.11,
0.19 and 0.22) were carried out using an adiabatic scan-
ning calorimeter from 325 to 905 K as described elsewhere
[1,2,7]. The scanning heating rate chosen in this study was
2 K min~'. Heat capacity measurements using the
calorimeter were standardized by carrying out measure-
ments on pure zirconium metal. In comparison with the
reliable data of Douglas [8], the imprecision and the inac-
curacy were determined to be +5% and +3%, respec-
tively.

We carried out the heat capacity measurements in the
following procedure to obtain the experimental transition
entropy changes. At first, measurements were carried out
on the samples without any annealing. These heat capacity
data were used for determinations of the base lines re-
quired to estimate the experimental transition entropy
changes as described later. Then, the samples were an-
nealed at the appropriate temperature between 603 and 623
K for 2 weeks to form the ordered structures in the
interstitial oxygen sublattice and cooled slowly for 1 week
to ambient temperature. Finally, heat capacities were mea-
sured on these annealed samples with the ordered struc-
tures and we obtained the experimental transition entropy
changes.

3. Results and discussion

The results of the heat capacity measurements on HfOy
(X =0.11, 0.19 and 0.22) before annealing (without any
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Fig. 1. Heat capacities of HfOy in this study (X = 0.11, 0.19 and
0.22) and our previous work (X =0.14 and 0.17) [7] before
annealing. The solid lines are the base lines determined by fitting
heat capacity data excluding the heat capacity anomaly due to the
order—disorder transition to a straight line. The arrows indicate
transition temperatures.

annealing) and after annealing are shown in Figs. 1 and 2,
respectively, together with the results of our previous
measurements (X =0.14 and 0.17) [7]. In all measure-
ments, the heat capacity anomalies due to the order—dis-
order transition are seen around 700 K. Of course, the peak
area for samples before annealing is much smaller than
that for the samples after annealing because the ordered
structures in the samples before annealing had not been
formed completely at the start of measurement, so the
transition enthalpy and entropy changes have to be esti-
mated using the heat capacity data in Fig. 2.

In Fig. 2, other heat capacity anomalies are seen in the
lower temperature range up to 600 K for all samples,
although this anomaly was not observed for the heat
capacity measurement on X = 0.19 in our previous study
[7). Similar heat capacity anomalies have been observed
for titanium—oxygen [1], zirconium—oxygen [2] and
hafnium—oxygen [7] solid solutions and we referred to it as
the low temperature heat capacity anomaly in the previous
paper [1,2,7]. On the other hand, the low temperature heat
capacity anomalies are not seen in Fig. 1 for the samples



100 T. Kato, T. Tsuji / Journal of Nuclear Materials 247 (1997) 98—102

Cp / JK-Imol-!

300 400 500 600 700 800 900
T/K

Fig. 2. Heat capacities of HfOy in this study (X = 0.11, 0.19 and
0.22) and our previous work { X = 0.14 and 0.17) [7] after anneal-
ing. The solid lines are the base lines of the heat capacity curves.
The dotted lines are the attenuation lines of the low temperature
heat capacity anomaly.

before annealing. We assumed that the low temperature
heat capacity anomaly was caused by poor heat conduction
in a quartz vessel due to lowering the helium gas pressure
during annealing. In order to check this possibility, we
performed a series of simple experiments. At first, we
measured the heat capacity on a sample resealed with a
helium gas pressure of 20 kPa after we confirmed the
existence of a low temperature heat capacity anomaly. As
expected, the low temperature heat capacity anomaly dis-
appeared and this heat capacity curve looked like heat
capacity curves in Fig. 1. In the next step, we measured
the heat capacity on a sample evacuated and sealed again
in a quartz vessel after we confirmed no existence of the
low temperature heat capacity anomaly. As a result, an
anomaly similar to the low temperature heat capacity
anomaly appeared again. Heat capacity measurement on
pure zirconium metal evacuated and sealed in a quartz
vessel was also carried out and an anomaly similar to the
low temperature heat capacity anomaly was observed as
expected. From these experimental facts, our assumption

seems to be true. We could not examine the reason why
the helium gas pressure lowered during annealing. Consid-
ering that IVA metals have the property of dissolving a
large amount of light elements, e.g., hydrogen, carbon,
nitrogen and oxygen, some of the helium may be absorbed
in the hafnium—oxygen solid solution during annealing. It
seems to be caused by a slightly lower annealing tempera-
ture that the low temperature heat capacity anomaly not
observed for the measurement of X = (.19 after annealing
in our previous study.

In order to compute the experimental transition en-
thalpy and entropy changes from heat capacity data in this
study, the appropriate peak area due to the order—disorder
transition has to be determined excluding the effect of the
low temperature heat capacity anomaly. So in this study,
two lines are determined as shown in Fig. 2. One is the
attenuation line of the low temperature heat capacity
anomaly shown as the dotted lines and the other is the base
line of heat capacity curve shown as the solid lines. The
attenuation lines were determined by fitting heat capacity
data to a straight line in the appropriate part of the low
temperature heat capacity anomaly in Fig. 2, because it
was found that the low temperature heat capacity anomaly
attenuated along by a straight line from the heat capacity
measurement of pure zirconium metal evacuated and sealed
in a quartz vessel which was needed for the examination of
low temperature heat capacity anomaly. The base lines of
heat capacity curves were determined by solid lines shown
in Fig. 1 as described previously [7]. The solid lines in Fig.
1 were determined by fitting heat capacity data to a
straight line excluding the heat capacity anomaly due to
the order—disorder transition. Then, for each heat capacity
curve in Fig. 2, we determined the base line that had the
average slope of the solid lines in Fig. 1 and the minimum
standard deviation from heat capacity data in the high
temperature range above 830 K uninfluenced by the or-
der—disorder transition in Fig. 2. We can obtain the experi-
mental transition enthalpy and entropy changes by integrat-
ing the area enclosed by heat capacity curve, the attenua-
tion line and the base line in Fig. 2.

The order—disorder transition temperatures, enthalpy
changes and entropy changes obtained in this study are
shown in Fig. 3(a)—(c), respectively, as a function of the
O/Hf atomic ratio, or X in HfO, with those obtained
previously by Hirabayashi et al. [6]. The temperatures
corresponding to the maximum heat capacity peak for
samples before annealing in Fig. 1 were regarded as the
experimental transition temperature in Fig. 3(a) because
the temperatures in Fig. 1 seem to be less affected by the
time lag in scanning methods than those temperatures in
Fig. 2 for samples after annealing. These experimental
transition temperatures are in good agreement with those
observed previously by Hirabayashi et al. [6]. However,
the experimental transition enthalpy and entropy changes
obtained in this study are larger than those reported by
Hirabayashi et al. [6]. This fact may be caused by the
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Fig. 3. (a) Transition temperatures (7;), (b) transition enthalpy
changes (A H) and (c) transition entropy changes (AS) of HfO,
as a function of O /Hf atomic ratios. (@) 7,, AH and AS in this
work. (A) T;, AH and AS by Hirabayashi et al. [6].

Theoretical transition entropy change calculated on the basis of
crystal analyses. - - -: Transition entropy change calculated using
the equations proposed in this work.

difference in the starting materials, annealing condition
and the estimation of base line.

We can calculate the theoretical transition entropy
changes by using statistical thermodynamics from configu-
rational entropy changes for the interstitial oxygen atoms
in host hafnium lattice between the ordered and disordered
phase, on the basis of crystal analyses. The equations used
for the calculation are as follows [6]:

X<1/6, AS=k{In(,_nyyCnx)} —k{ln(N/6CNX)>,
X>1/6, AS=k{In(y_nyxCnx)}

—k{In( Ny Coix-1/6))}-

where & and N are Boltzmann’s constant and Avogadro’s
number, respectively. On the right hand side in these
equations, the first and second terms are derived from the
configurational entropies of the disordered and ordered

phase, respectively. The theoretical value is shown as the
dotted line in Fig. 3(c). The experimental transition en-
tropy change for the composition of X =0.17 (= 1/6) is
in good agreement with the theoretical value. It seems that
the heat capacity data measured in this study are carried
out on the samples annealed sufficiently at more appropri-
ate temperature to form the order structures. This fact
implies that the order—disorder transition takes place fol-
lowing the transition mechanism on the basis of the crystal
analyses for HfO, s and HfO, , has a complete ordered
structure whose configurational entropy is zero as reported
by Hirabayashi et al. [6]. It has not been confirmed that
titanium- and zirconium-oxygen solid solutions have com-
plete ordered structures for the compositionof O/M =1/6
and the existence of the complete ordered structure for
HfO, ,, may imply that the repulsive force between inter-
stitial oxygen atoms in HfOy is stronger than those in
TiOy or ZrOy.

On the other hand, the experimental transition entropy
changes for other compositions (X # 0.17) are smaller
than the theoretical values, respectively. For the composi-
tion of X =0.14, the experimental transition entropy
change in our previous estimation was in good agreement
with the theoretical value, however after the computation
using the attenuation line the experimental transition en-
tropy change is smaller than the theoretical value, because
the low temperature heat capacity anomaly had less influ-
ence on the computation of the experimental transition
entropy change in consideration of the attenuation line in
this study than that in our previous work. We propose the
increasing degree of configurational freedom of the or-
dered structures as one of the explanations for the differ-
ence between the experimental and theoretical transition
entropy changes. Assuming that factor ‘a’ is the number
of the increasing degree per one oxygen vacancy (or one
interstitial oxygen atom) for X < 1/6 (or X > 1/6), com-
pared to the basic ordered structure for X=1/6, the
equations for the transition entropy change are expressed
as

X<1/6, AS=k{In(y_yxCnx)}
— k{in( 4 Cux ya 17670},
X>1/6, AS=k{In( y_yyCnx)}

- k{ln( wxCnx 1 /ey @™~ '/f’)}.

The transition entropy changes calculated using these
equations in the case of @« =3 for X <1/6 and a = 17 for
X > 1/6 are shown as the solid line in Fig. 3(c). These
calculated transition entropy changes fit to the experimen-
tal values very well.

We can not discuss, in more detail, the order—disorder
transition mechanism. However, it can be remarked that
the interstitial oxygen atoms or the oxygen vacancies,
compared to the basic ordered structure for X=1/6,
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break the balance of the strong repulsive force between the
interstitial oxygen atoms in hafnium metal, affect the
configuration of the oxygen originally occupied the inter-
stitial sites in the basic ordered structure for X =1 /6 and
then cause the increasing degree of configurational free-
dom of the ordered structures.

4. Conclusions

We measured heat capacities of hafnium—oxygen solid
solutions, HfO, (X =0.11, 0.19 and 0.22) from 325 t
905 K and computed the entropy changes due to the
order—disorder transition of oxygen sublattice from heat
capacity data, including HfO, (X =0.14 and 0.17) mea-
sured in our previous study.

(1) The experimental transition entropy change for
X =0.17 (= 1/6) was in good agreement with the theoret-
ical value calculated on the basis of the crystal analyses
using statistical thermodynamics. The fact may imply that
HIO, /4 has a complete ordered structure whose configura-
tional entropy is zero.

(2) The experimental transition entropy for X =0.11,
0.14, 0.19 and 0.22 were smaller than the theoretical value.
The difference between the experimental and theoretical

transition entropy changes may be caused by the increas-
ing degree of configurational freedom of the ordered struc-
ture.
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