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Heat capacity measurement on ZrO, (x = 0-0.31) from 325 to
905 K. Part 1. Heat capacity anomaly due to thermal
non-equilibrium state at low temperature *
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Abstract

Heat capacities of ZrO,(x = 0-0.31) were measured from 325 to 905K using an adiabatic
scanning calorimeter. Two kinds of heat capacity anomalies were observed for all samples except
pure zirconium metal. A A-type heat capacity anomaly was observed in the temperature range
from 600 to 750K and was assigned to an order—disorder rearrangement of the interstitial
oxygen atoms in zirconium host lattices. Another anomaly around 400-500K depended on
heating conditions, indicating that this anomaly is due to a non-equilibrium phenomenon. Due
to the imperfect ordering of the sample during the cooling process, a temporary ordering and
a subsequent recovery into an equilibrium state occur during the heating process at a finite rate,
making a broad heat capacity anomaly. This behavior is discussed with reference to the results of
the dependences of the cooling rate of the sample and the heating rate of the calorimeter on the
heat capacity anomaly.
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1. Introduction

The a-zirconium phase dissolves oxygen atoms up to 30 at% in the octahedral
interstices of the hcp zirconium lattice at room temperature, forming ordered structures
at higher oxygen compositions and lower temperatures. Yamaguchi [1], Hashimoto
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[2] and Hirabayashi and coworkers [3-5] determined the ordered structures of
zirconium—oxygen alloys by X-ray, electron and neutron diffraction methods. There
are three phases with different degrees of order in the zirconium-oxygen system: the
completely ordered phase a”, the intra-layer disordered phase o', and the completely
disordered phase a. The a” phase is further divided into ZrO, 4, ZrO,, LPSS and ZrO,,
where LPSS is the long-period stacking structure, and «’ is represented as ZrO,. The
phase diagram in the Zr-O system determined by calorimetry, electrical resistivity
measurement and neutron diffraction is shown in Fig. 1[6]. Each region in Fig. 1 is
distinguished by different types of oxygen occupancy of the three kinds of octahedral
interstitial sites in a plane perpendicular to the c-axis and the stacking sequences of the
planes parallel to the c-axis.

Heat capacity measurements can provide useful information for the transition
mechanism by detecting the transition temperature and evaluating the transition
enthalpy and entropy changes as a function of ny/n,, ratio. Arai and Hirabayashi [6]
measured the heat capacities of ZrO_ (x = 0.16-0.41) alloys and obtained enthalpy and
entropy changes for the order—disorder transition. However, their results seem to have
some ambiguities, since the heat capacity was not reported below 470K, and the base
line to estimate the entropy change due to the order—disorder transition was not clearly
described. We also measured heat capacities of ZrO, (x =0.17,0.20,0.28 and 0.31) and
(Zr,_,M,)O, (M is Nband Sn, x = 0.17 and 0.28, y = 0-0.07) from 325 to 905K, using
an adiabatic scanning calorimeter [7,8]. Two kinds of heat capacity anomalies were
observed for all samples: one was the anomaly at lower temperatures due to a non-
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Fig. 1. Phase diagram in the Zr-O system [6]:. O, calorimetry; A, electrical resistivity measurement;
[, neutron diffraction.
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equilibrium phenomenon which was not reported by Arai and Hirabayashi[6]; and the
other was the A-type anomaly at higher temperatures assigned to an order—disorder
rearrangement of oxygen atoms. The measured entropy change due to the order—
disorder transition for Zr—O solid solution in our previous work was larger than that of
Arai and Hirabayashi [6], but was in fairly good agreement with the theoretical value.

In this paper, heat capacities of ZrO,(x = 0-0.31), having various ngy/n,, ratios, were
measured from 325 to 905K by an adiabatic scanning calorimeter. Before the A-type
heat capacity anomaly at high temperature, the heat capacity anomaly at low tempera-
ture due to a non-equilibrium phenomenon was observed. The measured heat capaci-
ties were abnormally small around the starting temperatures, increased rapidly, and
then showed a broad peak. Here we will discuss this non-equilibrium phenomenon
observed in the heat capacity measurement. The A-type anomaly at high temperature
assigned to an order—disorder rearrangement of oxygen atoms will be discussed in Part
11 of this study [9].

2. Experimental
2.1. Sample preparation

ZrO, (x = 0-0.31) samples were prepared by using a method similar to the one used
to prepare zirconium—oxygen alloys in an earlier study [7]. Zirconium metal sponge of
99.6% purity, containing the impurities Hf, Fe, O, N, etc., and zirconium metal
oxidized at 773 K in air were mixed in an appropriate ratio and melted a few times using
a plasma jet furnace under an Ar gas stream. The cast sample obtained was annealed
for 3 days at 1273K in an evacuated and sealed quartz tube, and cooled to room
temperature over a period of 3 days. The sample was crushed into pieces of less
than 3mm size using a stainless-steel mortar. The crushed sample of about 20g
was sealed in a quartz vessel filled with He gas at 20kPa, and annealed at 873K
for 2 weeks, then 500K for 2 weeks and cooled slowly to room temperature over
a period of 3 days to obtain a highly ordered phase; this sample was used for the heat
capacity measurements. The identification of the phase and the measurement of lattice
constants of the samples were carried out by X-ray diffractometry. The ny/n,, ratio of
the sample was determined from the weight gain by oxidizing it to ZrO, at 1273K in
air for 1 week.

2.2. Heat capacity measurement

The heat capacities of ZrO, (x = 0-0.31) samples were measured using an adiabatic
scanning calorimeter [ 10]; in this calorimeter the power supplied to the sample was
measured continuously, and the heating rate was kept constant regardless of the kind
and amount of the sample. The heating rate chosen was 1-4Kmin~!, and the
measurement was carried out between 325 and 905 K under a pressure of about 130 Pa
of air, using a sample of about 20 g sealed in a quartz vessel filled with He gas at 20kPa.
The heating rate and adiabatic control were usually maintained within + 0.005 K min !
and + 0.01K, respectively. The heat capacity measurement was conducted within an
imprecision of + 2% and an inaccuracy of +2%.
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Fig. 2. (a) and (b). Heat capacities of ZrO, (x=0,0.10,0.13,0.17,0.20,0.24,0.28 and 0.31). The transition
temperatures T, are for the phase transition from the completely ordered phase o’ to the completely

disordered phase
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Fig. 2 (continued)

3. Results and discussion

Figs. 2(a) and (b) show the results of heat capacity measurements on ZrO, (x =
0-0.31). As seen in the figure, the heat capacity data of pure zirconium metal measured
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in this study are in good agreement with those reported by Douglas [11] (solid line for
x = 0 in Fig. 2). The solid lines for all ZrO, samples, except pure zirconium (x = 0), in
Fig. 2 are the base lines of heat capacities which were estimated in a manner similar to
that adopted in our previous study [ 7] and will be discussed in more detail in Part II of
thisstudy [9]. In Fig. 2, two kinds of heat capacity anomaly are seen for all the samples,
except pure zirconium metal: a broad peak at about 500K (low-temperature heat
capacity anomaly) and the A-type peak in the temperature range from 600 to 800K
(high-temperature heat capacity anomaly). The A-type heat capacity anomalies at high
temperature are assigned to an order—disorder rearrangement of interstitial oxygen
atoms in the zirconium host lattice and will be discussed in Part I [9]. In this paper, the
heat capacity anomaly at low temperature will be discussed.

The heat capacity curves at low temperature for ZrO, (x # 0) samples show a strange
behavior, as seen in Fig. 2. The much smaller heat capacity value compared with the
base line and the presence of the broad peak indicate that heat release and heat
absorption occur in addition to normal contributions to the heat capacity. As seen in
Fig. 2, only pure zirconium metal fails to show any heat capacity anomaly, but all other
samples ZrO, (x # 0) show only one 1-type heat capacity anomaly and one or two
additional humps in the curve, depending on the ng/n,, ratio, at higher temperatures
after a broad peak at low temperature. Thus the low temperature heat capacity
anomaly at about 400-500K seen in Fig. 2 is considered to be related to the movement
of interstitial oxygen atoms in the zirconium host lattice. This type of abnormal heat
capacity behavior at low temperature has also been observed in our laboratory for
interstitial type V-0 [12,13], Ti-O [14], Zr-O [7], Zr-Nb-O [7] and Zr-Sn-O [8]
solid solutions. In these solid solutions, the heat capacity anomaly at low temperature
was always accompanied by the order—disorder transition at high temperature due to
interstitial oxygen atoms or vacancy clusters. A similar abnormal behavior in the heat
capacity has also been observed in substitutional ordered alloys, such as FeCo with
a bee structure [15], CusAu [16] with fec structure, and Mg,Cd [17] with hcp
structure, using a dynamic type of calorimeter. Such a behavior has been qualitatively
explained by Sato and coworkers [18-20]. In their model, the degree of order in the
alloy, which is determined only by the temperature in an equilibrium state, is regarded
tochangeat a finite rate, controlled by a diffusion process, and the kinetics of the system
can be described with the “path probability method” using the pair approximation.
Although the model proposed by Sato and coworkers [18-20] has been applied to the
substitutional alloy, a similar interpretation might be made for the interstitial-type
zirconium-oxygen alloy, as follows. The temperature dependence of the configur-
ational entropy of oxygen atoms in the zirconium host lattice is illustrated schemati-
cally in Fig. 3, where the solid curves indicate the temperature dependence of the
entropy during cooling and heating at a finite rate, and the broken curve indicates the
hypothetical equilibrium value. In the cooling process, the jump frequency of oxygen
atoms decreases with decreasing temperature and the ordering of oxygen ceases below
a critical temperature Tc,, where the ordering rate controlled by the oxygen jump is
very slow compared with the cooling rate. The ordering of oxygen is frozen in
a non-equilibrium state (“frozen-in”) where the entropy of the system is larger than the
equilibrium value at the corresponding temperature; this state is preserved to room
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Fig. 3. Temperature dependence of configurational entropy of oxygen atoms.

temperature. Thus the sample itself is not really in an equilibrium state at the starting
temperature at which the measurement is initially carried out. The ordering of oxygen
atoms in the sample at the starting temperature is less than that at the hypothetical
equilibrium state.

During the heating process, however, the degree of order increases from the
“frozen-in” state to the equilibrium state with increasing temperature. Therefore,
alower heat capacity than the base line can be observed due to the heat release because
of the ordering process. This type of oxygen atom movement does not occur gradually,
but begins suddenly at a certain temperature where oxygen movement is possible after
some relaxation time, which is necessary to achieve oxygen movement. As the
temperature of the sample increases at a constant heating rate, the ordering of the
oxygen atoms over-shoots the equilibrium value at a certain temperature, and then
a higher order state than the equilibrium state can be achieved. At the temperature Tc,,
the ordering of oxygen atoms reaches the equilibrium state. These processes would
result in the borad peak at low temperature. After that, the order—disorder transition is
observed almost independently of this non-equilibrium phenomenon, except for the
decrease in the entropy change due to the imperfect ordering at low temperatures.

In Fig. 2, the transition temperatures T, T, and T, for ZrO_ (x = 0.10-0.31) samples
are phase transitions from the completely ordered phase a” to the completely disorder-
ed phase a. A new phase diagram for the Zr-O system determined from these transition
temperatures will be presented in Part II [9].
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In order to confirm the model proposed by Sato and coworkers [18-20], heat
capacity measurements for ZrQ, ,, samples with various ordered states at the starting
temperature were made. Fig. 4 shows heat capacities for annealed, quickly cooled and
quenched ZrQ, ,, samples at a heating rate of 2 Kmin ~!. The annealed sample was
made by cooling slowly from 873 K, as described in detail in the experimental section.
After the heat capacity measurement of the annealed sample from 325 to 905K, the
sample was quickly cooled to room temperature in the calorimeter by cutting off the
power; this is the “quickly cooled” sample in Fig. 4. The quenched sample was formed
by quenching from 873K to liquid nitrogen temperature; this is the “quenched” sample
in Fig. 4. As seen in Fig. 4, heat capacity curves with different thermal histories have the
following characteristics. (a) Values of the heat capacity are abnormally small around
the starting temperature and increase rapidly, followed by a broad peak at around
400-500K. (b) After the broad peak, first and second peaks appear for the annealed
sample, but only the second peak appears for the quickly cooled and quenched sampiles,
becoming smaller with increasing cooling rate. (c) The heat capacity data agree well,
irrespective of thermal history, after the order—disorder transition. In Fig. 4, the solid
line is a heat capacity base-line.

Figs. 5(a) and (b) show the configurational enthalpy and entropy changes of the
oxygens for ZrO, ,4 samples, calculated from the measured heat capacity data (C,,)
and the base line (C,,) shown in Fig. 4 using the equations

T
H(T)— H(900) = f (C

900

b —C,)dT 1)
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Fig. 4. Heat capacities of the annealed (O), quickly cooled (A) and quenched (V) ZrO,, ,5 samples.
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Fig. 5. (a) and (b). Plots of the configurational enthalpy and entropy changes of ZrO, ;g, respectively:
O, annealed; A, quickly cooled; and V, quenched ZrQO, ,5 samples.

and
T
S(T)—S(900)=f {(C,,—C,)/T}dT )
900
where H(T) and H(900) are enthalpies at T and 900K, respectively, and S(T) and
S$(900) are entropies at T and 900 K. Since the heat capacity data agree well irrespective
of thermal history after the high-temperature phase transition, the disordered phases
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are considered to be obtained after the order—disorder transition. Thus the values of
H(900) and S(900) are assumed to be zero for the calculation of Egs. (1) and (2). It is
found from Figs. 5(a) and (b) that the configurational enthalpy and entropy changes of
oxygen become smaller in the order: annealed, quickly cooled and quenched samples,
depending on the cooling rate of sample preparation. This means that the ordering of
oxygen atoms in the sample at room temperature decreases with increasing cooling rate
due to the freezing of oxygen atom movement at higher temperatures. In the heating
process, the configurational enthalpy and entropy of oxygen atoms for the annealed
sample decrease with increasing temperature in the ordering direction as shown in
Fig. 3. After overshooting the equilibrium state, the ordering process of oxygen atoms
increases with increasing temperature, and then the configurational enthalpy and
entropy changes decrease with further increasing temperature. However, the arrange-
ments of the initial oxygen atoms for the quickly cooled and quenched samples are in
a higher disorder state than that for the annealed sample due to the freezing of the
oxygen atom movement at higher temperatures. These higher configurational enthalpy
and entrpy changes at room temperature decrease with increasing temperature and the
minima increase, as shown in Figs. 5(a) and (b).

Finally, in order to check the model proposed by Sato and coworkers [18-20], the
heat capacity results for ZrQO, ,, samples are shown in Fig. 6 as a function of heating
rate. The peak position of the heat capacity anomaly at low temperature shifts to higher
temperature with increasing heating rate. Thus the heat capacity anomaly at low
temperature overlaps the high-temperature heat capacity anomaly and both peak
positions become unclear, especially at the heating rate of 4 Kmin ™', Fig. 7 shows the

1 | - S| - 1
300 400 500 600 700 800 900 1000
T/K

0 |

Fig. 6. Heat capacities of ZrO, ,, samples as a function of heating rate: A, 1 Kmin~!; O, 2Kmin™%;

Vv, 4Kmin~ .
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Fig. 7. Peak temperature plotted against heating rate for ZrO,: O, ZrOg ;1 A, ZrOy 5.

peak temperature of the low-temperature heat capacity anomaly as a function of
heating rate. A good linear relationship between the peak temperature and the
logarithm of the heating rate is seen in the figure. The slope for an interstitial-type alloy
obtained in this study is larger than that for the substitutional alloy Mg,Cd [17]. This
may be related to the difference in activation energy of the diffusing atoms. As seen in
Fig. 7, the peak of the low-temperature heat capacity anomaly at the heating rate of
4K min~! is higher by about 100K than that at 2 K min ~'. This suggests that the heat
capacity anomaly at low temperature is caused by a non-equilibrium phenomenon and
not by underlying sluggish phase transitions. This phenomenon is interpreted as
follows. At the higher heating rate, the system is not in an equilibrium state until the
sample reaches higher temperatures, because the rate process of the system is control-
led by the diffusion of oxygen atoms.
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