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Abstract

Thermal expansion coef®cients of LaCrO3 and Al2O3 were measured using a push-rod type dilatometer in the temperature

range from 100 to 873 K. The error of the measurement depending on the position of the thermocouple in the dilatometer was

also investigated. The thermal expansion coef®cient of Al2O3 in the temperature range from 100 to 873 K generally agreed

with the literature value. Anomalies in the thermal expansion coef®cient were observed clearly at 283 and 528.5 K in LaCrO3.

The ®rst anomaly is a volume expansion due to the transition from an anti-ferromagnetic to a paramagnetic state, the second

one is a volume shrinkage due to the transition from an orthorhombic to a rhombohedral structure. The thermal expansion

coef®cient measured using the thermocouple on the reference side was about 1% higher than that using the thermocouple

attached on the sample. The error of the transition temperature due to the position of the thermocouple was also investigated.

# 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermal expansion coef®cient is a second deriva-

tive of Gibbs energy and is one of the most important

thermodynamic properties of materials. Even a small

anomaly in the thermal expansion coef®cient, for

example, shows a phase transition like that in the heat

capacity. Therefore, the accurate measurement of the

thermal expansion coef®cient, not the thermal expan-

sion, is very important, since the thermal expansion

versus temperature is not sensitive enough to detect a

small anomaly due to phase transition.

The method of the push-rod type dilatometer for

measuring thermal expansion is experimentally

simple, reliable, and easy to automate [1]. The thermal

expansion coef®cients a at a temperature T in the

push-rod type dilatometer can be written as

a � dL=dT

L
(1)

dL� dLd � dLr; (2)

where L is the length of a sample at room temperature,

dL and dLr the small changes in the length of the

sample and the reference, respectively, accompanied

by a very small increase of the temperature dT and dLd

is the differential change in the length between the

sample and the reference, which is the signal of the

push-rod type dilatometer.
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The errors due to measurement of the thermal

expansion coef®cient can be described as

da
a
� dL

L
� d�dL�

dL
� d�dT�

dT
(3)

d�dL�
dL
� d�dLd�

dLd

� d�dLr�
dLr

;

where d means the error of each variable. The ®rst and

second terms in Eq. (3) represent the error to measure

the sample length and the increment of the sample

length. The third term consists of the error due to the

temperature difference between sample and tempera-

ture sensor and temperature distribution in the sample.

The error to measure the sample length is very small

and the increment of the reference length dLr using

fused silica compared with that of the sample is

usually one order of magnitude smaller than that of

the sample and can be neglected by using the proper

reference value. Therefore, Eq. (3) can be approxi-

mately reduced to

da
a
� d�dLd�

dLd

� d�dT�
dT

(4)

The second term in Eq. (3) or the ®rst term in Eq. (4)

is determined by the type of dilatometer and the

second term in Eq. (4) is the common source of error

in various types of dilatometer [2]. The temperature

derivative of thermal expansion, namely, the instanta-

neous thermal expansion coef®cient has not been

given in most cases using the push-rod type dilat-

ometer, but the averaged thermal expansion coef®-

cient over a wide temperature range has been reported.

One of the most important problems to derive the

thermal expansion coef®cient using the push-rod type

dilatometer is the error of the temperature measure-

ment, since the temperature sensor is not usually

attached to the sample and the measurement is usually

performed at a constant heating rate.

Lanthanum chromite (LaCrO3) is a perovskite-type

oxide with very refractory properties with melting

point higher than 2673 K and high chemical stability

over wide temperatures and oxygen partial pressures.

Doped lanthanum chromite is the most commonly

used as an interconnect of solid-oxide fuel cells

(SOFCs) [3]. The doping of lanthanum chromite

with a lower valence ion in¯uences the properties

of the material in many ways; adjustment of thermal

expansion [4±6], elimination of phase transition [4±6]

and increase of electrical conductivity [3,6].

LaCrO3 is reported to have the two phase transitions

around 300 and 530 K. The former transition is

ascribed to magnetic transition from an anti-ferromag-

netic to a paramagnetic state by means of adiabatic

calorimetry [7], neutron diffraction [8], static mag-

netic susceptibility [9,10] and electron paramagnetic

resonance [11]. This transition has not been reported

by the measurement of the thermal expansion coef®-

cient. The latter transition is a structural one from

orthorhombic to rhombohedral [12,13] accompanied

by a large volume shrinkage [5,6,14,15] and an

endothermic effect [7,15±17].

There are many reports about the thermal expansion

coef®cient of LaCrO3 above room temperature region

[3,5,6,14,18±21]. It is, however, noted that most of the

thermal expansion coef®cients reported were average

thermal expansion coef®cients over wide temperature

ranges, which do not give a practical meaning espe-

cially when phase transitions exist. The temperature

dependence of the thermal expansion coef®cient for

LaCrO3 has scarcely been reported except for that by

Tolochko et al. [14] in the range from 350 to 730 K.

The thermal expansion coef®cient of LaCrO3 below

room temperature has not been reported.

In the present paper, the thermal expansion coef®-

cients of LaCrO3 and Al2O3 were measured in the

temperature range from 100 to 873 K. The error of the

measurement depending on the position of the ther-

mocouple in the dilatometer was also investigated.

2. Experimental

The apparatus used was a push-rod type differential

dilatometer (Rigaku TMA8310) which is schemati-

cally shown in Fig. 1. The difference of the thermal

expansions between the sample and the reference rod

was detected by the differential transformer through

push-rods of fused silica. The thermal expansion of the

sample was given by subtracting the thermal expan-

sion of the reference rod using reference data [22]. The

temperature detected by using the thermocouple

inserted into the center hole of the reference rod (at

the position B in Fig. 1) is often regarded as the

temperature of the sample in the differential type of

dilatometer, because drilling a hole in the sample for
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setting the thermocouple or bonding the thermocouple

on the sample is practically dif®cult. In the present

study, the temperature of the sample was measured at

the position A in Fig. 1, where the thermocouple was

bonded to the sample by a ceramic bonding agent. The

temperature was also measured at the position B in

Fig. 1 (references side), which has usually been

regarded as the apparent temperature of the sample

to obtain the thermal expansion coef®cient. The used

thermocouples were the platinel-type and were cali-

brated with the melting temperatures of In with 99.9%

purity and Pb with 99.99% purity. The reference

sample used was a fused silica rod of 5 mm in

diameter and 20 mm in length. The temperature dif-

ferences between the sample (position A) and the

reference (position B) were measured. The sample

and the reference were pushed through fused silica

rods using the weight of 40 g. The sample and the

reference sample were surrounded by the cylindrical

furnace as shown in Fig. 1. The measurement of the

thermal expansion was performed in the temperature

range from 100 to 873 K at the heating rates of 2, 5 and

10 K minÿ1. The cooling of the apparatus to 100 K

was done by using liquid N2 poured into a dewar ¯ask

attached outside of the furnace. The heating rate was

controlled using a thermocouple attached in the fur-

nace. The data acquisition of the differential length

and the temperature was conducted at every 0.5, 0.2

and 0.1 s at the heating rates of 2, 5 and 10 K minÿ1,

respectively, whose times correspond to 0.017 K for

all the heating rates.

Since the data of the length and the temperature are

both functions of time, Eq. (1) is expressed by

a � �dL=dt�=�dT=dt�
L

� �
; (5)

where dt is a time interval of sampling. A derivative of

thermal expansion with respect to time at each sam-

pling point: dL/dt was calculated after smoothing

using a 100-point moving average of 46,000 data.

Then, 1000 data of dL/dt and dT/dt were extracted and

stored as ASCII codes. Since the heating rate was

controlled using the thermocouple at the furnace, the

heating rate at the sample, dT/dt, did not become

constant as described later. The thermal expansion

coef®cient was then obtained using these data and

Eq. (5) and subsequent nine-point moving average.

Samples of LaCrO3 for the measurement of the

thermal expansion coef®cient were provided by Cen-

tral Research Institute of Electric Power Industry,

Japan. The preparation of sintered LaCrO3 was the

ordinary ceramic powder method as described in [6].

The structure of the sintered LaCrO3 was con®rmed to

be a single phase of the orthorhombic structure by X-

ray diffraction analysis. The sample was a rectangular

shape of about 3.5�3.2�20 mm3. An alumina sample

sintered using 99.9% purity powder was also used for

the measurement of the thermal expansion coef®cient.

It was a cylindrical rod of 5 mm in diameter and

20 mm in length.

3. Results and discussion

3.1. Measurement of thermal expansions coef®cient

of Al2O3

The measured thermal expansion coef®cient of

Al2O3 is shown as a function of temperature in

Fig. 2, where the thermal expansion coef®cient

Fig. 1. Schematic drawing of the differential dilatometer.
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reported for polycrystalline alumina by TPRC [23]

and that by Schauer [24] are also shown for compar-

ison. The latter [24] is very close to that recommended

by CODATA [25]. Those values of the present study

and the literature [24] are given in Table 1. The

thermal expansion coef®cient of the present study

below 300 K agrees satisfactorily with that reported

by Schauer [24] and that reported by TPRC [23], but is

slightly smaller above 500 K. The larger value at

400 K reported by TPRC [23] may be due to the fact

that the thermal expansion coef®cient at 400 K is near

the edge of the two polynomial equations in the

temperature regions below and above 293 K, which

were obtained from the various sources of reference

data.

3.2. Thermal expansion coef®cient of LaCrO3

Fig. 3 shows the thermal expansion of LaCrO3 at the

heating rate of 5 K minÿ1. An obvious anomaly of the

thermal expansion is observed around 530 K and a

slight change in the thermal expansion curve is seen

around 300 K in Fig. 3. The anomaly around 530 K is

due to the structural transition from an orthorhombic

to a rhombohedral phase [12,13] as reported to be

from 513 to 554 K by thermal expansion measurement

[5,6,14,19]. The slight change in the thermal expan-

sion curve around 300 K is probably due to the

magnetic transition from an anti-ferromagnetic to a

paramagnetic state [7±9,11]. This magnetic transition,

however, has not been reported by the thermal expan-

sion measurement, since it is very slight change in the

thermal expansion. Gildu et al. [26] measured the

volume expansion using low-temperature X-ray dif-

fraction between 123 and 420 K every 20 K, but they

did not report the anomaly around 300 K. The thermal

expansion coef®cients of LaCrO3 as a function of

Fig. 2. Thermal expansion coef®cient a of Al2O3.

Table 1

Linear thermal expansion coef®cient of Al2O3

T (K) aa (10ÿ6 Kÿ1) ab (10ÿ6 Kÿ1)

100 0.79 0.8

150 1.98 2.05

200 3.42 3.43

250 4.41 4.52

300 5.18 5.47

350 5.85 6.15

400 6.33 6.7

450 6.77 ±

500 7.10 7.35

550 7.37 ±

600 7.59 7.85

650 7.77 ±

700 7.89 8.22

750 8.06 ±

800 8.16 8.55

850 8.26 ±

a Data of the present study from `this work'.
b Data from [24].

Fig. 3. Thermal expansion of LaCrO3 at a heating rate of

5 K minÿ1.
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temperature at the heating rate of 2, 5 and 10 K minÿ1

are shown in Fig. 4. The magni®ed ®gure of the

anomalous region around 530 K in Fig. 4 is Fig. 5.

The thermal expansion coef®cients at the heating rate

of 2, 5 and 10 K minÿ1 are almost the same regardless

the heating rate except for the temperature region of

the phase transition as seen in Fig. 4. The smoothed

values of the thermal expansion coef®cient of LaCrO3

at the heating rate of 2 K minÿ1 are listed in Table 2

and compared with the reference data [5,7,14,21,26]

in Table 3, whose temperature regions were reported

before and after the structural transition separately.

The reported values of the orthorhombic region in

[5,7,21] and those of the rhombohedral region in

[14,26] are slightly different from our results as seen

in Tables 2 and 3. The smaller values in the orthor-

hombic region in [5,21] are considered to be mainly

due to the fact that the averaged temperature ranges

Fig. 4. Thermal expansion coef®cient of LaCrO3 at heating rates of

2, 5 and 10 K minÿ1.

Fig. 5. Thermal expansion coef®cient of LaCrO3 around structural

transition at heating rates of 2, 5 and 10 K minÿ1.

Table 2

Linear thermal expansion coef®cient of LaCrO3 of the present

study

T (K) a (10ÿ6 Kÿ1) T (K) a (10ÿ6 Kÿ1)

100 3.32 480 7.32

120 3.84 500 6.71

140 4.48 520 0.81

160 5.15 529 ÿ17.64

180 5.98 540 3.23

200 6.69 560 8.41

220 7.41 580 8.85

240 8.34 600 9.02

260 9.30 620 9.11

280 10.58 640 9.17

283 10.66 660 9.21

300 8.34 680 9.29

320 7.75 700 9.32

340 7.60 720 9.42

360 7.60 740 9.49

380 7.60 760 9.60

400 7.60 780 9.60

420 7.60 800 9.60

440 7.60 850 9.60

460 7.54

Table 3

Mean thermal expansion coef®cient of LaCrO3 from the reference

data

T (K) a (10ÿ6 Kÿ1) Reference

350±450 7.5 [14]

580±730 8.7 [14]

RT±513 6.7 [5]

Rhombohedral region 9.2 [5]

RT±550 8.6 [7]

580±1000 9.7 [7]

100±520 7.7 [26]

530±1140 7.3 [26]

313±547 4.6 [21]

563±1325 9.4 [21]
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of [5,21]are extended to the regions of the phase

transitions.

The magnetic transition of LaCrO3 is accompanied

by a volume expansion as seen in Fig. 4. The tem-

perature of the magnetic transition is 283 K regardless

of the heating rates. The magnetic transition tempera-

ture of LaCrO3 was reported at 287 K by adiabatic

calorimetry [7], 295 K [9] and 300 K [10] by static

magnetic susceptibility, 295 K by electron paramag-

netic resonance [11] and 320 K by neutron diffraction

[8]. The reason for these differences is not clear, but

may be due to sample preparation and the measuring

method.

The structural transition is accompanied by a large

volume shrinkage as seen in Figs. 4 and 5 as also

reported by Tolochko et al. [14]. The temperature of the

structural transition becomes higher with the increase of

the heating rate as seen in Fig. 5. The transition tem-

perature against the heating rate is shown in Fig. 6. The

transition temperature is obtained to be 528.5�0.5 K

by extrapolating the transition temperature to

0 K minÿ1. The structural transition temperature of

LaCrO3 was reported at 527 K by thermal expansion

measurement [14], 536 K [7] and 547 K [16] by

adiabatic calorimetry and 544 K by differential scan-

ning calorimetry [21]. The present result is somewhat

lower than that by calorimetry [7,16,21] but agrees

with that by the thermal expansion measurement [14].

3.3. In¯uence of the position of thermocouple on the

measurement of thermal expansion coef®cient

As described in Eq. (3), one of the most important

errors to measure the thermal expansion coef®cient is

dependent on the measurement of the temperature. In

the push-rod type dilatometer, the temperature mea-

sured using the thermocouple set on the reference side

like the position B in Fig. 1 is often regarded as the

temperature of the sample. In such a case, it is

important to know the error due to the difference of

the temperature of the position B and the real tem-

perature of the sample. The temperatures of the posi-

tion A (sample) and the position B (reference side)

were measured at the same time. The difference of the

temperature between the sample and the reference side

for LaCrO3 at the heating rate of 5 and 10 K minÿ1 and

for Al2O3 at the heating rate of 5 K minÿ1 are shown

as a function of the temperature of the sample in Fig. 7.

The large difference below 200 K shows that the larger

heat capacity of the thermocouple which is bonded on

the sample (position A) than the thermocouple set on

the reference side (position B), as described in the

experimental section. The temperature of the sample

is lower at low temperatures and becomes higher than

the reference as the temperature increases. This ten-

dency can be explained as the delay of temperature

rise due to the larger heat capacity of the sample

Fig. 6. Temperature of the structural phase transformation

(minimum of a vs. T curve) as a function of the heating rate b.
Fig. 7. Temperature difference DT�T(position B)ÿT(position A)

between the sample and the reference as a function of the

temperature of the sample.
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(position A) at low temperatures and the rapid tem-

perature rise due to larger radiative heat transfer at

high temperatures. Two small anomalies for LaCrO3

around 300 and 500 K at each heating rate seen in

Fig. 7 are due to the effects of the phase transitions.

The difference of the temperature is approximated as a

linear function of the temperature under the steady

state heating above 300 K as seen in Fig. 7. It indicates

that the heating rate of the reference is above 300 K

slightly lower than that of the sample. The heating rate

of the sample and that of the reference for LaCrO3 at

the heating rate of 5 K minÿ1, which was controlled

using the thermocouple set at the furnace, are shown in

Fig. 8 as the function of the temperature. The changes

of the heating rate of the sample and the reference

show similar tendency except for low temperatures

and the regions of the phase transitions. The absolute

values of the heating rate, however, became different

each other under the steady state heating above 200 K.

This difference results in the error of the thermal

expansion coef®cient, when the temperature was mea-

sured on the reference side. The heating rate of the

reference side above 400 K is about 1% lower than

that of the sample. The difference of the heating rate

and the temperature difference as seen in Fig. 7 should

be corrected in order to obtain the accurate thermal

expansion coef®cient, when the temperature was mea-

sured on the reference side. These corrections were

carried out as follows. The temperature of the refer-

ence side, Tref, was corrected to the sample tempera-

ture, Tsam,corr, using

Tsam;corr � DT�Tref� � Tref ; (6)

where DT(Tref) means the polynomial equation ®tted

to the averaged temperature difference of LaCrO3 and

Al2O3 at the heating rate of 5 K minÿ1 as a function of

the temperature of the reference side. The thermal

expansion coef®cient obtained by the temperature

measured on the reference side, aref, was corrected

for each heating rate, bref and bsam, to that on the

sample side asam,corr, using

asam;corr � aref
bref�Tref�

bsam�Tsam;corr�
� �

; (7)

where bref(Tref) and bsam(Tsam,corr) are the heating rate

measured by the thermocouple set on the reference

side and the sample respectively. The heating rates,

bref(Tref) and bsam(Tsam,corr) were obtained from least-

square ®ts to the b±T curves in Fig. 8, respectively.

The thermal expansion coef®cient of LaCrO3 obtained

by the temperature measurement on the reference

side at the heating rate of 5 K minÿ1 before and

after the correction are shown in Figs. 9 and 10, where

the thermal expansion coef®cient obtained by the

measurement on the sample side is also shown for

Fig. 8. Heating rates measured by the thermocouples set on the

sample and the reference side for LaCrO3 at a heating rate of

5 K minÿ1.

Fig. 9. Thermal expansion coef®cient of LaCrO3 measured by the

thermocouple on the reference side at a heating rate of 5 K minÿ1

and the corrected value compared with that measured by the

thermocouple on the sample.

H. Hayashi et al. / Thermochimica Acta 359 (2000) 77±85 83



comparison. The thermal expansion coef®cient when

the temperature was measured on the reference side is

about 1% higher than that on the sample and it

approaches to that on the sample after the correction.

The temperature of the structural transition obtained

by the temperature measurement on the reference side,

even after the correction, was 2 K lower than that

obtained by the sample side at the heating rate of

5 K minÿ1 as seen in Fig. 10.

4. Conclusions

Thermal expansion coef®cients of Al2O3 and

LaCrO3 were measured in the temperature range from

100 to 873 K using a push-rod type dilatometer. The

error depending on the position of the thermocouple in

the dilatometer was also investigated.

1. The thermal expansion coef®cient of Al2O3 was

measured in the temperature range from 100 to

873 K continuously by a single dilatometer and it

was generally agreed with the literature.

2. The anomaly accompanying a volume expansion

in the thermal expansion coef®cient was observed

in LaCrO3 at 283 K due to the magnetic transition

from an anti-ferromagnetic to a paramagnetic state.

3. The anomaly accompanying a large shrinkage was

observed at 528.5 K in LaCrO3 due to the phase

transition from an orthorhombic to a rhombohe-

dral structure.

4. The temperature difference between the thermo-

couples set on the sample and on the reference

side increases with the temperature. The thermal

expansion coef®cient using the thermocouple on

the reference side was about 1% higher than that

using the thermocouple attached on the sample.

The error comes mainly from the error of the

heating rate resulting from the position of the

thermocouple.

5. The transition temperature of LaCrO3 from the

orthorhombic to the rhombohedral phase using the

thermocouple set on the reference side was 2 K

lower than that on the sample side at the heating

rate of 5 K minÿ1.

Acknowledgements

The authors wish to thank Dr. T. Yamamoto and Ms.

Y. Hiei of Central Research of Electric Power Industry

for providing LaCrO3 samples.

References

[1] G.R. Clusener, in: Proceedings of the Third AIP Conference,

American Institute of Physics, New York, 1972, p. 51.

[2] Y.S. Touloukian, R.K. Kirby, R.E. Taylor, T.Y.R. Lee, in: Y.S.

Touloukian, C.Y. Ho (Eds.), Thermophysical Properties of

Matter, Vol. 13, Thermal Expansion Nonmetallic Solids,

Plenum Press, New York, 1977, p. 17a.

[3] Q. Minh, J. Am. Ceram. Soc. 76 (1993) 563.

[4] P. Khattak, E. Cox, Mater. Res. Bull. 12 (1977) 463.

[5] S. Srilomsak, D.P. Schilling, H.U. Anderson, in: S.C. Singhal

(Ed.), Proceedings of the First International Symposium on

Solid Oxide Fuel Cells, The Electrochemical Society,

Pennington, NJ, 1989, p. 129.

[6] M. Mori, T. Yamamoto, H. Itoh, T. Watanabe, J. Mater. Sci.

32 (1997) 2423.

[7] N. Sakai, S. Stùlen, J. Chem. Thermodyn. 27 (1995) 493.

[8] W.C. Koehler, E.O. Wollan, J. Phys. Chem. Solids 2 (1957) 100.

[9] G.H. Jonker, Physica 22 (1956) 707.

[10] K.P. Bansal, S. Kumari, B.K. Das, G.C. Jain, J. Mater. Sci. 18

(1983) 2095.

[11] I. Weinberg, P. Larssen, Nature 192 (1961) 445.

[12] J.S. Ruiz, A.M. Anthony, M. FoeÈx, Compt. Rend. B 264

(1967) 1271.

[13] S. Geller, P.M. Raccah, Phys. Rev. B 2 (1970) 1167.

Fig. 10. Thermal expansion coef®cient of LaCrO3 around the

structural transition measured by the thermocouple on the reference

side at a heating rate of 5 K minÿ1 and the corrected value

compared with that measured by the thermocouple on the sample.

84 H. Hayashi et al. / Thermochimica Acta 359 (2000) 77±85



[14] S.P. Tolochko, I.F. Kononyuk, V.A. Lyutsko, Yu.G. Zonov,

Izv. Akad. Nauk. SSSR, Neorg. Mater. 23 (1987) 1520.

[15] T. Hashimoto, N. Matsushita, Y. Murakami, N. Kojima, K.

Yoshida, H. Tagawa, M. Dokiya, T. Kikegawa, Solid State

Commun. 108 (1998) 691.

[16] A.V. Korovenikova, L.A. Reznitskii, Teplo®zika Vysokikh

Temperature 14 (1976) 906.

[17] N. Sakai, T. Kawada, H. Yokokawa, M. Dokiya, Solid State

Ionics 40/41 (1990) 394.

[18] J.L. Henry, G.G. Thompson, Ceram. Bull. 55 (1976) 281.

[19] H.U. Anderson, R. Murphy, K. Humphrey, B. Rossing, A.

Aldred, W.L. Procarione, R.J. Ackermann, in: G.J. McCarthy,

J.J. Rhyne (Eds.), The Rare Earths in Modern Science and

Technology, Plenum Press, New York, 1978, p. 55.

[20] R. Koc, H.U. Anderson, J. Mater. Sci. Lett. 11 (1992) 1191.

[21] M.E. Hofer, W.F. Kock, J. Electrochem. Soc. 140 (1993)

2889.

[22] Y.S. Touloukian, R.K. Kirby, R.E. Taylor, T.Y.R. Lee, in: Y.S.

Touloukian, C.Y. Ho (Eds.), Thermophysical Properties of

Matter, Vol. 13, Thermal Expansion Nonmetallic Solids,

Plenum Press, New York, 1977, p. 358.

[23] Y.S. Touloukian, R.K. Kirby, R.E. Taylor, T.Y.R. Lee, in: Y.S.

Touloukian, C.Y. Ho (Eds.), Thermophysical Properties of

Matter, Vol. 13, Thermal Expansion Nonmetallic Solids,

Plenum Press, New York, 1977, p. 176.

[24] A. Schauer, Can. J. Phys. 43 (1965) 523.

[25] C.A. Swenson, R.B. Roberts, G.K. White, CODATA Bull. 59

(1985) 13.

[26] B. Gildu, H. FjellvaÊg, A. Kjekshus, Acta Chim. Scand. 48

(1994) 37.

H. Hayashi et al. / Thermochimica Acta 359 (2000) 77±85 85


