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Phase transformations in oxides 

above 2000 °C: experimental 

techniques development

Sergey V. Ushakov and Alexandra Navrotsky

UC Davis Peter A. Rock Thermochemistry Laboratory, Davis, CA

1. Differential Thermal Analysis 
2. Drop calorimetry 

3.  X-ray and neutron diffraction 
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M. Zinkevich, Progress in Materials Science 52, 597 (2007) 





Shpil’rain 1972  
DROP calorimeter

1960s - Drop calorimetry 
from above 2000 °C
1962-1963 Kantor, Sheindlin et al. 
Al2O3 heat of fusion
1963 Pears et al. report on thermal 
properties of 26 solids  to 5000 °F
1968 Hein et al. heat of fusion of UO2

Cooling traces from solar 
furnace  
1966 Foex and Traverse
1976 Coutures, Rounet et. al

1980s – DTA to 2600 °C 
1981 Shevchenko and Lopato



Setaram Setsys
TG/DTA 2400 

SV Ushakov,  A Navrotsky, JMR,  26(7), 845 (2011)



Y2O3 Tm 2439 ±12 °C

Setaram Setsys
TG/DTA 2500 

DROP calorimeter

SV Ushakov, A Navrotsky
Journal of the American Ceramic Society 97 (5), 1589-1594



Levitation calorimetry

M.G. Frohberg – “Thirty years of levitation calorimetry – a balance” (1999)



Spectropyrometer

pyrometry.com

Funding ONR N00014-12-10196
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Drop-n-Catch calorimeter

SV Ushakov, A Shvarev, T Alexeev, D Kapush, A Navrotsky, J. Amer. Cer. Soc.  100 (2), 754-760 (2017)

D Kapush, SV Ushakov, A Navrotsky, QJ Hong, H Liu, A van de Walle Acta Materialia 124, 204-209 (2017)

119 ±10 kJ/mol

109 ± 8 kJ/mol



DTA and DnC above 2000 °C: summary

Experimental capabilities for drop 
calorimetry from above 2000 °C were 
re-established 

Quantitative DTA is possible to 2400 °C
with commercially available instruments

Matthew Fyhrie



Thermodynamic  data from high-T diffraction

➢ Molar volumes as a function of 
temperature

➢ DV for solid state phase 
transitions 

➢ DSc for order - disorder 
transitions

➢ In situ phase diagram 
determination
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X-ray and neutron diffraction above 2000 C 

SNS NOMAD BL1B 

Joerg NeuefeindChris  Benmore

CO  laser
10.6 µm  

2

X-ray beam
0.139397 Å

Richard  Weber

APS 6-ID-D
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Results from 3 days of diffraction experiments
on levitator at APS (June 15-17, 2011)

➢ Y2O3 transforms in H-type before melting in Ar and O2.

Volume reduction on C-H phase transition was refined.     

➢ Pyrochlore structure of La2Zr2O7 persists to the melting temperature. 
Thermal expansion was used to validate high temperature ab initio 
calculations. 

➢ Thermal expansion of Eu2O3-ZrO2 DF solid solutions and anti-site 
occupancies  on pyrochlore-DF phase transition in Eu2Zr2O7 were 
refined.

Maram PS, Ushakov SV, Weber RJK, Benmore CJ, & Navrotsky A (2015) J. Am. Ceram. Soc. 98 (4), 1292

Hong Q-J, Ushakov SV, Navrotsky A, & van de Walle A (2015) Acta Mater. 84, 275

Ushakov SV & Navrotsky A (2012) J. Am. Ceram. Soc. 95, 1463



Bredig transition in YSZ from neutron diffraction at SNS, NOMAD
(Aug 23-29, 2014)

Ushakov, S. V., Navrotsky, A., Weber, R. J. K. and Neuefeind, J. C.  J. Am. Ceram. Soc., 98: 3381 (2015), 

YSZ

0.31

0.32

0.33

0.34

0 500 1000 1500 2000 2500

x 
(O

, 4
8f

)

Temperature, °C

La2Zr2O7



10.45

10.50

10.55

10.60

10.65

10.70

10.75

10.80

10.85

1000 2000 3000

a,
 Å

Temperature, °C

Lu2O3

Yb2O3

Er2O3

Ho2O3

4

6

8

10

12
TE

C
, 1

0
-6

/°
C

Lu2O
Yb2O3

Er2O3 Ho2O3

Thermal expansion of C-type RE2O3 in oxygen flow

A Pavlik, SV Ushakov, A Navrotsky, CJ Benmore, RJK Weber, Journal of Nuclear Materials, 495 (2017) 385-91

Alfred Pavlik



Pre-melting C-H phase transition  in Er2O3 in Ar

H-type Z=1

C-type Z=16

Y2O3 DV   -3.1%
Er2O3 DV   -3.4%
Ho2O3 DV   -3.9%

C-H pre-melting phase transitions RE2O3



Summary:  Structure refinement above 2000 °C  is 
possible using aerodynamic levitators available at 
APS 6-ID-D and SNS NOMAD
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