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PLAN OF COMPILATION 

This Manual when completed should comprise separate volumes on the systems: borides, carbides, nitrides, 
oxides, phosphides, silkides, sulfides, and possibly others. Separate vo' JS will be issued when completed. The fina 
completed, Oxides,, accompanies this explanation. The Nitride* volume has been drafted and should appear next. 
Information is being collected for the other volumes. 

Each volume will begin wiih an introduction that presents information on the overall system. This will bt 
followed by Divisions on the individual compounds in the system, in the Oxides volume the only such compound is 
ThOs • The Nitrides volume *t present includes Divisions on "Thorium Mononitride," Th 3 N4," and "ThiNjO and 
Other Complex NiL-ides" The Carbides volume will have Divisions on ThC and ThC,. 

In most cases, each Division will be subdivided into Parts: 
A. The compound 
B. Its binary with the uranium cojifound 
C. Its binary with the plutoniuiii compound 
D. Riircy systems with a common negative eleineii* 
E. Ternary and mere complex systems with a comnon negative element 
F. G, etc. Systems with different negntive element* 
The Oxides volume will contain no infor .nation on systems with a second negatife element; these will be treated in 
the volume for the other element. Thus Divisions for complex oxides or Parts beyond E will not be found in die 
Oxides volume. 

Each Part will be further subdivided, when information warrants, into Sections according to die following 
property classifications. 

1. Composition 
2. Preparation 
3. Crystal properties 
4. Thermodynamic properties 
5. Change of state 
h. Electrical and magnetic properties 
7. Heat and mass transport 
8. Mechanical properties 
9. Chemical properties 

10. Surface properties 
The following outline is a general, but not necessarily complete, description of the scope of the Sections. 

1. Composition 
Range of composition possible for tiie material 

2. Preparation 
Preparation of compound or mixture concerned 
Fabrication methods for preparation of ceramic bodies (only enough given for interpretation of fabrication-
related data) 

3. Crystal properties 
Structure 
Lattice parameter 
Density 
Thermal expansion 
Refractive index 
Absorption spectra 

4. Thermodynamic properties 
Heat capacity, enthalpy, entropy, free energy, heat and free energy of formation 

iii 
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3. Change of sate 
Ideta* point 
Boffingpfjiet 
Vapor pleasure 
Heats of vaporizxtioa end melting 

6. Electrical and uatgeetic properties 
Conductivity 
Dielectric constant 
Magnetic susceptibility 

7. He&t and mass transport 
Diffusion coefficients 
Thenssi coodgctivify 
Eunasifities and ether radiation properties 

8. Mechanical properties 
Strength, ductility , hardness, elastic constants 

9. Cheinica! properties 
Reactivity toward gases, bqpnd^.soo^coinpiii^bry t^unrior 

10. Surface properties 
EMctiounetic poffntnws, nettmg oenavsoc, stc. 

Each v&hane wiB have a separate ttwngraphy, with references numbered approximately in order of first 
otuarience and not repeated (although references nary be repeated in other vohsaes). When revisions are added, 
references wiB be added at the end of the seqj*?*ce. 



Volume I. Oxides 
Sigfred Peterson and C. E. Curtis* 

ABSTRACT 

are coaapded bom the Mtentate throat* October 1969 (256 Hereaces). Ttoriaas-oxTieftfJBmiafoaajtfBoa » 
foEoved by data cofcctaosg oa thoriem oxide, baaety system with aaaanai aad pactoaaami oxides, other 

faoricatioa —tthodi dciribed 2s reeded to •aoVntaad their mtmrune cm propmk* st frftowrd by 
ooaajalatKMS oa ctystal piopuUec, thenBcdyaaaKc propettacs, change of state, ekctneal aad aaacaetac 

Cnaajiiriniir <m the other rrn—ii coiayoMdi of thoriaai aad srnaomt to the oaafflitioa aiephaaaedfiar 
fctatenae. 

The only oxide of thorium with useful stability is the 
dioxide, ThOj. The thorium-oxyejen phase dfî ram 
reported by Beta1 is given in Fig. 1. Systems containing 
a second negative element are deferred to the ether 
appropriate volume. 

THORIUM DIOXIDE SYSTEMS 
A. Tkwnaa Oxide 

1. Cowpoiitioa 

Thorium dioxide (thoria), Th0 2 , exists up to its 
melting point as a singie cubic phase with the flnorite 
structure. No deviation from the composition indicated 
by the formula can be detected by chemical analysis. 
However, on prolonged heating to 1800 or 1900°C in 
vacuum, thoria blackens with loss of oxygen, although 
the lots is insufficient to be reflected in chemical 
analysis or httice-parameter measurement. Renewing in 
air to 1200 or 1300°C restores the whitf color. In 
contact with molten thorium at sufficiently high 
temperatures, thoria shems deviations from stotchi-
ometry.1 The limiting ox>gen4o-thorhim ratio varies 
from 1.985 at about 1735°C to a low of \X1 at aliout 
2700°C increasing to 1.997 at the melting point. 

•Retired. 
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Thorium oxide is commonly prepared by the calcina
tion of a salt. Ibuatiy the oxalate is precipitated wader 
repined conations from a solution of the purified 
citrate and then calcined at 900 to 1000*C. It may then 
be fired at higher temperatures to modify its properties. 

Of increasing importance for the preparation of 
thoria, particularly for nuclear use, is the sot-gel 
process, which lends itself especially tc the recycle of 
thorium fueis irradiated in nuclear reactors. Rot, the 
nitrate salt or its solution is decomposed by super
heated steam. The resulting oxide is digested with nitric 
add to form a sol (colloidal dispersion). The sol m turn 
is evaporated to form thoria gel chunks containing 
about J% water. These can be crushed to powder for 
subsequent forming or fired at 1150°C to dense pieces 
for vibratory compaction into fuel rods. In an atternate 
process the sol is concerted to gel by extraction of 
water by an organic liquid, usuafly an alcohol, that has 
an affinity for water but is imnisobte VTrth the sol. The 
gel so produced is a fine spherical powiler. 

In the fabrication of shapes from thorium oxide, two 
steps are usually regarded as essential: a forming stage 
and a subsequent hnjh^emperature sintering (or frag) 
stage. (Mar the methods suitable for fanmng with 
thorium oxide ceramics are described here. 

Cold Preswng. — Ceramic powders are formed into 
shapes at room temperature by exerting nrdanical 
pressure on them in a steel die. Pressure is exerted along 
one axis only (uniaxial pressing); in the case of 
cylindrical shapes, the pressure is usuaSy along the 
longitudinal axis. Lubricants such as polyvinyl alcohols 
(up to about 5 wt %) are often added to aid in the 
movement of the particles during compaction; the 
particles may be wet or dry. This method is generally 
restricted to the forming of simple shapes with a 
lengm4CHhameter ratio not greater than 1. 

hostatic tYeawag. — Powders, possibly preshaped by 
cold pressing, are placed in a mold made of nibbe* or 
sens other eiasric matenai. Hydraulic pressure is 
applied to the mold to compact the powder. This 

method is more amenable than uniaxial cold pressing to 
forming shapes of uniform density, shapes that are 
fairly complicated, and shapes that have a length-to-
diameter ratio greater than I. "Hot isostatic pressing" is 
the same in principle; however, because of the high 
temperatures necessary in the forming, the pressing 
medium may be a gas or a finely divided solid. 

Extrusion. - Powders are wet with a liquid and are 
often also combined with a "pbstkazer" to form a 
plastic mass. The mass is phved in an extrusion 
chamber and evacuated to remove air if improvement in 
plasticity is desirable. It is then forced as a column out 
of a steel die, the shape of which determines the cross 
section of the formed piece. Either of two types of 
extruding devices may be used: (1) the auger type, in 
which the material is forced through the die by an auger 
with much the same action as a meat grinder, and (2) 
the piston type, in which the material is forced through 
the die bj a plunger. Extrusion is used primarily »"or 
making rod-shaped or tubular nieces. 

Hot tVeuaug. - Powders are loaded into a mold, 
usuafly of graphite, and compacted by mechanica! 
pressure at a temperature at which thermopbstidty is 
attained; heating is usuafly by resistance in the graphite 
mold to induced electrical currents of high frequency. 
This method is generally used for forming dense bodies 
from powders that have poor sintering characteristics or 
for forming brae simple shapes that cannot be formed 
conveniently by other standard techniques. 

Sip Casting. - Powders are suspended in a liquid 
(about 25 wt %) by means of a "defloccwhnt" 
(normally an add or base) to form a "slip." This sup is 
poured into a ptaster-of-paris mold that has been 
contoured to form the desired shape. Liquid is absorbed 
by the mold, resulting in a buildup of solids at the mold 
walls. For hollow shapes the slip is allowed to stay in 
the mold until the desired wall thickness of solids is 
buCt up, and then the excess is poured from the mold. 
For solid shapes, preferably a very thick sup is used, 
and all the sop is allowed to reimin in the mold until 
most of the liquid is removed. This method is amenable 
to forming very complicated shapes, but pure oxides 
such as ThOi are difficult to suspend. 
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3. Crystal Properties 

Structure. - Thorium oxide exists in only one crystal 
form, the cubic fluorite structure, space group 0 j or 
Fm3m, isomorphous with UO2 *»d CeOi. Hund2 ha? 
measured lattice disorder by x-ray diffraction, and 
Wulis3 has used neutron diffraction to verify the 
location of the oxygen atoms and measure their thermal 
motion up to 1100°C. 

Lattice Parameter - 5.5971 A at 25°C. Most 
measurements aimed at accurate deterauiation of this 
quantity are within it) 0002 A of this value. Values 
ranging down to 5590 are found for specific specimens, 
probably reflecting variations in pcrity. Figure 2 shows 
values of the parameter measured at various tempera
tures. D»»? of Kempter and Elliott,4 Brown and 
Oi tty,5 and Mauer and Bob' show good agreement to 
800°C. The parameters by Skmaer7 appear low, but the 
variation with temperature agrees reasonably well. 

Density. - IOJOOI g/cm3 at 25°C, based on the above 
lattice parameter. 

Thermal Expanse*. — The dcect measurements of 
thermal expansion by Cfcrysty and Rose* cover the 
widest terspr.ature range of any and are plotted in Fig. 
3. Over the temperature ranges studied, these results are 
in good agreement with other direct measurements*-13 

?c well as with expansions deriw** from x-ray measure-
wents. 4" 7' 1 4 

Refractive Index. - Ellis and Lmdsirom1 $ report the 
following: 

fades of 

5893 
5641 
4358 

2.105 ±0.005 
2.110 ±0.005 
2.135 ±0.005 

Spectni. — Infrared, visible, and ultraviolet absorption 
spectra of single-crysUi ThOj are given by Linares1* 
and Bates;17 Bates has also reported spectra of poly-
crystalline material. The ultraviolet edge of ThO* is at 
38,000 cm' 1 (2600 A), and a strong impurity band 
peaks at 32000 cm' 1 (3100 A). 1* Annealing in 
hydrogen at 1725°C Lr.tioduces17 absoiption at 4030 
and 7100 A and decreases absorption at 3060 A. 
Sinefe-cry?!*! thcria absorbs infrared at 2.21,2.7,4.9, 
8.5, 9.8, and 11.4 pm; noncrystalline material has 
peaks at 9.6, 11.6, and 13.6 pm, with the short-wave
length peaks obscured by scattering from grain bound
aries and porosity.17 Axe and Pet t i t 1 8 measured the 
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infrared reflection spectrum of single-crystal ThOj. The 
reflectivity rises from 40% at 50 cm' 1 (20/an) to90* 
at 290 cm' 1 (3.4 jon), drops to near zero between 550 
and 600 cm' 1 (1.8-1.7 /on), and then rises some above 
650 cm' 1 . Tripp and Rodine1' have measured enris-
sien, excitation, and fluorescence spectra of thoria 
single crystals. 
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Table 1 fats a selection oi thennodynainc properties 
of ThOj. The nines of the heat capacity, enthalpy 
entropy, and fire: energy function up to 298.15°K are 
from Osborne and Westram," and those for higher 
temperatures are based OP the analysis by Godfrey er 

a t 2 1 of data by Victor and Dougjas,32 Southard,29 

and Hoch and Johnston.24 Table 2 gives the heat and 
free energy of formation, based on the heat of 
!ormatio» at ?5°C by Hnber et aL2s and thermo
dynamic functions of thorium, oxygen, and thoria from 
Huhgren e* aL,** StuB and Sinke, 2 7 and Table 1 
lespeftiiely. 

ofTlOz 

C*. Heat Capacity 

/ cri W J \ 
l^-lft Eatfatpy 

s 9 . Fatropjr -iG°- -ifaV7* 
TcHpsmtne 

C*. Heat Capacity 

/ cri W J \ 
l^-lft Eatfatpy 

' CSi \ f \ ~\ 
<•*> 

C*. Heat Capacity 

/ cri W J \ 
(calMe) (J/aMfc) 

' CSi \ 
( T. ^~* 

C*. Heat Capacity 

/ cri W J \ 
(calMe) (J/aMfc) 

) Kmolt^J V - o l e V L*% 
1040 04)37 0.134 04)8 033 04)11 04)46 04)03 0413 
SOJOO 2.430 10.167 3840 1613 1068 4.469 0.296 1.238 

100 00 6.246 26.133 2573 10763 3348 1631S 1.375 5.753 
150J00 9346 3934 655.! 2740.9 7.129 29428 2.762 11356 
20040 1137 50.0ft 11963 5006.2 10.227 42.790 4.244 17.757 
25040 13.64 57J07 1839.1 76944 134)88 54.760 5.732 23.98 
298.15 1476 61.76 2524.4 10562 15393 65.241 7.126 2942 
39040 14.79 6148 2551 10673 1548 65405 7.18 3044 
40840 1649 67.28 4103 17167 20.14 84.27 948 4134 
S O O J O O 1640 70.29 5750 24058 2341 9942 1231 5131 
68940 17,29 7234 7456 31196 2632 11243 14.49 6043 
7*940 1748 7357 9205 38514 2941 12349 16.46 6847 
•00.00 104)1 7535 10990 45982 324)0 13349 18.26 76.40 
90049 !t-30 7636 12806 53580 34.13 14240 1931 83.30 

109940 1838 77.74 14650 61296 364)8 15036 21.43 8946 
IIOOJOO 1844 7843 16521 69124 3746 158.41 2245 9540 
129040 194)9 793 18417 77057 3931 16531 24.17 101.13 
1300410 1934 903 20338 85094 4145 171.75 25.40 106.27 
14O0J00 1931 81.9 22284 93236 42.49 177.78 2638 111.21 
1500410 19.81 8X9 24254 101479 4345 183.47 2748 115.81 
169040 20 OS 83.9 26247 109817 45.13 188.82 28.73 120.21 
170040 20-28 84.9 28264 118257 46.36 1*397 29.74 124.43 
19004)0 2031 854 30304 126792 47.52 198.82 3049 128.41 
19004)0 20.74 864 32366 135419 4844 20331 31.50 13X21 
2000410 20.97 87.7 34452 144147 49.71 207.99 32.48 135.90 
2100410 21-20 88.7 36561 152971 50.74 212.30 3335 139.45 
2260410 21.43 89.7 38693 161892 51.73 216.44 34.14 14X84 
2300410 21.66 904 40847 170904 5249 220.45 34.92 146.11 
24004)0 2148 913 43024 180012 5341 224.30 3549 14933 
25004)0 22.11 923 45224 189217 5431 22847 36.42 15238 
2(004)0 2234 933 47446 198514 55.38 231.71 37.13 15535 
27004)0 2236 94.4 49691 207907 56.23 235.27 3743 158.28 
20004)0 22.79 95.4 51958 217392 574)5 238.70 3830 16148 
29004)0 234)1 96.3 54248 226974 5746 24249 39.19 163.97 
3000410 23.24 97.2 56560 236647 5844 245.35 39.79 166.48 
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Table 2. Heat «M1 Free Eaaf^ of Fonntkni ^ ThO} 

Temperature ~*Rf l^f 
( K) (kcaVmole) (U/mafe) (kcsl/mok) (kJ/mote) 

298.15 293.2 1227 279.4 1169 
400 293.0 1226 274.7 1149 
500 292.8 1225 270.2 1131 
600 292.6 1224 265.7 1112 
700 292.4 1223 261.2 1093 
800 292.2 1223 256.8 1074 
900 292.0 1222 252.4 1056 
1000 291.8 1221 248.0 1038 
1100 291.7 1220 243.6 1019 
1200 29i.6 1220 239.0 1000 
1300 291.4 1219 234.9 983 
1400 291.3 1219 230.6 965 
1500 291.2 1218 226.0 946 
1600 291.1 1218 221.9 928 
1700 291.7 1220 217.5 910 
1800 291.6 I22e 213.2 892 
1900 291.6 1220 208.8 874 
2000 296 J) 1238 204.3 8S5 
2500 295.4 1236 18L5 759 
3000 294.2 1231 158.8 664 

5. Change of State 

Melting FOB*. - 3300 ± 100°C (Lambertson et 
aL"y,3390°C(Baa).% 

Boffin* fomL - 44C0°C (Mott).2' 
Vapor FWTIUK. — Vapor pressure data from several 

investigators3*"35 are presented in Fig. 4. 
Heat of Fusion. - Based on 3R a the estimated 

entropy of fusion, the heat of fusion is estimated3* as 
21.4 kcal/mole (90 kJ/mole). 

Heat of VafMoriatioa. - The following values are 
derived from the temperature dependence of vapor 
pressure. Unless otherwise noted they a/e for the 
temperature range of the corresponding vapor pressures. 

dual/note) (kJ/aoie) 

158.7 ±2.5 664 ±10 32 
171 715 31 
170.3 713 30 (corrected to 25°C) 
184 770 36 (fawn temperature dependence of 

relative rates of evaporation) 

6. Electrical and Magnetjc Properties 

Resist KUy. - At low to moderate temperatures thoria 
can be considered an insulating material. However, it 

0MNL-AV6 C7-CKM 
TB*»E«*ATURE rc> 

2600 2400 2200 2000 1900 

34 56 16 40 42 4.4 46 4.8 

¥%.4. Vapor ftc— of Them. Stnjsht 1MS are take* 
from Hoc* awl lohastoa,39 Shapiro,31 Ackenma et dj* 
Wolff aad Alcock,33 sad Dane! aad McColm3 4 to fit their 
data over mr raarjri larsinil Tar rnolia»i frma flitnana rf 

tie* collecting for foanatioa of TfcO * O as part of the vapoc 
Indmdnal data ponts are shown for Alexander et « 1 3 S Al 
measaremeats are based oa sates of evaporation. To convert, 1 
atm = 101,325 N/m2. 

has some of the characteristics of semiconductors, and 
its resistivity is sensitive to many conditions. The 
variation in values is illustrated by the collection of 
several measurements in Fig. 5 on specimens described 
in Table 3. As a transport property of a fabricated 
body, the resistivity depends on such features as 
porosity, grain size, and impurity content that depend 
on the fabrication history. That these factors tie 
involved is clear from the figure, despite the incomplete 
characterization of the specimens. Also, a comparison 
of different results from the same investigator shows an 
effect of environment. More recent work has related 
this effect to the oxygen partial pressure, which can be 
varied to very low values by using mixtures of water 
vapor and hydrogen and the known dissociation equi
librium. At higher temperatures, increasing the oxygen 
pressure inaeases resistivity, as shown by the results 
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from General Electr ic 4 3 in Fig. 6 . At lower tempera
tures the oxygen effect is reversed, as se*n by the 
results o f Bauer l t 4 4 m Fig. 7 and o f Lasker and R * p p 4 S 

in Fig. 8 . The latter also shows measurements by Steel 
and A l c o c k 4 6 and R u d o l p h . 4 7 Both figures show the 
different resistivities of specimens with different his
tory. Bauer le 4 4 relates the conductivity to oxygen 
pressure by 

o-ot •wfl? 
B a t e s 4 8 reports conductivity values in A r - 8 % H a 

ranging from 1 X 10"* O-cm at 760°C to 5 Q-cai at 
2610°C, in reasonable agreement with other measure
ments under reducing conditions. 

en- «r* tr- cr- «r 
OXYGEN PWHTAL PRESSURE (elm) 

KT 

Ffc>5. 
Pi. 

of tte Electrical RennrJvtty of 
and data on specimens are in Table 3. 

Fig. 6. Effect of Oxypn Activity on Electrical RuifcHliHj of 
Thai* st HigmTempentajet. Data from Genoa! Electric. 4 3 To 
convert, i atm = 101,325 N/m 2 . 

Table 3. Spec i f «i for Electrical Renstirity Shown in Fig. 5 

Pienmg Pressure 
(kg/cm2) (tn) 

Sintering Dimentions (cm) 
Diameter Length 

Density 
(i/eaT) Anthor and Reference 

Pienmg Pressure 
(kg/cm2) (tn) T n T T e Medium 

Dimentions (cm) 
Diameter Length 

Density 
(i/eaT) 

Foe**7 3,000 21 ilOO 1 7.8 
Arfawi" Extruded 1500 

2000 H,Oa 
Barton «f a t 3 9 2,500 18 Not altered 
General Electric40 2000 

1400 Air 
1 

tdaancr4' 1.01 1 
laanB 10,000 71 1500 Air 1 OJ 
Southern Aeeesrch Institute 4 2 Commercial 9.69 
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The measurement history also affects the resistivity. 
Danforth and Morgan4* subjected thoria to increasingly 
heavy electric currents between series of measurements 
of resistivity as a function of temperature for molded 
and sintered (7 g/cm3) thoria. The resistivity decreased 
with use and abuse- finally reaching 10 ft-cm at 730°C 
and 1 n-cm at I630°C. Mesnard50 found that the 
resistivity of thoria in vacuum at 1500°C ranged from 3 
X 10* to 2 X 10* ft-cm after various treatments up to 
1900°C. f&snard and Uzan 5 ! shewed the resistance of 
thoria specimens in vacuum to increase with time. 

Dielectric Constant. — Guntherschulze and Keller52 

report 10.6. A low-frequency value (at 0 3 MHz) of 
18.9 ± 0.4 is reported by Axe and Pettit.1 8 

Magnetic Susceptibiity. - Smith and Clark53 report 
-26.3 ± 0 3 X 10"* cm3/mole. 

Thermoelectric Power. — Rudolph47 plots thermo
electric power against reciprocal temperature for thoria 
under 370 torr oxygen. The value fs.-t from about 1.1 
mV/°C at about 610°C to a peak of 1.7 mV/°C at 
790°C and then drops to 1 2 mV/°C at 1060°C. 

Y-flTWB 

a tj u * 

Fnj.8. Variation of Etsctrical CunewiUiitj of Tfcorfa wifft 
Tf my unf i? and Oxygen Activity. Copied from 1 adrcr and 
Rapp4s with penriission of Akadcnuache Veriw âe Hilar haft 
The specimens wee 1-cm-diam by 0*3-cm disks find 2.5 hr m 
vacuum at 2100°C and dun 5 hr in air at 1400t to a density 
of 9.3 f/an 3. Specimens of Steele and Afcock4* 
statkaDy pressed at 30 tai (4200 kg/cm3) and 
vacuum nt 2000°C to 9.5 a/cm3. Those of Rudolph47 

pressed ant! sintered at 1500 to 1600°C. To convert, 1 atm * 
101,325 N/m2. 

Y-97553 

Specimen (I) Prepared from the oxalate, disks 
sintered in rf furnace for 3 hr at 2200°C. 

Specimen (10 Prepared from decomposed nitrate, 
disks sintered in rf furnace for 3 hr at 2200°C. 

Specimen (ill) Prepared from decomposed nitrate, 
disks sintered in arc image furnace for total of 2 hr 
at temperatures ranging from 2200 to 2800°C. 

rr 
10" 10' M" 10 ' 

0«yjm PrlM Pressure. Urn 
»'W 10*' .-w »» »•» 

Fig. 7. Eltctncal Conductivity of ThorUai a Function of Oxygen Activity at «000°C Curves represent the theoreacal equation 
a - ©i • o2p^". Copied from J. E. Bauede44 with permission. Copyright by American Institute of Physics. To convert, 1 atm » 
101,325 N/m*. 

HivCfiarG?**** ••-««««- -•*•**•*-m^.*.: 
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TEMPERATURE t»CI 
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e 4 ENERttES- EXTRAPOLATION OF 4 * PEAK ' 
O SECTlONiNG-DEEPER SLOPES 
0 SECTIONING- 4« SLOPE I 
• a ENERGIES-FROM DEEPER PENETRAIiOK 
km ERERttES-RATI OOF PEAKS 

6.4 4fl 5.2 5.6 
io.ooo/ r r i c ) 

Fit, 9. L^amCoeflkieatifMTlKwiwaiaSariesed 
Data of Poteat and Moigan.54 

7. Heat and Mass Transport 

Diffusion. - Figure 9 shows values of the diffusion 
coefficient of thorium in sintered polycryst.Uline thoiia 
determined by Poteat and Morgan.54 As much as a 
100-fold variation with method of measuring penetra
tion reflects a depth dependence. The same study 
showed that a substantial part of the diffusion was 
grain-boundary rather than lattice diffusion, since fine
grained sol-gel naterial showed much more rapid 
diffusion, and diffusion was slower in single-crystal 
thoria. For pressed thoria fired 5 h? at 1900°C in 
vacuum and then 4 hi at 2000 to achieve a lOO-ftm 
grain size, Hawkins and Aiccck55 found the diffusion 
coefficient of thorium to follow 

D «1 25 X 10 ~~ txptr Qf'RT) cm* /sec 

over the range 1600 to 2100°C, where Q is 53£00 
cal/mofe or 246000 kJ/roole. Figure 10 gives results by 
Morgan and Yusts* on diffusion of oxygen in fine
grained lOiffivdiam thoria spheres, aad Fig. H gives 
raster results by Edwards et dL s < l foi coarser material. 

Table 4 summarizes measurements by Furuya and 
Yajirm5* on protactinium and by Furuya5' on ura
nium diffusion in thoria, and Table 5 gives results on 
uranium by Msteke.'0 Matzke also measured rates of 
migration of xenon in thoria, but bis results did not 
permit calculation of diffusion coefficients. 

Berman61 measured surface diffusion on high-density 
sintered poh/crystalline ThOj specimens annealed 24 to 
48 hr at 1750°C in hydrogen. The measurements over 
the range 1560 to 2500°C were fitted by 

D,«521 X 10* txsi-QjRT)cm'/sec , 

where Q is 141,900 ± 17200 cal/mole or 594000 ± 
72,000 J/mole. 

2 X . 0 ' 1 0 
«6O0 MOO 

0RNL-LR-0W6 59943ft 
TEMPERATURE rC) 
1200 1000 900 800 

2 X . 0 ' 1 0 

i 1 

> < 

1 r r i I 1 2 X . 0 ' 1 0 

1 .... 
C*A 1 .... 
C*A 

X 

— 5 — 5 

Q 

10"1 1 

•< • K> 

10"1 1 

S * X 

5 « K f , Z 

0 
5 « K f , Z 

0 5 O .6 0 .7 0 
i000/7W 

.8 0 .9 1. 

Fig. 10. Itffuto* Coefficient of Oxycea in Thorn Mkio-
qtkeiea. Data of Morgan and Yust.5 6 
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TaMe4. Dinu%i<)mCo^fkitmtao(fwtxY^tmMU^UnM9m 
in PotyciyttaBmf Thorn at 1800 to 2GO0°C* 

Table 5. Diffusion Coefficient of • Thoria* 

Mobile ConpoMst 
ARIMMMK Coefficient*^ 

AtOBl 
ConpoMst 

D9<xA 0(cal/otok) 0(J/molc) 

Ptotactiaiaai 

Uranium 

Unice 
G«ia boaadary 
Lattice 
Gnin boaadary 

2.91 X iO" 4 

6 . 6 6 X 1 0 " 
1.10 X H T 4 

2.35 X 1 0 ^ 

IttS
 

316,000 
12SJ0OO 
320,000 
2O1J00O 

Taken fresi f«nya aad Yajkaa. ss.s» .. ,. I at 5000 fcj/<sna, 
I in ran* 2 hr at 1700°C to a deasMy mater dm 94 a/aa', and dm 

2 hf at 2300°C in aiaon to a dearfty malar dm 9 J j/cwi3 aad 2 hf at 2300'C in aiaon to a deatfty meter dm 9J $lem' aad aa a«cnm nia ate 
ewer 66 Mat. Retorts ware analyzed into lattice aad araia boaadaiy coanwaeatt, 

*Co>tsUnts c(D'D9 npi-Q/RT> em'/eae miUD'*A exef-g/Ar) cat'/aac, 
v/herc D it th* gnia-boaadaiy diflwatoK ooafficiaiit aad 2A it die width of d» gnat 

Medium 
Diffusion Coefficient 

(an2/sec) at -
1400°C 1550°C 

ThOa 
ThOj-0.1 mole % Y2O3 
ThOi-0.1 mole % NbjOs 

2 X 10"** 
5X10"* 5 

6.8X10"*2 

3 X 10"* * 
1.2 X 10'** 
6.2X10"*1 

"Measured by Matzke*0 

in Hj at 1650°C. 
on material pressed and sintered 1 hr 
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- Data on the '.henna! con
ductivity of thorn are collected m fig. 12; see also 
Table 6. The scatter largely lefteca variations in 
porooty acd other structural features of tin specimens. 
Measured values, X, of the thennal conductivity can be 
corrected to values AT D for theoretically dense material 
by 

x»x r r i [ i - J n/( i+^), 
where P is the pore volume fraction and 0 is an 
empirical parameter that depends on preparation 
method, presumably as reflected by pore shape. Belle et 
« £ 4 2 found that p varied from 0.5 to over 3 for a 
variety of specimens measured at 120°C. Table 7 relates 
die measurements of Moore et «£* 3 to specimen 
history; they fitted their data with 0 = 1-2 for oxalate 
thorn and 6 5 for sol-gel thoria. Springer etaL13 fitted 
their data by 

X = ( l - i t y ( l • 1.49JlX0.79 + OJ01857)Wcm-, CQ~l 

Table 8 gives low-temperature results of Moore and 
McEkoy.'4 Their results over the whole range, cor
rected to theoretical density with 0 = 0.5, have been 
reported.'5 The corrected results follow: 

1A * 0X)1935F - 0.1550,200 to 400°K, 

1 /X = 0j0214ir - 0.9800,400 to 1400°K. 

T t M e t . Special *a»f«TWaalCoaaac 
» v a i » F * 1 2 

ItHtStigMtOf 
Specaaea Deasity 

(g/cai 3 ) 

Bibcock »ad Wicoi* Notgirea 
Adaaa* 7 SHpcast 8.07* 
Moore indHcQroy* 4 r i w u i i i r 9.37 
Spriafer<r«I 1 3 Sintered 1750°C 

• H i 
9.30(1) 
8.66(2)* 
7.36(3/* 

Moore ef a t ' 3 See Tabic 7 
K.O£B£ Hot opened 

atl800°C 
938 

>«» 

Soataem Research 
is Adtni 

.42 Institate 
etaL •n 

9.00 

Siatocd at 1MK)°C 83 

'Attributed by DeBoskey71 

Research Ceater. 
*Based oa theoretical d m 

ceatare; aaqr be 7.82 ifaatao 
^Brash BeiyBaua Co. * T I K 

to Babcock aad Waoox Aaaace 

« y of 10.00 aad anther's per-

'Attributed by DeBoskey71 

Research Ceater. 
*Based oa theoretical d m 

ceatare; aaqr be 7.82 ifaatao 
^Brash BeiyBaua Co. * T I K vox." Gram axe 18 JOB; < 4 0 0 

*Sagv was incorporated before 
pwoniljr after Quag. 

to give added 

-0WE47-64O4A 

20C 400 6">0 800 KXX> 1200 
TEMPERATURE PC) 

MOO WOO !800 2000 

Ffc. 12. TamaalCoadectMty of Thorfa. References aal dett oa spectaeai arc in Tabb 6. 
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7. CuwdiUwtjf of ThOi 

Specaa&n Density 
<g/an3) Conditions 

Sotgelffcoru 9.046 In hydrogen 
at 1750°C 

Sotfeltkoria 9.046 In air at 
1650°C 

Oxalate thorn 9.525 In air at 
1650°C 

Oxalate thorn 8382 In air at 
1650°C 

Oxalate thorn 8.116 In air at 
1650°C 

TbemnlCoodoctrnty* 
IWca" 1 ( ° 0 - l ] i t -

30°C 75°C 120°C 

0.0828 0.0702 0.0S96 

0.0817 0.0692 0.0509 

0.1260 0.1100 0.0958 

0.0934 0.0800 0.0683 

0.0593 0.0523 0.0480 

'From Moore et at, ref. 63. 
*Samothed vansss are tabulated here. Measured valoet were precise to within 

iO.25% and have a probable accaracy of ±1.75%. Some of these specialen* were 
groaad flat in a sohrtioB of ethylene glycol and water. The solation had a 
noticeable effect oa the specarsn conductivity wbea the iimamiuents were 

shortly after granting. It was necessary, therefore, to thoroughly dry the 
t by heatiag to 400 or 500*C in air before i 

TaaieS. Low* 
Coadncovity of 93.' 

Teaspetatnre 

(°K) (°Q 

L.HaVaaaaal 

v43fmmC09wy 
lWca|- ,(0IO- ,l 

90 -183 0 614 
100 -173 0344 
ISO -123 0.333 
200 -73 0.234 
250 -23 0.186 
300 27 0.154 
350 77 0.131 

•Data of Moore and McHroy.' 

on 

T 
V 
\ 
a 
* 

O 
Z 
8 

I 

ooi 

OXXM 

JRNL-DWG 67-6*27 

VIBRATORILY COMPACTED MIXTURE 
IN HCUUM "- 84% OF TO. 

. * 4 
VIBRATORILY COMPACTED MIXTURE 
IN ARSON ~ 84% OF TD.-

< 44 MICRON PARTICLES IN Ha 

•< 44 MICRON P»ITilCLE» W Ar 
'84% OF Tin I »% OF TS I L 

f O O 2 O C 3 0 0 4 0 0 9 O O 6 O O 7 O O 8 0 O 9 O 0 fOOO MOO 

TEMPERATURE (*C) 

Pig, 13, Thanaal Condactivifc/ of 
Data of McEfaoy et a t * 5 Shown for comuarison 

• tdtof ThOi Mkioaphww in Can* at 
for theoretically danae ThO? and lisaain. 

M 
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the thermal conductivity lfcBroy et • * " 
of vBxatoriry coaspneted beds of thoria 
figure 13 conuwes the values with tttore of hehra gas 
and theoretically dense thoria. figare 14 shows the 
effect of interstitial gas pressure. Table 9 lists measure-

reported by Feith** on 75%-dense beds of thoria 
and in various gases at atmospheric 

- The total normal ffa*vJftfWt*^u H v 

7 2 for thoria sintered at about 1600*0 is plotted 
in fig. IS. Weinrekh73 reported die effect of varies 
treatments on the spectral enassivity (at 0JS5 and 1 /on) 
of thoria deposited on tungsten. The values varied 
considerably, depending on prior thermal and electrical 
treatment; he attributed the variation to reacticn with 
the tungsten support at about 2500°C. He gives 
references to previous spectral enassrvity measurements. 

Ph> 14. Effect of 
of 

Data of McEfeoy et A*s To 
N/st*. 

ofThO? Mkao-
l a t a * 101,325 Fh> 15. Rili i n riiiwiilj of 

fret (MMIE body = 100). Data 72 
toSar-

TaMe9. CuUm liiilj of 75%-Pwe lofe of ThOj • V« 
aai at Gam at 1 * • (10s N /«V 

Tonpentaie Ttenaal Conductivity [Wan -'("cr 1! 
<°o He He-52%N2 N j Ar Vac*a»* 

400 0.0128 0.0130 04)122 04)107 04)04 
500 0.0122 0.0122 04)118 0^)101 04)043 
600 0.0119 0.0116 0.0107 0-0100 04)047 
700 0.0118 0.0113 04)104 04)105 04)05 
800 0.0118 04)113 04)103 04)125 
900 0.0122 0.0117 04)106 

1000 0.0128 0i>122 
1100 0.0137 04)132 
1200 0.0150 04)146 

*DataofFeMi «• 

- ApproxiwKUty 04)35 to: (4.? N/a»2>. 

...iff"; <wrtOT,i*r~i"n"-
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8. 

The mechanical properties cf thoria depend strongly 
on fabrication history. Curtis and Johnson74 showed 
mat the strength increased with decreasing porosity, 
achieved by increasing the ruing temperature, incorpo
rating 0 5 to 3% CaO, or both. Using powders with 
Afferent characteristics, Knudsen7* prepared thoria 
with independent variations in porosity and grain size 
and found that high strength was favored by low 
porosity, fine gram size, and high firing temperature. 
Thus, property values cited below are representative of 
particular preparations and are not characteristic of 
thorn in general. More modern preparations, because of 
their lower porosity, s?e generally stionger than the 

older preparations on which the most frequently cited 
ngjKyretnents have been made. 

Bearing Strength. - Values of the modulus of 
rupture determined from bending to fracture are fisted 
in Table 10. Knudsen" obtained a reasonable fit to ms 
data by 

S = 69,700G-° 3 9 * " » * , 

where S is the modulus of rupture m pn (to give S in 
N/m2 the constant should be changed to 4.80 X 1(f), 
G is the grain size, P is the porosity, and b is a 
parameter that depends on the firing temperature. It 
was 5.5 for 1650°C, 4.7 for 1725X 3J8 for 1800*C, 
and3.7forl850°C. 

10. 

Ftfcocrtm Bataqr 
GO 2»~C 

("O <jmt 
<f* OVa3) (p* otfH1) 

75 

75 

75 

75 

75 

TO* 

74 

74 

74 

74 

77 

5-2 mm 
*\st*amimvm*\. 

^-SmmmfmrntTtOx 

5-10, 

JO-151 

30-40 « • 

«15«*(2»IOV**) . 
0L5 

at 12.7 ari (175 WM/m1) 
5 * B j O . ( M 

\n-tm 0mi 
l l t t lC i s Hi. iMNMfcaft/ a m * ! 
m 20 M am tmUm3). M n i 13 fcr 

05 

li> 

33 

0 

1CS0 
1725 
1M0 
1950 
1650 
1725 
ION 
1050 
1650 
1725 
1990 
ItSO 
1725 
ion 
itso 
1450 
1725 
1000 
ItSO 
10W 
1090 

1490 
1400 
1090 

1400 
1000 
1400 
1090 
1400 
isao 
1500 

7.2 
4.1 
4.7 
S3 
9.7 
93 
13 
93 

29.7 
25 J) 
233 
19.7 
30.9 
31.3 
293 
313 
313 
31.1 
303 
».9 
0.9 

46.9 
273 
173 

173 
OLO 

123 
O.O 

35.1 
« 3 

24.7 
343 
25.1 
53.1 
113 
153 
144 
17.4 
S3 
5.1 
4.1 
S3 
9.9 
M 
9 3 

354 
393 
423 
343 
2 
2 

10.7 
143 
143 
1X4 
143 
143 
19.7 
153 
93 

103 
13.7 
153 
4 3 
9 3 

103 
23 
43 
43 
} * 

103 
IS.l 

J».7 
03 
13 

0 9 
1.9 
0.9 
2.0 
0.7 
23 

113 

X i 0 T 

7.4 
103 
113 
• 3 

113 
11.4 
123 
123 
4.1 
73 
9 3 

!07 
43 
43 
73 
13 
23 
3 3 
3.9 
7.1 

103 

03 
03 
03 

03 
13 
03 
13 
03 
13 
73 

X 10* X 10* 

143 113 

173 113 

9.7 4.7 

5.7 

23 

33 

1.7 

103 7 3 
153 103 

9.95 43 

file:///n-tm


L » I ['• *"£- _ * r 

14 

11. of Thorn at Room Ti 

Potosjty Gran 
Sire 
Go») 

Tempeutnre 

(°o 

Dimeacioj at (mm) Conmressnr Strength 

(pa) (N/m2) 
Number 
Tested 

Reference Potosjty Gran 
Sire 
Go») 

Tempeutnre 

(°o 
Grots 

Section Height 

Conmressnr Strength 

(pa) (N/m2) 
Number 
Tested 

X10 3 X10* 
75* 6.7 

8.6 
23.2 
31.3 
31.1 

25.1 
16.4 
6.1 
9.4 

42.9 

1800 
1800 
1800 
1800 
1800 

10.2 diam 
10.2 diam 
10.2 dam 
10.2 diam 
10.2 diam 

20.3 
20.3 
20.3 
20.3 
20.3 

220 
227 
139 
73 
31.6 

15.2 
15.7 
9.6 
5.1 
2.18 

8 
8 
9 
© 

9 
78» 8 1950 6 square 6 214 14.8 1 
Te* 05 -» * 1800 8.7 dkm 19.8 O..J 5 

f U p m u l from fire different starting powders as described m Table 10. 
*99-5%-poie thorn fired m an oxidizing atmosphere. 
°rhO2-0^% CaO prepared as m TaNe 10. 

3X«3 

10 s 

= 5 

0NNLHMPB VT-tK 

« • 

10 5 

-I 

4> • -

• YUST A » P0TEAT 
* RvswEwrrcH 

I 

• s 
• 

« • 

-=* 2 

- I O ' - E 

- K ) 2 

200 400 600 800 1000 1200 MOO 1600 1800 2000 
TEMPERATURE (*C) 

Rg. 16. CM—JIII mil i Sbength of Thorn at Elevated Temperstmes. The data of Ryshkewitch78 are for 99.5%-pure material fired 
at 1950°C m an oxidizing atmosphere and having 8% porosity. Yust and Poteat 7 9 isostaticaBy pressed high-purity O.S-um powder at 
17.5 tai and fiied u air at 180CTC for 2 hr. Specimens had density 97.5% of theoretical and average grain diameter of 10 Mm. To 
convert, 1 psi« 6895 N/m a. 

Strength. - Compressive strengths of 
thoria measured at room temperature and elevated 
temperatures are presented in Table 11 and Fig. 16 

respectively. The denser material retains much more 
strength above 1200°C. 

mmtm 
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— Morgan et 
o£*° report compressive stress-strun curves for tso-
staticatty pressed and sintered sol-gel ThOj at different 
temperatures; Fig. 17 shows their results. Figure 18 
compares ;he 1450°C curve with comparable curves for 
uniaxialry pressed and sintered oxalate ThOj of dif
ferent densities. 

Teank Strength. - Ryshkewitch78 reports "just be
low 1000 kg/cm2" (14,000 psi, 10» N/m 2) for 2-mro-
diam rods fired at 1950°C in an oxidizing atmosphere 
to a porosity of 8%. 

Shear Strength. - Wygant" tested, with a torsion 
apparatus, thoria sostatkalry pressed under 25,000 psi 
(1.7 X 10* N/m 2) and fired to 1830°C for 5 hr to a 
density of 9.53 g/cm3. Strengths were 3500 psi (2.4 X 
10 7 N/m 2) at 1100°C and 1200 psi (8 X 10 6 N/m 2) at 
1300°C. 

3CJ0OO 

3ZJ0OO 

2&J0OO 

24.000 

= 20.000 

3 16.000 

iifw 

8000 

4000 

OftNL-OVS 67-«C» 

/ 

/ 

/ 

« M90*C 
O tSSO*C 
• 650 «C 

/ 

/ u / Jf / Jf 

f s 1 •£ 
• 

0 0.040 ( m j QOBO 0030 
O 1 2 (%) 6 3 

P L A S T I C STRAIN 
as 

Ffe. 17. StnmStam RflatioMMpi for 9.1-J/OB3 SottM 
TM)2 Pefleto Teste* at a CumtmiCumjumu Stam Rate of 
010007 ML/ML Taken from Motgan *f «£*• To convert, 1 pa = 
6895 N/m2. 

ORNL-OWG 67-8622 
28,000 

0 0.010 0020 (in.) 0.030 OJ040 0.050 
0 3.2 6.3 (%) 9.5 

PLASTIC STRAIN 
12.6 15.8 

Mf. 18. Effect of Deadly oa Stma-Straia RdrionaUp for TM>3 Mfets Tented at 1450°C with aCoaataatCmnpuariraStnia 
Rale. Taken from Morgan ef d . 8 0 To convert, 1 pri « o895 N/m2. 
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- "wygent*1 foond a torsional creep rate 
of2JD6X lO^hrat ll00°Cwid«akMdofl200psi 
(83 X 10* N/m') for specimens similar to his shear 
strength specimens described above Potest** and Yost 
report the creep rates in Fit,. 19 for specimens scalar to 
their couapresiive strength specimens (fig, 16), tested in 
compression by application of a constant load in the 
range 4000 to 11 000 psi (2.8 to 16 X 107 N/m*) at 
tensperctures from 1400 to 1800°C. Wolfe and 
Kaufman*3 showed a striking effect of pain size on 
steady-sate creep rate; their results are shown in Fig. 
20 with comparable ORNL results. Morgan and Hall*4 

found a compressife creep rate of 13 X 10^*/hr at 
1465°C and 8000 psi (55 X 10 7 N/m 2) for cold-
pressed bushings sintered 2 hr in air at 1800°C to 
density between 9.7 and 9 5 g/cm3. Incorporation of 
CaO decreased the creep strength considerabK They 
observed*5 cresp at as low as 6509C for 9.1-g/cm3 

so|-gel ThO,. A creep curve for this material at 1500°C 

•00 f7so TOO w o woo eso eno MSO MO* 

is compared** in Fig. 21 with a similar came for 
oxabte-derrted ThOj. Kaufman** deternmned creep 
rates from data on hot pressing low-density specimens. 

Z**f 
STRESS '.psi) 

Faj. 2 a Effect of Statu and Gam Sat on Steady-State 
Cseep Rate of H«fc-Dsa«ty Thorn. Takn> from Wolfe and 
Kaufman.*3 Bertis results ate by Wolfe on specimem cold 
pressed and sinteted to a density 98.5% «i theoretical; the large 
gain size rvas obtained by annealing 4 hr at 2300°C. The ORNL 
results are by Poteat and Vast, mostly repotted,8 2 on spec*-
mens fike those of Fig. 16. To convert, 1 psi * 6895 N/m 2. 
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TIME (Hr) 

Fig. 19. Creep Rate of Taoda. Taken from Poteat and 
Yost* 3 Specimens are like the same authors' specimens 
described in Fig. 17. The stresses are 23,52, and 76 MN/m2. 

Fig. 21. Creep Canes for Tfa02 Pcfets with Constant Com-
limssim Loading. Taken from Morgan et d*° The loads are 55 
and 17.1 MN/m2. 
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Impact Strength. - Larvg ?nd Knudsen 7' found an 
average impact strength of 1.53 ft-lb/in.2 ( 3 3 
kg-cm/cm2) on unnotched Charpy specimens (dimen
sions 5.5 X IJOX I JO cm) of ThOi-0_5%CaO pressed 
at 3000 psi (2.1 X 10 7 N/m 2 ) , re-pressed hydro-
staticalry at 30,000 psi (2.1 X 10 s N/m 2 ) , and fired 1 
hr at 1800°C after slow heating. 

Young's Modohss. - Like many other properties, the 
elastic constants of thoria depend on both porosity and 
other microstructural features. The most extensive 
measurements of Young's modulus at room tempera
ture are by Spinner et aL*"1 in which the porosity was 
varied systematically in three series of samples. As 
shown in Fig. 22, the porosity dependence was greater 
for the material pressed from the finest powder. Other 
room-temperature values of Young's modulus are col
lected in Table 12. Elevated temperature measurements 
by Spinner et aL90 are shown in Fig. 23 and those by 

Y-97397 

Y-97401 

o c«Ou» I 

20 SO 
ranosrrr.% 

M 

Fig. 22. Variation of Young's Modulus of ThOj with Poros
ity. Taken from Spinner et a t 8 7 Grci? I specimens were 
pressed from 0- to 2-jtm powder with cross-linked polystyrene 
beads added to introduce porosity on firing. Those of group II 
were similady prepared from 2- to 4-ftm powder. Specimens of 
group III were prepared from powden of different particle sizes 
without filler. All were hydrostatically cold pressed and sintered 
at 1750°C for 17 hr. One bar is 14.5 psi, or 100,000 N/m2. 

Fig. 23. Variation of Young's Modulus of ThOj with Tem
perature for Different Porosities. From Spinner et aL90 The 
values are fot Group II specimens of Fig. 22; die temper»aire 
dependence was similar for other specimens. fr is the flexural 
resonance frequency (fundamental or overtones). One bar is 
14.5 psi, or 100,000 N/ma. 

J I—I I I I I I L 
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• LANG AND KHU06EN, BENDING 
O LANG AND KNUDSEN, SONIC 
A RYSHKEWITCH 
— W&meAN AND LAM 

— 2.0 

1*» A 

1 
15 

— 10 

200 400 600 800 1000 
TEMPERATURE (°C) 

1200 1400 

of Th0 2 with Tiiwaiaaliii. Data of Lang and 
I« Table 12. To conrat, 1 pri » 6895 Him2. 

76 Knudsen," RysMcewitch,7" tad 78 

Tafefe 12. V« tiotsVahmoftbcl row* 'sModateofTa tO?atRoott1 Vwpentwe 

Rearing CaO 
(%) 

Smtering Condition* Porosity Measurement 
Method 

Young's 

(psQ 

Modulus 
****** Method (tsD 

CaO 
(%) (°C) (hr) Medium 

Porosity Measurement 
Method 

Young's 

(psQ (N/m1) 

xio 6 X10 1 1 

78 0 1950 Oxidizing 8 Bending 19.8 1.37 
76 Isostatic 15 0.5 1800 1 Oxidizing 0.9 Bending 34.8 2.40 
76 Iwetatfc 15 0.5 1800 1 Oxidizing 0.9 Sonic 34.58 2.383 
88 Cm—atrial 0.5 !.4 Sonic 34.9 2.41 
89 Cowuneicial 0 9.3 Sonic 29.0 2.00 
74 § 12.7 0 

OS 

1.0 

3.0 

1400 
1600 
1800 
1600 
1800 
1600 
1800 
1400 

2 Air 46.9 
27.8 
17.6 
17.2 
0.0 

12.8 
CO 

75.1 

Sonic 7.3 
12.8 
19.6 
20.7 
20.9 
19.9 
33.9 
10.7 

0.50 
0.88 
1.35 
1.43 
1.44 
1.37 
2.34 
0.74 

1800 0.0 43.6 3.01 

fSpecamens of Curtis and Johnson74 were mixed with 2% dextrin and 5% HjO, then ptessed and sintered as indicated. 
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other investigators in Fig. 24. The measurements by 
Wachtman et aL*9 over the range - i 9 6 to 580°C are 
reported only to fit the equation 

E=E0-BTexp(-mir,, 

where E0 = 2.0416 X 1 0 1 2 dynes/cm2 (2.961 X 10 7 

psi, 2.0416X 1 0 1 ! N/sn 2),£ = 2.73 X 10* dynes cm' 2 

CK)' 1 [3.96 X 10 3 psifK, 2.73 X 10 7 N m - 2 

( ° K ) - 1 ] , and 7* is the absolute temperature; their 
specimen is described in Table 12. 

Shear Modulus. — The extensive measurements by 
Spiiuier et aL show effects of porosity, structure, and 
temperature similar to those found in their measure
ments of fbung's modulus; value* ore in Fig. 25 for 
room temperature*7 and in Fig. 26 for elevated 
temperatures.90 Other investigators' values are col
lected in Table 13. 
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Fig. 25. Variation of the Shear Modulus of HO? with 
Itofority. Taken fiom Spinaei et «£.87 The specimens are 
•lescribed in Fig. 22. One bar is 14.5 psi, or 100,000 N/m2. 

Fig. 26. VanatkM of the Shear Modulus of ThOa with 
Tempesatue foe Different Poiodtka. From Spinner et J.90 

The values are for Group II specimens of Fig. 22; the 
temperature dependence was similar for other specimens. fr b 
the fundamental tocnonai resonance frequency. One bar is 14.5 
psi or 100,000 N/m3. 
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i*s Ratio. — Values reported are collected in 
Table 13. 

Baft Modulus. - The v»:ue by Lang and Knudsen 7' 
Bin Table 13. 

H a t d i i - Wolfe and Kaufman 9 3 have summarized 
two set? of Vkkcrc n&rdnesx measurements on high-
density thoria, as shown ia Fig. 27. More details of the 
high-temperature set have appeared elsewhere. 9 3 

Fauay 9 3 reported a Knoop 100* hankies of 945 
kg/mm2 for izndescribed material. Lang and Knudsen7* 
measured Knoop 500-g hardsess on ^edmens of the 
ThOj-0.5% CaO preparation used in several properties 
reported above. Values ranged from 330 to 810 about 
an average of 640. Within the wide spread in values, the 
hardness appeared independent of whether the spec
imen was unstressed or stressed, tested on a high-stress 
or no-stress area when stressed* or tested at room 
temperature or 10CC°C. Wolfe and Kaufman*' report 
mutual indentation hardnesses for two batches of thoria 
pellets as a function of load from 1000 to 2000°C; the 
batch with the larger grain size showed lower hardness 
and fractured at lower loads. 

Cleavage. — Campbell et aL94 found cleavage planes 
in a commercial 0.5-in. single crystal of thoria to be 
principally {100}. By electron microscopy of thoria 
platelets extracted from a deformed thoriated refrac
tory alloy, Gflbert , s found cleavage principally on 
{111} planes but occasionally on (CI!} or {001}. 
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man" and attributed to J. G. Weanbenj and B. Lustman of 
Westingbouae Atomic Power Department and to R. Koe£er et 
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Table 13. a Ratio, aad Baft Modv*e of TmO, 

Reference Method Temperature Shear Modulus 
fShesi) Co (pa) (N/m3) 

X10* X 1 0 1 0 

Bending Room 8.5 5.9 
Torsion 30 14.3 9.8 

700 11.4 7.9 
1100 86 59 
1300 5* 3.9 

Scsir Room 13.49 9.30 
300 13.0 9.0 
600 12.3 8.5 
900 11.7 8.1 

Ratio 

Bulk Modulus 

(P«0 (N/m») 

91« 
81* 

*»** 

•Material described for tef. 78 in Table 12. 
^Material described above under Shi* Strznffh. 
*rhOj -0.5% CaO described for mf. 76 in Table 12. 

0.17 

0.282 
0.28 
0.28 
0.28 

X10" X 1 0 10 

MA i8.2 
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Properties 

Thermal Stabifty. - Thoria is exceedingly stable to 
quite high temperatures. Some decomposition to ThO 
and oxygen occurs 3 0 ' 3 2 on vaporization above 2000°C. 
Soiid ThO on cooling in vacuum changes to metal and 
dioxide. Specimens so discolored (gray to black) by 
vacuum heating are restored to white by heating in 
a i r . 3 0 ' 3 3 The composition ThOi. 9 9& is reported 3 2 for 
thoria heated above 2500°C. 

Reactions with Nonmetallic Solids. - M;xiiig of 
powdered thoria with various oxides and haiides affects 
the densification on sintering at 1500°C after 
pressing.96 Thoria combines in 20 hr in O3 at 1200°C 
with Pa^Os to form a single fiuorite phase. 9 7 Beating 
pressed mixed compacts of Th0 2 - 3 0 vol % UN 25 hr 
in the range 600 to 1100°C gave no reaction. 9 8 Similar 
compacts did not react in ?. hr at 2400°€ under 500 
torr N 2 , but the thoria dissolved the U 0 2 impurity 
from the nitride. 9 9 

Kroll and Schkchton 1 0 0 found that mixtures of 
thoria and graphite powders started to react in vacuum 
at 1380°C. Nadler and Kempter 1 0 1 found a similar 
mixture to react in helium at 1650 to 1730°C. 
Greenwood 1 0 2 found reaction between thoria and 
"retort carbon" at 1*?00°C in a poor vacuum (by 
modern standards). The differences may be due to 

differences in subdivision, since Johnson 1 0 3 found a 
temperature of 2000°C required for reaction between 
large specimens of thoria and carbon in contact. The 
product is invariably a carbide and not thorium metal. 

B e n z 1 0 4 found reaction between ThOa, ThN, and 
thorium to form T h 3 N 4 and Th 2 NjO. Although some 
reaction occurred at 800 to 1200°C, 1550 to 2000*C 
was required to reach an equilibrium mixture that 
depended on the initial ThOj content. 

Fries et aLl0s observed teaction between W7C and 
T h 0 2 at 22O0°C or higher, melting occurred at 2400°C. 

Compatibility of thoria with borides was tested 5 7 

with duplex pellets of thoria with boride centers, made 
by simultaneity cold pressing the powders and 
sintering in hydrogen 4 hr at 1700°C. Heated in dry 
hydrogen for 1 hr at 2500 or 27CGCC, compacts 
containing Hfftj showed melting at both temperatures, 
while those with ZrB? did only at the higher temper
ature. Heated similarly in moist hydrogen, both borides 
formed a glassy product at 2400°C and reacted com
pletely at 2600°C. Also, T1B3 reacted completely at 
2600°C. 

Fired thoria bodies appear quite resistant to nearly all 
nonmetallic oxides. Some interactions reported1 ° 2 are: 
with BeO, liquid formation at 2iOOsC and complete 
fusion at 2200°C; with MgO, some vapor reaction at 

Table 14. Interaction of Thorn with, liquid Metals 

Metal Reference Result* 

Bismuth 
Cerium 
Cobalt 

Iridium 
boo 

Lanthanvm 
Platinum 
Sodium 

Ti!aahunc 

Uiaoium 
Bt-0.1% Mf-0.025% Zr 
Bi-0.54% Mf-0.025% Zr 
Pb-0.1% Mg-0.01% Zr 
Pb-2.2%Mg-0.01%Zr 
Po-46.7% Bi-0.1% Mf-0.01% Zr 

111 
10b 
112 

113 
112 

108 
114 
115 
111 
116 
117 
118 
118 
118 
118 
118 

Slight attack* in 167 hr at 1000°C 
Cerium dissolved cumpfetety in thoria at 81C to 1000°C 
No chemical reaction but complete penetration in 0.5 hr at 1930-

2130°C 
Thoria crucibles withstood several meltings 
No chemicai reaction; 0.01 mm penetration in 0.5 hr at 1930-

2280°C 
Penetrated grain boundaries at 950-1200°C 
Thoria crucibles withstood several meltings 
Less than 0.001 in. corrosion in 100 hr (<D.0O25 cm) 
Practically no corrosion in 168 hr 
Very little attack 
Darkened zone penetrated 8 mm in 1 hr 
1 uOj slurry circulated 1376 hr without re-*-tion at 460-550°C 
ThBiz plugged loop in 152 hr at 430-550°C 
No reaction in 78 hr circulation of ThO, starry et 500-55O°C 
ThPb3 plugged loop in 89 hr at 360-SS0°C 
No reaction in 2136 hr circulatfoo ef THO, shmy at 330-550°C 

'Unless otherwise indicated, result is for nwttmg metal in contact wrth thoria. 
*€ompners note: since author reported color change from gray to while, reaction is prooaWy just purification, 
^Titanium severely attacks Th-ThOj compacts.1' *'1 *• 
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2200'C, notion but no adherence; with ZrO», ijjht 
adherence at 2200*C, no liquid phase at 2300*C. 
Thoria specimens heated with silicon carbide powder 2 
hr at 2000°C showed no m a t , metaBofjipeac, x-ray 
diffraction, or nm r̂ohardneai evidence of inter
action ! • « 

Reactions with Metak - Thorit is oereactlw; to 
-xmnoR metals under their conditiops of use. It reacts 
with thorium to form TbO at lS50°C and above; the 
reaction is reversed on cooHng.39 That cakran seduces 
thorn is weB-known. Molten Zn-5% Me, at 750 to 
850°C reduces Uiortt, 1" and so do sofotiom of 

Table IS. 

a,a?_ ^ _ e Reference 
Expowe 

Metal Reference Result <°a 0») Minim 

Berylim 121 1400 0.25 Noieactioa 
1600 0JS Soaae actuation of thorn 

bvaneii 122 1800-2300 Vacem rkonVtKkemtiiMttBkmt^totmaf^tmp&aad 
Motybdennni 121 1800 0.25 No reaction 

103 1900 0.0? Via** wecrww {bat m*t • w f i d to 230O°C> 
123 2155 Itaacn oa rapid hettiag to that ttaipu I N I I 

Nickel 121 1800 0.25 rio reaction 
Nvobna 124 1540 1000 No reaction 

121 1800 0.25 Soaae oonofaaa 
123 
125 

2135 
2350 2 Vaceaaa 

Mo reaction oa rapid haanag to asaaperaraie 

KIKflHBaV 

123 
125 

2135 
2350 2 Vaceaaa 

123 1350 laitial reactioa oa rapid writing; no rapid reaction to 
2280°C 

Silicon 121 1400 0.25 Shghtieactioa 
1600 0.25 f • • ! • I i r i n i | i j | M f t a t l « t i n ^ f d g i I | l l i r n l ^ w t i M 

Tantalum 124 1540 1000 Noatadioa 
24 2500 Very Hide attack to Ta oa proionnjed aac with ThOd 

123 2795 Mo laactioa oa rapid heaiiag to icmptn^mt 
105 2550 1 No reaction with ThO, at casnane, C + Bj onuaae 
105 2600 1 Sevm reaction, TbO} a capsafc, C + Hj ostnde 

Titaiman 121 1400-1800 0.25 Slight reaction 
Tungsten 103 2200 0.07 V»hte reaction* 

125 2350 2 Mo reaction 
122 2350-2400 Several Thorn severely pitted* 
30 2100-2400 Mo reaction ofenaaaohr nuxtare; 2 hr at peak teat-

peratme* 
99 2400 N* Moreartioa 
27 1900-2600 TTOjiariifactorily contained taWcinca^ctanag 

PVOvwwaaVB'w 82X0CeTUaw6wWs> 

123 2645 No reactioa on rapid heating to tearperataie 
105 2100 1 PJoreactnnwithTbO? mcapsafc.C+H, oattide 

Zircoaiant 121 1800 0.25 Very flight corrosion 
Mo-40%Re 125 2350 2 Vacsum No reaction 
Nb-l%Zr 124 1540 1000 Noieactioa 
W-S%Re 124 1540 1000 No reactioa 
W-26%Re 124 1540 1000 Noieactioa 

126 2215-2290 168 Nonaction 

*Hodi and Johnston5 0 and Ackerman etoL*7 attribate pieihwady 
decomposition of ThOj toThO followed by dispropoctionatioo ofThOandto 
tungsten. 

of ThO, with 
of ThOj by carbon iaiparity in the 

;to 
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calcium and magjutMurn in molten btrauth. Mixed 
with thoria powder, cerium reacted slightly at S00°C 
and extensrtehr at 810°C: at 600 and 924°C bmthann-:! 
dissolved in the thoria. 1 0 Novak and Asamwo , #* 
fowv? so Jater?ction of ThOj insulation with tungsten-
rhenium thermocouples in protona?5 tests to ever 
2800°C and in a nuclear reactor1 *• to 1200 hr over 
2300°C. Other behavior of thoria with liquid and solid 
metals is summarized in Tables 14 and 15 respectively. 

Reaction with I'quidi — Dissolution reactions of 
thoria have been collected by Bachman and Banks. 1 2 7 

In summary, thoria that has not been heated over 550 
or 600°C will dissolve readily in 8 to 16MHN0 3 with 
a small amount of fluoride present. Increasing the fring 
temperature makes dissolution more difficult. Oxide 
ignited at over i000*C requires concentrated nitric acid 
OJ03 M in fluor,-:* at 100°C, and absolution is slow. 
•*ge&iion with fuming sulfuric acid or fusion with 
NaHSG4 or NajSjOj converts ThOj to the water-
soluble svtfate. HydrodiSoric acid, even with added 
fluoride, is ineff sctive toward high-fired ThOj. 

Small simples of ThO, can be dissolved in 36% HO 
with addf d HCK)4 at 310°C in a sealed tube. 1 2* Thoria 
ignited at 2C00°C can be converted by fusion with 
ammonium bisulfate to a dear melt that is soluble in 
sulfuTkacid.1 *» Bishop ef d L 1 3 # dissolved thoria (both 
unirradiated and irradiated) in ! to 8 hr in refluxing 13 
M HNO3-O.O5 M HF. Phillips and Huber 1 3 1 have 
related dissolution rate to the concentrations of 
tucrium nitrate, aluminum nitrate, and hydrofluoric 
acid. Russell et jL'32 showed that thoria dissolves 
three to six times as fast if 1% MgO is incorporated in 
ii. 

Reaction with Gases. — Thoria is apparently stable to 
most gases up to its melting point. Exposed to air at 
low temperature,3 it picks up water and carbon 
dioxide. The water escapes below 150°C; the CO, 
requfres higher tempmteres. The carbon dioxide pick
up is substantial for unfiled powder, is decreased 75% 
by firing at 1400°C, and is nearly eliminated by firing 
at 1800°C. Grossman and Kaznoff1 3 3 report no inter
action of thoria with cesium vapor in 300 hr at •"• ton 
(500N/m 2)tol600°C. 

10. Surface Properties 

Surface Energy. - Benson et aL134 have calculated 
cohesive and surface energies of thoria from atomic and 
structural parameters. Their estimates for the surface 
energy are 810 and 1150 ergs/cm3 by different 
methods. Livey and Murray13$ estimate a value of 530 
ergs/cm2 to ±20%. All values are for 0°K. 

la«n«2tioa with Aqueous Systeaat. - Heats of humer-
rfca of thoria in water were measured by Ziohnes et 
«J 1 3 * The data shown in Fig. 28 revsal a complex 
dependence on the specific surface *;ea, crystallite size, 
and temperature of prior outgoing. The latter effect 
reflects reversal of the removal of cheimsorbed water 
during outgassmg- After being outgassed at 500°C, 
some of the sarcples were measured for heat of 
immersion as k function of presorbed water content, 
and the functions were differentiated to give differ
ential heats of immersion. The samples are described in 
Tkole 16. 

Ffe. 2ft. Heat of Imuuuiam off TaOj *a Wsler X tSJfC 
From Hofanes et a t 1 3 6 Copytgnt 07 the Ameccao Charted 
Society; repented with pentustaa. 

Tabled. Characteristics of IMfeStflBfks for Hart 
off bwantaioa Kanananrti 1 3 * 

Calcining Nitrogen Geometric Mean Crystaffite 
Sample Tempenttue Sufoce Area Particle Diameter Sice 

(°C) (m2/t) Can) (A) 

A 650 14.7 2.63 194 

B 800 11.5 2.67 220 
C 1000 5.64 ?.20 682 
D 1200 2.20 2.97 1700 
E 1600 1.24 1.20 2500 
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The interaction of thoria sarnces 
aooeom electrolyte eolations hat been staamd 
itineticalry and expiessed in terms of seta potentials 
other properties. 1 3 T _ I ,» Rdkrer a i 1 4 ° 
ahawption to find that water on thoria sarmces 
in four forms. 

Wetting by Lapsd Metals. - Table 17 fists 
tioa on the wetting of thoria by liqaad metals. 

AaVarpoen nf Gases. - Hohnes er a t 1 4 4 

adaorption of water, nitrogen, and ergon < 
thona powders. Adsorbed water was a any 
fctornthesdsorptionofthe 

17. 

Cobah 

Iran 

141 
141 
!4! 
5 

141 
141 
10S 
112 
141 
142 
143 
lot 
141 
141 
143 
142 
143 
143 
141 
141 
141 
141 
117 
117 
117 
143 
141 

<1100* 

1550 

1500 

1940 

1930-2130 
>12S0 

C*.e 
>iaoo e 
950-1200 cd 

>10O5 
>m» 
2500-2759/ e 

cd.e 
1770-2240 e 
1990-2250 e 

Ma 

>1200 

>1970 

s 
<hto&at 

u dart by me aadm 
i—A—en* 
aaana* •anama ^ w r » 

manialistaim nf —isa mat awaeeOOs 
t*H me Al. Ba, CS, Fa, Hj. He, Th, Ti. U, Za, aee i^ 

90°. 
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1. 

The dioxides of thorium and uranium form a con
tinuous series of solid solutions over the entire range of 
tompciailion- Such properties as melting point and 
lattice pajameter reflect near-ideal solution behavior 
over nearly the whole range; sharp negative deviations 
occur in a narrow range near 98% U0 2 - Neeb and 
Peehs 1 4 5 demonstrated that a temperature gradient at 
very high temperature induced a conyosition gradient 
in (Th,U)0 2; usamum migrated from a 2500°C region 
to a 2090°C region. 

lk*e£ in air or other oxidiaiag media the mixed 
dioxides can take up oxygen to an extent that depends 
on tenyaatnie and oxygen activity and increases with 
uranium content. An example by Cfandd andBrau*4* 
s gtvi= in Table 18. This oxidation occurs withoot a 
phase change until the uranium oxide content exceeds 
SO or 60%. Ifcuum-ridi oxide can form a second phase 
oC or similar to, l^O, . Figure 29 shows the imiting 
compositions given by GipctnV e r a f 4 7 Other data 
o i the system are given by Gispatnck and 
Secoy , 1 4 *' 1 4 9 Gipatrick ef a t , 1 5 * Friedman and 

» " Lynch, 1" and 1S1 
1 5 4 The compounds Th?U,0, (ref. 155) 

and UTfaOs (ret 156) have been identified under 
special conditions, but no compounds appear to form 
for the 

O 0.1 0 2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 fO 
MOLE FRACTION ThOj 

I>fe. 29. 
OxhieS)mm.T*cmbomGap*ncket4. 147 

I t . Effect a*'. 

From Clwjdd m* « — I 4 * 

J. 
X>OXM 

Fraction A< Prepared* Tiealcd* 

0.0112 OU0O71 aoo6o 
0.028 OJ019 0.016 
0452 0U036 O032 
QMS 0047 0.042 
0094 0071 O062 
0.192 0.1S1 0.133 

i by cakaavnoa 24 hr in au at S00°C. 
*Hcafa* 4 kr ia * at 400*C, that 24 he at 4S0°C tad 10" 6 

TrKjrionMiranium mixed oxides can be prepared by 
the calcination of solid solutions such as 
(TXUXCjO*)* precipitated from thorimn-anraum(IV) 
sotutions or by the sol-gel method. Ceramic bodies may 
be fabricated from such mixed oxides or from iinxtuies 
of thorium and uranium dioxide powdent by the 
consolidation and firing methods used for pare 
Firing temperatures are affected by the composition, 
Firing must be in mot gas, vacuum, or hydrogen if the 
oxi<kiftobestoichk>nietrk(uiioxkh2ed>. 
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Y-97391 

Structure. - The ThO 3-U0 3 solid solutions have the 
cubic ftoorite stractnie of Th0 2 , with uxanium atoms 
substituted for thorium atoms. In oxidized solid solu
tions, the added oxygen atoms tie in the octahedral 
urieutkci. Ih^ih/oxidized uamuiiHich oxkk contains 
the second phase orthorhombic U 3 0 8 or in some cases 
the cubic U,<V 

Lattice fai urn li i and Density. - Considerable vari
ation exists among mc* reported values of the lattice 
niiamcleis of thoria-urania solid solutions, probably 
reflecting unrecognized variations in purity or oxida
tion. Cohen and Berman1*2 appear to have maintained 
good control of these variables; Table 19 gjves their 
values for me lattice parameter of stoichiometric oxides 
and corresponding theoretical densities. Their param
eters for oxidized moria-rich solid solutions are plotted 
n Eg. 30 and compared with an empirical equation 
that correlates them. Kempter and Elliott4 have meas
ured the lattice parameter of a mixed oxide as a 
function of temperature. From the preparation method, 
their material is very likely stoichiometric equcnoiar 
ThO 2-U0 2, although this was not verified by analysis. 
Their values ere listed in Table 20 and are correlated by 
the equation 

a* = 533298 + 4.882 X lO^f + 735 X iO"V . 

ssrv W W ' • • 1 ' 1 1 1 1 r 

STMKHT-LMC *0*TK»OF CIMVCS 
omtmi accoaoms TO its cou*noa: 
•o-SMrS-OOMX-OIZTy-O IXJ 

X - ^ T f c ^ O ^ , 

F*. 30. Ckaft of Lattk* 

NortMloiavd Pattiriuag ' 
1 5 2 Copyikjht by 

a d repiodoced wfck per-

Table 19. UttbxCo—keutMmd 
neonCkal Deaattes of (Tk,D)02 

Fion TSL 152 

Lattice Theoretical 
(•ok%U02) rtttttiCtOr 

(A) 
Density 
(g/cro3) 

100 5.4704 10.96 
90J0 5.4041 ;(K£5 
80.1 5.4969 10.75 
6»S 5.5098 IC.65 
60.1 5.5225 1055 
50.1 5.5355 1046 
40J 5.5475 10137 
30.1 5.5590 10.28 
20.2 5.5726 10.18 
10.1 5.5846 10J» 
0 5.5975 1040 

Tabic 20. Lattice Ooaataa* of 

f ran ie t4 

(°Q 

«Stwdaad enor of deriaticv «U)003 A. 

18 
19 
95 
195 
290 
389 
488 
583 
6*2 
776 
375 
942 

(A) 

5.5337 
5.5343 
5.5376 
5.5426 
5.5476 
5.5534 
5.558? 
S.5642 
5.5699 
5.5753 
5J809 
5.585? 
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21. ofcnooo. 
UO2 
<%) 

Reference Coefficient (°Q Value i f C ) - 1 ] 

6.4 
20 
50 
SO 

157 
157 
4 
4 

Mean 

Instantaneous 

25-800 
25-800 
26-f 
26-1000 

9X10"* 
8X10"* 
8.8553 X 10"* + i.229 X 10̂ »r 
8.821 X 10~* • 2.658 X W*t 

Tkcrml Expansion. - Reported thermal expansion 
coefficients for (Th,U)0, are listed in Table 21. 
Thermal expansion measured by Springer et a t 1 3 is 
given in Table 22, and that by Turner and Smith 1 5 8 for 
ThO t-9% IX), is fitted by: 

Percent expansion * 9:99 X 10^(f - 20) 

- 2 . 4 5 X 1 0 ' 7 ( f - 2 0 ) 2 

+ 233 X I0" 1 °(r - 20) 3 ± 0.0125 , 

Y-97399 

where t is in *C. 
Refractive Index. - Table 23 lists values by Thoma 

and Weaver . 1 " 
Absorption Speuia , — Absorption spectra of 

T h O 2 - U 0 j mixtures pressed and fired in hydrogen 8 hr 
at 1750°C were measured by Groea 1 ** and ate 
reproduced in Fig. 3 1 . 

Ffc. 31. Atootntion Snactn of O V J ) 0 3 . From Gruen. 1 6 0 

Copyright by the American Chemical Society; reprinted Mth 

Tabfc 22. Tfeenal Expansion io f fH,U)0 , 
Fromiei. 13 

Tempcntare Linear Ehpaasoe (%) 

Co 103% UOj 20.4% UO, 

20 0 0 
200 0.17 0.16 
400 0.36 0.35 
600 QJS1 035 
800 0.77 0.76 

1000 099 0.99 
1200 L21 1.22 
1400 1.44 1.47 
1600 1.67 1.72 
180C 1.90 1.98 
2000 2.14 234 

Table 23. Index of Refraction of OXUX^ 

From ref. 159 

UO2 Content Index of Refraction 
(mok%) Typel* Type 2* 

0 2.10 2.11 
10 2.11 2.11 
29 2.15 2.11 
30 2J7 2.14 
40 2Jh 2.16 
50 2.21 2.18 
60 2J12 232 
70 2J5 2 3 2 
80 %2* 235 
90 234 230 

100 236 236 

•Mixed powden find 2 hr in Ha at 1750°C. 
"Coptecjpitated nuMuie* fired in Hj at llOOTC. 
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4. 

Table 24 rives specific heats of (Th,U)02 matured 
by Springer ef a t 1 3 

The most extensive measurements of the partial rooW 
metmodynamic quantities for solution of oxygen in 

Table 24. SprnfieHafttsofOKUKb 
From ret 13 

thorium-uranium oxides axe those of Aronson and 
Clayton1 * l listed in Table 25. Figure 32 is their plot of 
equiibrium oxygen pressures derived from these values. 
Figure 33 shows Roberts*1 * J partial racial quantities 
for oxygen in T h , _ y U y 0 2 + x for x/y * 0.175 at an 
unspecified temperature. Table 26 lists the partial molal 
heats of solution and equilibrium oxygen pressures of 
Roberts «f d l , 1 6 3 and Fig. 34 shows the oxygen 
piesauiw of Anderson ef aL* * 4 

!e«y»fcr»l usurer*! Y-97560 

Co MJ%UO? 20.4% UO, lOJKUO, 204% UO? 

0 0 0 5 * , 0JS* i 0 2 3 * 023S 
10B OJKli 0JH1, 02SS 02S7 

aw 0 0 * 3 , ©0*4 , 0 2 6 * 02*0 

4oe O0S*a 0 0 * 7 , O200 0 2 t l 
WW Odfci* OJMIft 3J0S 02C9 
too O069* ojnOj 0291 0 2 9 * 

l t d * 0 0 7 1 , 0072a 0297 O302 
1200 01072, 0073, OJ03 O307 .̂ 
1400 OjOTtg O 0 H , 0J09 0313 w c w 

x MOO 0075 , 0 0 7 * , 0315 01319 
w c w 
x 

MOO 0 0 7 * , O077s O320 0L324 a. •> 
aot 5JT77, 00737 0325 0329 o 

2S» nasal 
at 12S0°K • Thi.^U^O^z 

From let 161 

-Go , -*c* 
u 

BO^ 

u 

OJt 
0J0 

•JO 
•JO 
•JO 

0.71 
t.71 
071 
0,71 
0.71 
•.71 
•.71 
071 

OS2 
052 
OS2 
OS2 
052 
052 
OS2 
&S2 

029 
02» 
02f 
029 
029 
029 
029 

0042 
0042 
0076 
OJBBI 
0L123 
6.12* 
0157 

O04* 
O049 
0UOS4 
0092 
0.121 
0133 
0152 
0154 

0044 
0045 
O079 
0017 
0.119 
0J22 
OJ52 
0152 

0019 
0027 
004* 
0053 
0053 
00*9 
0J073 

5X4 
40.7 

44.7 
44.7 
407 

SOJ 
50J 
47.2 
4*J 
44J> 
42J 
403 
402 

475 
4*J 
41/4 

39.0 
39.5 
35.7 
35.2 

ASA 
4X1 
37.3 
3*J 
3*J 
3X5 
33.1 

217 
219 
204 
VZ 
jn 
117 
170 
213 
213 
197 
19* 
104 
179 
1*4 
K* 

199 
19* 
102 
10* 
166 
1*5 
149 
147 
190 
111 
IS* 
151 
154 
140 
130 

0 
13 
17 
17 
23 
21 
29 
;* 
14 
21 
20 
34 
29 
34 
35 
20 

n 
22 
31 
35 
34 
40 
35 
22 
19 
24 
2* 
30 
30 
34 

33 
54 
71 
71 
9* 
OS 
121 
59 
59 
SO 
117 
142 
121 
1-tt 
14* 
04 
92 
92 
130 
14* 
142 
1*7 
14* 
92 
79 
100 
10V 
12S 
125 
142 

«2 
*9 
70 
70 
73 
71 
77 
*0 
*s 
74 
02 
05 
00 
S3 
04 
72 
74 
72 
S3 
04 
02 
45 
70 
72 
67 
*7 
«9 
74 
71 
7* 

259 
200 
293 
293 
305 
297 
322 
204 
204 
310 
343 
35* 
334 
347 
351 
301 
310 
301 
347 
351 
343 
35* 
32* 
301 
200 
200 
210 
297 
Z97 
310 

©08 0 0 4 0 0 6 OOB OJO 0(2 QM OJ6 GJ9 0 2 0 
X 

Fif. 32. Pressvcs of 
T^l-yV/h+x * 12S0°C From Aronoon and Cfayton.1'1 

Copyright by the American Imtiiote of Physics; reprinted with 
. To convert, 1 atm = 101,325 N/**. 

Table 26. Partial 
Oxygen Oxide 

Fnn ret 163 

UOj Content # O j A>j 850°C 
(rook%) (kcaVmole) (U/mok) ( t «T ) (N/m2) 

0.53 14.5 61 30 4000 
0.76 17,5 73 20 2700 
11 25 105 16 2100 
1.87 33 138 5 670 
3.3 35 146 1 130 
SSI 44 184 0.13 17 
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100 
ORNL-OWG 67-6107 

o 
f 

- . 5 0 -
o 

(X 

1 
05 
y 

ORNL-DWC 67-6108 

Ffe. 33. Fftrtai MoW Enthalpy (tf) and Entropy (6) of 
Oxygen hi T h 1 _ r U _ F 0 2 + i . x/y = 0.175. Adapted from 
Roberts. 1 6 2 To convert, 1 kcal = 4.184 kJ; 1 eju. = 1 cal 
mote"1 (°K)~* = 4.184 J mote"1 (°K)~ 1. 

Aitken et o i l 1 6 5 measured the volatilization of 
uranium oxide from thorium-uranium oxides in a 
stream of dry air at 1200 to 1600°C. Assuming that the 
uranium vaporizes as U 0 3 , they derived the results in 
Table 27 for their four compositions. Figure 35 shows 
their denved free energies of formation for the stoichio
metric solid solution and for the solid solutions in 
eqiubbriirm with oxygen at 0.2 atm (2 X 10 4 N/m2) 
and 12-00°C. 

500 

200 

100 

£ 50 

CO 
to 
a. 

o»t-o*G«-t3o«2 

F«. 34. Eqeflboua Oiygr* ftamm am Th, . ^ U / h ^ . 
Adapted fiom Anderson et a t 1 6 4 To convert, 1 ton = 133 J 
N/m2. 

Y-9T33* 

a 

I 

it 
a» 

S 

0.2 0.4 0.6 0,1 
Ifnmina cation fraction, y 

Fh> 35. Free Energy of Formation of Thi.yU^O^+x. From 
Ahken, Edwaids, and Joseph.1 < s Copyrhjht by the American 
Chemical Socrfy; reprinted with penmarion. -
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1 7 . V< . e f O Q s e t l l t t t e l M r t M t U O , 

MS 

hydrogen, tie plotted in Fig. 37. Other gK-eoKd 
eqnffibria mvotvmg ttoimm-uranitmi oxides are given in 
Section land4. 

1SJI 

U 3 
*2S 

mat 

u* 

SJ 

W.WO 

3314 
U 

JSJ7 
•AS 

s s » * ? 4 * i a e J * B 0 i * 
rtlJKt 

I2M 
34 

• e t i 
«LS 

rs -e i» 

i* 

0JM1 

1143 
37.313 

1M43 

3»J 
*J 

31.71 
•JS 
* M 
40 

ees9 

132 
3MM 

«SJft 

LI 

2*e 
13 

U 

SJB 

f.OS 

*J3 

• S K I * a** 

9400 

IIU3I 

8 
I 
! 

^5"*"*^ 

ERT90N it tt ERT90N it tt 
- • — CKRS TENSED 

• * 

. -
40 •0 

(vl%) 
SO no 

* * * * * * 
M e t off CnOQOa. Date 

1S4 

10 
OftNL-OWC CO-12030 

10 

! s 

§ 

Id" 6 

iO 4-r 

| • 
I 

' • • • 

ThOj-aWlfcUOj " • ThOj-aWlfcUOj " 

• 

• 
• 

• 

• 

j * 

• 

• 

2000 2100 2200 2300 2400 2500 
TEMPERATURE (°C) 

Ffc37. radial futmu atVOjom <JkjU)03. Uemattd by 
Akuodercf *** To corral, 1 atm «101,325 N/a 3. 

5. 

36 &tr*i the melting point n conipotition 
for ffrjichioipctric (Th,U)Oa as determined by 

LambeitKH * a t " tad Chnfteneen.1 5 4 Partial pes-
flMMofUOa of«r(Tli,U)02,o>tenninedbyAJexander 
€t *\ uafng t titrnpimtioB method with anon or 



31 

6. Ftwtirrtl and Matjartfcr fiunulii i 

EfectsksJ RiehMiMj. - Fujurc 3& shows GnienV * * 
nuasurements of electrical conductivity of mixed oxide 
filed 8 hr in hydrogen nt 1750°C. Figure 39 shows the 
isotherm for 3fXfC and activation energies for conduc
tivity. 

wdejncnf, aaucepfawMy. — several SCIMBCS nave oeen 
made of the magnetic susceptibiity of thonMmna 
sofid solutions. The results of Dawson and Luter • • for 
stoichiometric material are Bsted m Table 28; a similar 
extensive set of data was obtained by Stowimkj and 
E l l i o t t 1 0 The variation with temperature and compo
sition are conmtent with a magnetic moment of about 

3 for ucanhun, increasing somewhat with 
content Comfy1 ** has extended measurements down 
to 1.7°K and finds the same trend continuing for 
materia! dflute in uranium; a magnetic transition occurs 
if the ThO, content drops below 429k The suscepti
bility deceases with oxidation; typical results by 
Dawson and Roberts1*' are given in Table 29; 
G o t o 1 7 0 found siffgfr behavior. 

Tats* 28. 

r 
T 

T — i — r — r 

-I L. -I I 1 ' • • 

90 

SO 

+ • ••» w 
Faj.3*. Eferfcfcal Riawliiilj ot(TkJU)02. ¥nm Gnat 1 ** 

Copyrijht by the Americas Clawfcri Society; lepriated with 

I I 
Y-97300 

1— 

70 

60 

SO 

40 

30 

1© 90 M 40 

Mole%UOfc 
20 

Fk.39. Electrical OmawctMty 
30TC sad Acttntiom Easejr tor 
Green.1*0 Copyiifht by the American 
RpnBtcd with penntanon.. 

of (TMQO, at 
From 

Chemical Society; 

otOhJUfih 
Fnanat lM 

(°K) 

10 

197 
293 
337.5 
402 
493 
197 
293 
338 
398 
-34&S 
197 
293 
334 
401 
197 
293 
33<tf 
3515 
393 
417 
197 
293 
335.5 
398 
450 
197 
293 
327 
353 
397 
417 
433 
197 
293 
337 
398 
405.5 
197 
293 
338 
400 
452 
?93 

XHT* 
9J1 
ISO 
7.22 
MS 
SJ7 
9J07 
7.25 
639 
535 
5A7 
13% 

5JB7 
5.19 
7.23 
Sjtt 
5J6 
435 
15* 
439 
tUl 
4.75 
4JO 

330 
5JO 
&92 
3*4 
3-41 
349 
%0l 
234 
4.13 
3J05 
2.72 
2J8 
2JS 
254 
2J4 
149 
L64 
U 8 
L05 

N W i A & I . K I U . , . 
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•*T»i-/y>i*at; 
M9 

9 X 
s , ssr 

X10~* 
0.141 OuOOO L83 

OuOSO a93 
O J 0 § 7 C42 
Ouott <U» 
O.lOt 0l2* 

0L279 OuOOO Z94 
6JM3 2J4 
0.131 LOS 
«J9i Quii 

0b431 OJMO 4.35 
00*9 3*51 
0L220 M 7 
0L259 L02 

-Table 30 
Fereya and Yajbae** on 
oa uaavam difiwmi a eojvesSar ThO,-UO,. 
Bermea'1 fot^^sor£k^(2atvooac^(Tk,U)0: 

D, - 0JS89 exp ( - # * * ) cm'/sec 

from 1510 to 205O*C, where Q « 51,800 ± 11,100 
cat/mole or 217 ± 46 kl/mok. Within the scatter, ao 
e£fectofconopocitk»co(^befo«adiBtlKiaBfe3to 
30% UOj. The apecaaem were haja rtnaiity attend 
porycryataBme matsoel tnncalrd 24 to 48 hi is 
bydioajea. 

TVsOaiS^ 

<"0 Aloai <"0 D*<xA (KcwYaMie) 00/aK-e) 

PpjUcdaaaa iaoo-2000 

1000-2300 

Lattin 

Lattice 

L 8 8 X U T 3 

ijr 5.64 X 10"» 
7.59 X10"* 

ry L 0 4 X H T 7 

9L800 
59,700 
85,900 
64,200 

384,000 
250,000 

359,000 
269,000 

Take* turn F-mya tad YajiBU.5*'9* S 
wnw«2ivitl700oCtDa^MitrfMMerthn9^a/ca^,sad 
to a aeaaky faeatar O H 9 J a/caa3 aad aa 

at 5000 ka/aa2, 
2ferat23O0*C 

60 

of 0 « J>, exp i-Q/RT) CM*/tcc aad 2af>' «>« exp(-Q/RT) ca^/ax, where/)' « the 
2«Bthewkhkoftaei 
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Thermal Conductivity. - Springer e f « i I J 

the thermal conductivity of tboria containrug 
20% UD 2 and tanging in density fiom 73 to 
theoretical. Specimens were hydrostafjcaDy 
60,000 pa, cakined in 0 0 2 to remove 
14 hr in flowing dry hydrogen. Porosity 
incorporating sucrose in the pressed rods. TV 
including some without uranium given in Fig. 12, are 
fitted by the equation 

10 and 
95% of 

fired 
by 

( 1 - 1 X 0 6 7 + 02820) 
0.67 + 0.2821/+J*l + 0.092CO J 

x S — 
[0,79(1 + 0,090) + 

/l+0.291cA 
V1+0.40W/ 

0,01857* 

Wcm^CK)"1 , 

where P n the faction porosity and U is the weight 
percentage U 0 2 . The same equation gives a fair 
representation of dite of Springer and Unuriiost 1 7 1 on 
sunuariy prepared speca&ens containing from 3.1 to 
30% U 0 2 with porosity varied by incorporation of 
dextrose before firing; deviations were lignift art for 
the lowest and highest U 0 2 contents and greatest for a 
specimen with differently introduced porosity. The 
effect of U 0 2 concentratioc on the thermal conduc-
tivity up to 500*C is seen in the results of Muiabayashi 
e f a t 1 7 * tjveninFig.40.0theriesurUoothethCTnal 
conductivity of rhorinnvuianiBm oxides sRcclected in 
Kg. 41; the specimens measured are described in Table 
31. 

Jacobs 1 7 S measured the thermal conductivity of 
(Th,U)02 containing 3 to 10% U 0 2 during reactor 
irradiation. At doses up to \A X 1 0 1 9 fissions/cm3, the 
conductivity over the range 400 to 1000°C was about 
the same as mat of similar uninadiated specimens 
measured by Springer and LagedrosL17I From 1000 to 
1700°C the conductivity under irredntion seemed 
somewhat greater. Kjaerhehn and Robtad 1 7* also 
found the in-reactor thermal conductrvitv of 

ThOj-10% UD 2 to be about the same as "wt of 
unirradiated rateriaL liacEwan and Stoute 1 7 7 found 
«hat irradiation at relatively low tamxtatine to 3.8 X 
1 0 " neutrons/cm2 halved the thermal conductivity of 
Th0 2 -13% U 0 2 at 60°C Values of their unirradiated 
93- to 94%-deme spedmens ranged from 0.118 to 
0.127 W c m 1 (°C)~*. Anneafeg at !000°C r*«ored 
most of the has*. 

Effective thermal conductivities of 0J021 and 0J017 
W cm' 1 (*K) _ I at avenge temperatures 990 and 
1325°C, respectively, were found for vibrato**/ 
pacted soi-gel Th0 2 -19% U 0 2 during ORR 
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net « — 0 0 , 
<*> <*W) « » h v a t e 
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8. 

For %%-deme ThO,-5% U0 2 of unspecified his
tory, Sytvama-Conring157 report a Young's modulus 
of 3.5 X 10 7 psi (2.4 X 101* N/m 2) and a compressive 
strength of 7.4 X 10* psi (5.1 X 10* N/m 2). 

Figure 42 mows Vickers hardness Tneasurements on 
(Th,U)0 2, taken from Wolfe and Kaufman83 and 
including some results of Koester et aL119 The latter 
report measurements from 1000 to 1800°C on smuUdy 
prepared specinieas couUiaing from 1.5 to 30% U 0 2 . 

Compressive creep rates c s ThO2-10% IX) 2 from 
Wolfe and Kaufman83 are collected in Fig. 43. Their 
pressed and sintered specimens had a grain size of 30 
Mm. Some were annealed 4 hr in helium at 2200 or 
2600°C to increase the grain size. Kaufman86 has 
derived creep rates from hot pressing data on (Th,U)02 

low-density specimens containing from 2 to 25% U 0 2 . 

to 
ORNL-OWG 69-12841 
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Ffe 42. Vkfcm llwdfr Vakm for <Tfc,U)02. Taken from 
Wolfe and Kaafinaa.*3 The h*jb4empcratwc vabes (fflkd 
circles) «re data of Koester et d.l n 

Fig. 43. Steady-State 
ThO3-10% U0 a. Baaed oe Wolfe and ^3 
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- Little « M U k on the 
reacthrity of ThOj-UO, bodies with achkk m coatact 

of the aareacCmy of TbO,, the 
ted oaridei C M be preareaed wmymWri with My 

coreaatMe with UO,. Aadenoa et a t 1 * 4 

the mixed oxide hi 
e* a t " inched seci 
peeanutty wHttsst arterartioa. Canaoef a t " * 
no nactkn between peleti of TaOj-9.2% UO, or 
1*0,-33% U0, aad gfaphite date dang aacte 
reactor arattretion at 1370 to 165Cf°C. ia the 
form of sot-ad wJcrnwdifigi diawiwd m tborarea, 
U 0 ^ T ^ , 0 , scacstd s j jgy at SOGTC a d ezfessireiy 
at lOOOTC, wale U t # a $ T l u 7 S 0 2 at 1000*C reacted 
irejoyoa 100 P - 1 — * — 1 , v 

Baden et a t 1 " foaadthatat 
1300TC B,0 , Kiectiulj rereoved TaO, fioai 
CTh,UK>2 i n«nw», leal flare « * !*>, . «*ea 
(UJi /G, • eojaMbuiad with reohea LiF-BeF2-TaF4-
UF« i t 600*C, the TWU ratio ia the flaoot 
1000 to 2000 toes that ia Ac oxide.1" Ve 
wada et a t 1 * 4 foaad that Cd« 

ucu. 

no 
at360TC. We 

of9Jaad9.7*W* 
H O , aadU,O s $ t 

i ts 
• 65 hradatfared 
e 1x0 , -10* UOj., 

bycoldpfcssreg 
mvtti !7SfC. 

l i e (Th.U)0* ia ataare at 336*C. 
lavjadrered aad nadreted ThO,-3% UO, da> 
at a taUUattory ate (1 to 8 hr) ia lesxtxreg 13 

M WWj-O-OS I f HF, The behavior of 
to 

of O,, CO, aad CO, oa T h 0 . 9 4 t U g ^ S 2 0 2 . # 3 2 and 
that thai awed ooode catalyzes oxidation of 
jnonoxide a the ihmanalmf state. They 
aWWCB • • zS£ a M i M O B I CBCcKjr OT 1MB 

reaction varied with mixed oxide ooaapoaxioB, de-
aeaax«&orel0i)±(UfccaVBKae(42±lkJ/iK«k)oa 
T h , . , , , . ^ . , , uOj^oea to 4.5 ± 02 teat/arese (21 
± 1 kJ/mde) oa T h # ^ # g U # . , M 0 2 . „ 3 . ftchat aad 
B a a 1 " hare faftowed the coane of the feactioo by 
infrared abautplion of the < 

-—txwtmiwn "•' i , T r~*r• • r r t , " i i l 1 f " r ' "" i f , r ' v ' • • muau********1--* ****•'*'** * • • » * * * t . 4 . ^ ^ * I W i < i *»*«?«* :.*»^M>a»** 
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1. 

The dioxides of thorium and phitooiDin form a 
uontinuous series of solid solutions over the entire range 
of composition. At the phtfoinum-ricE end oT the rang?., 
mixed oxide may be heterogeneous if prepared under 
teducing conditions, as a result of the formation of 

Powders of the mixed oxide haw been prepared by 
piedpitation of the mixed hydroxides with am-
n u m a 1 " ' " ' followed by cafcination at 800 or 
lOOOTC or by cakmation at 50f/C of pkitomura 
oxalate prenrixed with thoria.1'* Mixed oxide pfl3cts 
have been prepared by cold pressing and sintering the 
last of these mixed powders 6 hi at 1650°C in 
hdmm 1'* oraoa9Hmledimxtttreof-32SnieshTh02 
and Put), 6 hr at 1600°C in hydrogen.1*1 Pkiioeium-
thorinm oxide solid solutions sinter to higher densities 
than pare thoria under the san* conditions.1 ** Solgel 
(ThJNi/Oi has been packed into tubular cladding to 

fed rods for irradiation testing.1 * , » 1 ' 3 

3. 

Street**. - The Tb0 2-Pu0 2 solid solutions have the 
cubic fluorite structure of ThO}, with phitoniusa atoms 
substituted for thorium atoms. 

Lattice Parameter. - Table 32 fives the values of 
Mulford and Efinger. 1" Values by Fresbky and 
Matty*1'* are in good agreement. Both sets are linear 
in mole fraction. 

Color.-Palegreen,1** yellow. 1' 4 

No information is available yet 

5. of State 

Figure 44 shows the melting point vs composition 
curve as determined by Fieshley and Mattys.1*0 

it 32. 
omOrPMO? Sou* 

iat2S?C 
retlW 

rwDj (mole 5»> rwDj (mole 5»> 

0 5.59* ±0001 
15J0 5^68 ±0004 
2CJO 53442 ±00004 
36.9 5.526 ±&001 

6X5 5.4693 ±00004 
82J 5.428 ±0001 

10O0 53960 ±00003 

5300 

2100 

F%.44. 

I I I I I I ! I I 

1 I I I I I 1 I I 
20 40 GO 

TnOg, WT.% 

rvJatoffln^K^Soii 
Hattys.1** 

80 COO 
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Tttfctt. 

iV** 
of TfcO*4aC solid 

«r(T*S*X>, 
FKMMtl t t 

7. 

left 1 »s heat uaaaport at a faactioa of 

(Tk/ayO, rnaLaaat, fioaa 1.1 to 2.7% PaO,. T1* 

lor tke tfeiee 
a 

OJOS W am1 CQ~* at 300 to *30TC aad deoeaasd 
oaly to aboat QSB to QM W cat'1 CQ~* at 1«KTC. 

No yet 

at a for oae 
of 550 W/caa aad aa eHia»trrt leaaaeotaie of 

lottfC, Tk-11% FaO, aad W-26% Re did not 
arteaact.1*' 

la 1-kr tasabaeats at lottfC, (Tk/a>0 3 

qpberes were stable to M O * 
aMi air bat acre vedaced t o O t / a p * . * aad Pa,0, 
oy nyoiopGa. 

10. 

No iafoiBMtioB is avattaUe yet 

?*>2 n-mai, - , „ , | l i a j a i J 

S3 < % •aGno 

X10* 
75 90 <M4 

2003 2.771 
300 2 J « 
3343 2JDS5 
372 1342 
4113 US2 
44*3 L793 
571 L754 
5** ImV 

5OJ0 90 3.421 
199 2J034 
300 1*14 
332 L490 
372 L434 
415 IA10 
445 U74 

353 90 2w475 
200 U 4 t 
300 U94 
3203 U 5 t 
371 U17 
4J1 UK2 
437 UD34 

12.1 90 U05 
201 0352 
299 0344 
3343 0303 
375 02*0 
414 0230 
462 0394 

1JI2 300 Ql200 
t.72 300 0352 
431 300 0302 
2J9 300 0,054 

j j ^ U * * * * ^ * * * * 8 * 4 * * 5 * * * ' = ^ji.na -, *sfuims*,j. -**** •** <---
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D. 

1. 

Thoda forras a complete nnge of solid sohztions with 
other flnoritt-ctrocttiie d»3»des; examples reported 
include the dioxides of cerium, 1' 7 piotactiniam,1 * * 
mamum (Rut B), neptunium,1'3 phtfon&m (Part C), 
and ameridum. Firing in hydrogen can remove 

oxygen from the Tb02-Ce02 » M solution; no phaae 
change occurs except in cerium-oca corapoutiom u 
mgh degrees of "eduction. No oxygen is taken op by the 
ThOj-NpOj solutions,*'3 but ThOj-PaOj solutions 
can be oxidized to PafV) without phase change.'1 2'1 9* 

The thoria lattice can accccmodate substantial con
centrations of ia!e-earth-type scsquiuxides: julubfcrie* 
aie listed in Table 34. Hearing ThOj-TbjOj scJutioas 
in 1 atm 0 2 oxidized them to Th^ 2 T b 0 8 0 , 8 S 3 «»d 

TsUe34. SosMSulrtBtj of 

T b ^ 
Sotabiity 

Refoeace Oxide T b ^ <mo*e%RO , 5 ) (mole%Rj03) 
Refoeace 

U 1 O 3 
1300 
1000 
1400 

50 
52 
48 

33 
35 
32 

199 
200 
201 

1490 48 32 199 
1800 52 35 202 
1940* ±10 56 39 202 

NdjOj 1300 50 33 199 
1400 50 33 201 
1500 50 33 199 

S1B2O3 1400 60 43 201 

E ^ O , 1200 
1300 

36 
40 

22 
25 

203 
203 

1400 47 31 2C3 
1500 53 36 203 

Gd^O, 800 
1400 

32 
50 

19 
33 

202 
201 

2000* ± 5 0 62 45 202 

Hoz03 1250 
1400 

27 
28-5 

15.6 
16.6 

204 
204 

1550 35 A 21.2 204 
1700 5015 33.8 204 

Tn^Oa 1250 
1400 

10 
11.5 

5.3 
6.1 

205 
205 

1550 15.5 8.4 205 
1700 18 9.9 205 

YbjO, 1400 
1800 

10 
18 

5.3 
10 

203 
202 

U2O3 1250 
1400 

7.5 
8.0 

3.9 
4.2 

204 
204 

1550 11.0 5.8 204 
1700 12.0 6.4 204 

YjOa 1400 
1400 

25 
22 

14 
12 

201 
206 

1500-1600 33 20 207 
1600 35 2J 206 
1800 44 28 206 
2000 49 32.5 206 
2200 54 37 206 

"Eutectic temoentuie. 
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Tn # t T b 0 3 0 , w (ret 208). The compound 
TMj»0,« it stable from about 1150 to 2200°C and 
T h U . 0 , from nboet 1525 to 2OO0°C(icC2O2X Phase 

for oner binary systems «ith thoria aie 
n Tack 35. Several cjtsnrxmnds cf thorn 

pacpafed chesaicaiy aad unstable at die hqndn are 
hated as Section 3 . BuOcse and Lncco Bodera"* 
prepared aereal thorium phosphates and chaacterizH 
diem by x-ay diffraction; none are stabie above 
iouu C. tmii a a t * " found mat die sfficate ThSK)« 
is stable ia die tetragonal form below 122S°C and in 
die moaodink at higher temperatures. 

Binary solid solutions are generally f repaired in the 
same way as those with mama (Section B2), namely 
copcecipitation &nd firing or firing mixed powders at 
sufficiently high temperatures. The same consolidation 
methods used lor thona are applicable (Section A2). 
Heterogeaecw ceramics are also prepared sim3adyf 

since the other arize generally has a high melting point. 
For example, Veevea and Rotsey 7 7 mixed beryflia 
witfi thona powder that had been fired at 1700°C, 
pressed die mixture isotaticaDy at 20 tsj and ssitered it 
1.5hrat 1500°C in nitrogen. 

Ta«e35. I * a c Data for Syi vrtkVaoowOxatM 

So*b*tyiaTbC 2 Eotectic Cbmpoud Fonaed 
References Oxide 

(BMk*) ltm%T (mole* 
ThOi) <°Q Fonaala Mp(°0 

References 

AI2O3 Low 20 1920 None 209,210 
B2O3 Lo- 81 14SO ThBjOj 1483 ±5 211 
BaO 0.5 1800 212 
BeO* Low 22 2240 None 213 

<d.i 
0.05* 

<2155 
1500-2150 

30 2155 Nos* 214 
196 

CaO 10 
8 1800 

38 2300 None 215, 216 
212 

ItfOj 43 1600 ~2450 None 217 
tajOa 3 - 4 <1400 None 207 
MfO 47 1600 None 217 
NbjOj Low 73 1 J 3 3 TbjNb^O, 

TnNb 4Oi2 
1341 
1388 

218 
218 

S c 0 1 $ 0.8 1750 17 2220 None 219, 220 
SiO, Low < 1 1700 ±10 TbSX>4 

1975 ± 1 5 c 221, 222 
SiO 4 1800 212 
T*aO$ >S ThjTajO, 

ThT^On 
218, 223 
218 

TiOa 25 1625 224 
VjO $ T h V 4 0 1 2 

T h V 2 0 7 

T h 3 V 4 0 1 6 

990* 
1070* 
1300* 

225 
225 
225 

Z i O / < 2 400-1200 None None 226, 227 

•Several determinanons of the ThOj B«0 eutectic nnfe from 2100 to 2360 C and 20 to 40 mole % Th0 2; the two most 
recent axe quoted. 

^Solubility of Tb0 2 in BeO. Ret. 212 fives 0.016 mole % below eutectic, and ref. 213 fires 0.54 mote % at eutectic. 
Incongruent. 
tfMeMs with decomposition. 
'Decomposition temperature. 
'Cftsffnnoas cubic seSd soSutioas can exiw metastabiy up to about 400°C. Abo, cubic solid solutions contaminf up to 82.5 

mole % Z1O2 can &* quenched front above 2000°C. 
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3. Crystal Properties 

Stnmcane and Lattice Pauauctm. - Cubic solid 
solutions in thoria lure «ic fl?K)rite structure with 
replacement of some of the thorium atoms by solute 
atoms. Figure 45 gives lattice parameters of thoria solid 
solutions with various isomorphous dioxides. The 
fiuorite-structure solid solutions of rare-earth-type 
sesquioxides in thoria appear to accommodate the 
different rnetal-to-oxygen ratio with oxygen 
vacancies . 1 ' 7 ' 2 0 *' 2 3 0 Lattice parameters of such solu
tions at room temperature are compiled in Fig. 46. 
Leitner 2 0 5 gives lattice parameteis for the Th0 2-
T m 2 0 3 system at 1250°C and for Th0 2 -7.5 mole % 
TnrT, s up to 1250°C. Whitfield et a t 1 9 7 also give 
lattice psrsmetess of thcria<ens schd sdutiens after 
various degrees of reduction. Johnson and Curtis 2 1 5 

found that dissolution of CaO in the Th0 2 lattice did 

oa«s* -m«2 

Ffe.45. Uttkxl'anaetaof SoUSotatkMofThodawiOi 
Other Flaorite-Stmcrave Oxides. Based on: AmO ,̂ 535 
Radzewitz;199 CeO,, Whitfield et a t ; 1 9 7 N0O2, Roberts et 
a t ; 1 6 3 Pa0 2, Roberts and Walter.198 

40 60 
ROj COffHEfcT imsitX) 

(MNL-IM6 G»-f£»*3 

MO 

^ " 3 (moiclU 

5.70 
2.6 5.3 8-1 11.1 14.3 17.6 21.2 25.0 29.0 33.3 3 a 0 4 2 9 

5.65 

5.60 

< a: 

UJ 

o 
p 5.55 

5.50 -

5.45 

1 1 
i I 1 i ! 

i 1 
! i 
! 1 

1 1 1 

f SPECIMEN COMPOSITION. 

i V,NOT PHASE COMPOSITION. 

t 

1 

A 

i 

* i r 
A I 

' ' > F < * a c i » , 0 | 
1 

O O o o < >o , 0 | 
1 • • * 
i ' • : 1 < « 

a Y 2 0 3 

1 < 1 
1 

I 
< 

• Y203 
A LOJOJ 
A LOJOJ 

• O a O s 
o NdjOj 
• N d 2 0 3 

o 
1 i 

a 

1 

• S m 2 0 3 

• E u 2 0 3 

v YbjOj 
» Tm 2 0 3 

• A m 2 0 , 

I — 

! 
1 

1 

i 

a 

10 20 30 40 
R 0 , 3 CONTENT (mote %) 

50 60 

Fig. 46. Uttke Pinmeta of Sold SohUJons of Thorn with Rare-Earth-Type Sesqskrides. Filled points for Y 2 0 3 > La^Oj. 
Nd 2 0 3 , and Sm 2 0 3 are from Braaer and Gradinger.*91 Other data: An^Q}, La 2 0 3 , and Nd^Oj, Radzewitz;1*9 Y 2Oj, Subbarao 
et aL;206 C«203. Whitfield et d.}9"1 vahies for ThO2-Ce02 solid solutions more than 90% .*fcced toCe0II); Eu 2 0 3 and Y D ^ , 
Gingerich and Brauer;203 Tm 203, Leitner.205 
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thecal aiae; Motes et a t " * report a very 
Also, SiO and BaO incieated the eel 
S c , 0 , decreased i t " # 

Table 36 frm the lattice pr meters of several 
coin|Hmudi between thoria and other oxides. The 
Htaratore apneas confined on the aOotropy in the 
titanateaadmotybdate. 

Thanaal Exaaaaaan. - Turner and Smith 1 5* meas-
vreddlatoinetaica1rythe&mrtbennalexpaii8k»of20 
yU % dagenioaa of ISO- to200*tmThO3 inBeO.The 
specimens were mixed, isostatkaJly pressed at 20 tsi, 
and sintered 1.5 hr at ISOOfCm dry nitrogen. The data 
were fitted by the equation 

Percent expansion* 7.73 X 1 0 ^ ( / - 2 0 ) 

• 1.72 X 10"^ (r - 20)* + 139 X 10"*° (/ - 20)3 

±0.0139, 

where t u the temperature in the range 20 to 1000°C. 

TaM»36. Ovate! Dauoa 

Rkhardson23* found hysteresis in the thermal expan
sion of si p<astTh0 2-11% Z i 0 2 > and Geier 3 3* found 
it in denw ThO2-50% Zr0 2 . 

Absorption Spectra. - Leaner 2 0 5 gives infrared 
absorptkx. spectra of Th0 2 -Tm 2 0 3 solid solutions. 
4. iMnaoayiiaaeK Properties 

No information is available yet 

5. fhiiff cf State 
Mclung Point. - Table 35 gives eutectk temperatures 

and references to avaiaMe roertirig-poo*-co»npootioo 
data for syttess without **£* soHd sdsbStic? in 
thona. Where extensive solid sotuoiity exists, melting 
points are quite high snd usually unknown. Von 
Wartenberg and coworkers could not melt thoria-
mBgnesia mixtures 2 4 4 up to 250T/C or thorifrceria 
mixtures 3 2 4 up to 2600°C. Ruff er a t 2 4 1 report the 
following mehing points for zircooia-thoria: 
Thorn, nole% 10 
MelliBg point, °C 2695 

20 
2705 

25 
2720 

33 
2755 

•Reported1'* to b« the 
oporto*" 3 to bathe 
T̂laalihi <r •!**"*_ 
V̂Ub canon vatt ICMB» 

•Thosettfal28* 

JV«y wrfr mti'ir 

1 3 & AsT#nw> wa^V^BMhaiaHL 

GltkKHfaxhomUc**1 

wHhtbt aapmtm of Traaor * ******* ewt itmUtf tt» 

50 
2795 

Compound 
Lattice Fwameten (A) 

Upper 
Stsbihy 

Limt 
Co 

Refcseace Compound 
«o * • « • $ 

Upper 
Stsbihy 

Limt 
Co 

Refcseace 

ThGe04 
T f i i t t i • 
wCQBBWv 5.140 7.231 1180 231 

TBGC0 4 Zhcoo. 11331 6.548 231 
TiTijO* OrfhoriMxabic 16.7 14.95 4.1 1300 231 
ThTisQi Tetov^ou! 7.58 10.45 231 
TnTfeO** Monocnnfc 9.89 3.83 7.10 119*30' 199 
ThTHOt* HanodUkCVc 10.808 8^80 5.196 11S°15' 1300 232 
TbB 20$ c UoaodiateC/2Jm 11.554 6.937 10.256 101°28' 900 182 
Tb3V 4O l 6 £«!COfln 706 6.474 1300 233 
ThNb40 i a Tetnaonal 7.783 7.837 1388 218 
ThTa49|2 Cubfc 7.810 218 
ThMojO, Hexagonal/VJ/>K 17.58 6.233 950 234 
ThMojOg 9.767 10.305 14.36 235 
ThMojO,* Hexafonal 27.60 6.20 236 
ThW20» OrthoihowMc 9.72 1038 14.52 135 
CaTbOj Vionodtafc/ 8.76 ~*o ~«o ~90° 237 
SrTVH Mobodaak/ 8J6 ~*e - w e ~90° 237 
BaThOs Mooocna*/ 8.98 ~*e ~H -90° 237 
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6. tod fttonxtic Properties 
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Conductivity. - Delect sofid solutions of kmer-valetf 
oxides is thods hwe greater electrical conductivities 
than thorn. The effect of composition on conductivity 
is given in Fig. 47 for T b 0 2 - Y 7 a , and in Fig. 48 for 
Th02-C=G, both taken from Steele and Akock. 4 4 The 
effect of temperature on T h 0 2 - Y 2 0 3 conductivities is 
given in Figs. 49 and SO. The effect of oxygen activity 
o n T h 0 2 - Y 2 0 3 conductivity was determined by Lasker 
and Kapp 4 S for several co ^positions and temperatures; 
the results are given in Figs. SI and 52. Preparation of 
specimens for these measurements is summarized in 
Table 37. Rudolph47 found the conductivity of 
ThO}-2 mole % L* j0 3 over a wide temperature range 
to depend very Sttk on whether measuied in vacuum, 
oxygen, or hydrogen. F i ^ e 53 gives his results along 
with cider measurements by Hand* at higher lan
thanum concentrations and comparable measurements 
by Hand and iiezger 3 4 3 on ThOj Y , 0 3 . Steele and 
Akock 4* found the coi»ductivities of ThO 2 -10 and 
-15 mole % LaO, $ about 10% higher than those of 
die Y2O3 counterparts. Voichenkova and PaTguev̂  
report cofkductivities (piesunubty m air) of Th03-CaO 
over the entire isnge of cotnposition (inchiding heter-
ogeneous regions). The same authors5 4 4 also report 
similar mesvareaeats oa systems with BeO, MgO,SrOt 

aadBaO. 
Tirana doped with T a , 0 5 shows conductivity 

remarkably dependent on iiicamwnwnt coadi-
tiom.47*3" Violet to black specinieas prepared under 
reducing coaditjoas showed strongly enhanced con* 
doctr&y, but heating them » air to otXfC bleached 
them and reduced the conductivity to tfcrf of 
thorn ." 3 Oaudel and Veron 2 4 5 found a parallel 
relationship between die effects of heat treatment and 
nvasorernent afiiinauheie on the electrical conduc
tivities of ThO, and T b 0 3 - 1 % Ce0 2 and also on their 
catalytic activities for the oxidation of carbon norv 
oxtae. 

May and Stoute 2 4 ' in a qualitative convuison 
showed that 0.1 mole % Y a 0 j increased the tieimai 
conductivity of morfc. 
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10. 

Ifechamcal properties of thoria ĉ wtehwng small 
concent latjons of caiaum oxide to aid deosificationare 
given m Section A8 with fnhias lor pore mona. 

Veeien and Rotsey77 meaaired the modulus of 
rapture of dispersions of thoria in ber>Sia as a function 
of thooa particle size, tempetatuie, and conciliation; 
to iit data are given in Tanks 38 ts 40. Their nines of 
Young's moduius lor me same material are fisted in 
Table 41. 

Ri«efltfdL131fcand«hatTh02-l%MfOdis«)rfed 
tore* to abi times as fast as thoria in 13 If HN0 3 -
OJ025 M HF-0.1 MAXm^. 

No information is avaiable yet. 

Effector 
oflaO-L6«alftT102 

200 *m Note: 1 pa » 6895 Hfm2 

<*o W 
20 20 1*450 1340 

200 20 21,050 1540 
400 20 22400 2840 
600 20 22*000 3250 
800 20 21^50 2320 

1000 20 21^00 281C 

Motel pal- 6895 H/i 

SteOou) c * 
HotKl pal- 689S M/at* 

5 34 5 32400 1420 
10 34 5 30400 1100 
15 4J0 5 29400 4500 

33-53 2-7.0 5 25400 2190 
53-63 34 5 22400 1850 

104-124 3-4.5 5 204OO 1245 
210-250 3-5 5 18,400 1870 
300-350 3-7 5 14404 3520 
350-400 2-3 5 16,604 2540 
500-600 2-5 5 15,200 2470 

Cn*1» m 
14 
34 
7J0 

JOjO 
15.0 
2OJ0 

17450 1180 
17400 1850 
13450 690 
12450 1450 

9000 1120 
6950 620 

T a t * 4 1 . Y o v t / f 1 

Voaatf>Mo*da» (10* pay at -
(wl*) m 20°C 200°C 400*C 600°C 700°C 800°C 900°C 1000°C 

4 4 514 504 514 504 494 49.7 494 47.7 
14 44 524 514 514 514 504 48.7 484 46.3 

4 4 524 514 524 514 51.7 494 48.7 45.6 
4 4 514 514 504 504 494 484 484 454 
94 464 464 464 454 444 434 43.5 404 

7.0 94 454 46.1 46.1 454 45.0 444 434 394 
8 4 474 474 484 474 47.0 45.7 44.7 414 
4.0 484 4*4 474 474 474 464 454 454 

104 44 474 474 474 474 464 454 44.7 44.2 
44 474 474 474 474 474 45.7 444 417 

114 364 364 364 354 344 34.7 344 319 
204 164 354 354 35.7 354 344 334 334 314 

154 354 354 354 354 35.0 344 344 33.7 

«lpi« 6895 N/n 3 . 

« W P * • * •» •»>• •m* 3 



47 

E. Tcmry«dftfofeCMpkxSyrttas 

1. 

Information on the phase eq^flfona tor various sys
tems is sumnarizod below. 

TlOs-UOs-BcO. - Reeve and Murray847 detected no 
reaction between Th0 24JO 2 solid solutiom and beryl-
2a, either by x-ray diffraction or uiciottiuctafal 
observation. Mixed ThOi-UOt in any proportion 
formed a eutectic with 60 to 80% BeO at about 
21(XfC. 

313 
TftOs-ftOr***-
awtktaj 
pur as* r. 

* . F i 
Cof/yi&t by NortkBolaad 

M«0 Y-978«9 

ThO 

Fig. 55. 
TM -̂WDrMaO. u -
CopGad nam Mask217 

Fsnm at 1600V ia ms Sjumu 

IlOs-PnOs-BeO. - Lest than 0.05 mole % of the 
solid solution ThO,-50% FuO, davohed in BeO at 
temperatures np to the aohous.1'' The eutectic tem
perature varies needy Bnenny from 2240°C for morm-
beryma to ?135°C for phrtosmberytu."3 Fsnue 54 
show?thevniatk)oof6^ente<^fnmpnairion. 

TmVUOrZiO,. - The sohmflity of mnonm at 
1000 and 14O0fC menmet paduafly from about 1% in 
pure thorn; to about 8% m pure uranm,"* 

ThOa-UOj-SJO,. - Lonfo 1 " has mensund the 
sottd-Bqasd eqsjsnhnum In stfca-rich compocirtont. 
Hampton and R o y 2 0 found thtt ThSst>4 dssjoheswp 
to20mofc%c^meliypotheacalUSi04atlOOOre. 

lmraJtlSy^en».-GeBeret^"*|nes»tarnaion 
diagram for ThO,-Al,0,-BeO. The ThO,-BeAl,04 
eutectic is at i810TC and 53% Al,0, f 13% BeO; a 
ternary eutectic is at about 1795*C and 40% AfeO,, 
20% BeO. From mafcfef data in the systea ThOa-
Be04in0, Lang et n t a , t report » cutectfe in the molar 
proportions 1:10:5 at 1797°C. CiiliieuhimW" 
cliaiafileiiaed a compound ThBejSaOs nudthuj at 
about 17rjorC;heBto*faydtfmvta 
and Sdmmsrius"' determined by x-oy olfaction 
solid sohttftiei at 1400 to 1600*C m the system 
ThOa-CeOj-In^Oj-YjO,; the solubfliiy of the m»0,-
Y sO, solid solution m me ThOj-CeO, soltf solution 
oecseeses wim nscieunuc nmsmn coneans* EJB> asm e« 
e i " * found complete ntemfity between Th»(V04)4 
and CeVD4 wd sommtity of Na,V0 4 m Ht»(V?4)« 
up to a muting conuwritfon of Th»Hs{VD4),. agures 
55 and 56 f te Mark's remits 3 1 7 on the system 
ThOr^O,-MnO. U k r 1 " found complete sr^d 
solubility between ThNb40ii and ThTa^Oj,. 

MgO 

of tk» 

ThO 

Fsj.54. 
11M>3-Bf0,4te0. 

hi me 
h M Ma*" 7 wMh pemnufon ef mv 
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a d Roy*49 foami is * TbSf04 dneotas 6 ± 
2 mote % Z*m« at abca* 1000TC Raff et dL a " 
•tadbd syatoaa of TaO, aad Map or <hO with 50* or 
f ja^Mab Z n ^ A n * mmmmY ammtal mmamm^mfaT amWmmWV M ^ A N I M ahamm? 

33% CaO, 17% TUD, at abort 22MfC aid m 30% 
htjO, 25%ThO, below 210CTC. 

Fmaauliua of coamiu tyitemi it by fwalially the 
a—) awthodeaajd for the •haaliii ryitf aa(Sccti(MiP2). 

TaBe^O* 
OK2i)S»4 
OKU)S»4 

Tfc,(V04)4^eV04 
TH,(V04>4-N^V04 

251 
24t 
249 
21S 
233 
233 

3 . 0 9 * 1 

-Table 42 
ciyHal attactate htfnnaatina oa the 

1. 
hi faUli - R a r e r a t ' " leport that the 
ZiO,-173% 110,-5% MfO or CaO a* vny 

- For 20 aol % TbOa-9% U0 8 

Ja barjan, Trtaar aad Satift roporr19* 

ss the 

55 to lSCTC, dae coadactmty 
confeat of thesddftives. 

of 
of 

Oier 
with 

'731 XlO^Cf-iWI* 1.72 

X 10"*(f-20p + 3.92X l O " 1 1 ^ - * ™ / ±04076, 

t fc the twijIIBIHII ia the may 2C to lOOOTc 
SyKaabvCoiBiBC1*7 report* the n»aa coeffideat to 

80QTC to be 10 X HT* for both ThO,-6.4* UD 2 -
U0% Y 3 0 , aodThO,-20% UD,-lJD% Y,0 , . Bardk* 
et a t 2 * ' feport 1.11% haoar luawtini from room 
h—jiBialBiii to 1200*C for BeO-4.3% AljOj-5.7% 
TbO:-2JO%T10,. 

4. 

No jafofnuttioa it avaaabie yet. 

S. Chaaae of State 

to irformatioa a audible yet 

fialei*** coaaaaai niatftte alotliiral coadoctivitiaj 
of leoalon made of thorie-baK bawy and ternaiy 
emetics; Fh> 57 afcow* hie mate. UBmeoa1*4 foaad 
tiis electrical coadacttfty of Tb03-o\2 mole %CaO-
U% Al*0,-1.4% Set), much lower than that of 
ThOs-20 mole % Y O K f over a temperatme i 

v-o 

mt mat mm moe'e 

Fh>57. 
Of! 

M i Of fl» 
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8. 

Veevers aid Rotsey 2 5 * measured mechanical prop
erties of (Th,U)0 3 dispessiofis in beiyflia. Their disper-
soid was prepared two ways. The separate oxides were 
mixed, ground together, fired, and reground. Abo, a 
tnofi'anvuranium mixture was precipitated from solu
tion, dsed, cskised, sad ground. The dispersions were 
prepared in the same way as moria-beryllia dispersions 
(Section D2, ref. 77). The effect of particle size of both 
oxide types on modulus of rupture is given in Table 43. 
The temperature and composition dependences are in 
Table 44. Figure 58 SHA—* v*|**g* of Young's «**™fehi?s 

Syrtani^Coming 1 5 7 found for Th0 2 -6 .4% U 0 3 -
14% Y 3 0 3 and ThO 3 -20% U 0 3 - 1 . 0 % Y 3 0 3 elastic 
moduli about the same as those of shnuady prepared 
Th0 3 and T h 0 3 - 5 % UO,. Compressive strengths of 
the ternaries were substantially less. Biirdicke? a t 2 S 3 

measured several tens2e properties of BeO-S.7% 
T h 0 3 ^ * 3% A l 2 O 3 - Z 0 % TK) 3 . Lang et aL2i* give 

properties of ranges of values for several 
ceramics in the Th0 3-Be044gO system. 

Tatte 43. Enact of (TVU^j 
of Raptaat of i.7 vol % Dsmwaioas of ToO,-** UO, 

iat30°C 

(Tk.U)03 

Pwtkfc 
SatQtB) 

3-5 
10-15 
15-20 
25-35 
53-63 

104-124 
210-250 
250-300 
300-400 
450-500 

35-53 
152-211 
422-400 

Takes from Vcevan sod Rotssr* s* 

tototky 

13 
13 
L5 
L5 
13 
1.5 
23 
xs 
2.0 
23 

33 
43 
4J0 
33 

w 

9 
8 

14 
9 
9 
9 
9 
9 
8 

16 

mow, 
26,700 
25,500 
32/100 
30.700 
32,400 
24300 
22JS00 
21300 
22300 
19,600 

UOj-ThOi 
8 
8 
9 
8 

29,700 
26,100 
18300 
15,100 

(po9* 

2460 
2650 
3«J18 
3350 
2360 
3810 
2540 
3480 
2000 
2559 

3962 
3267 
13S1 
1282 

*lpai*6895H/ni3. 

U0 2 ia CTXlDOi 
• BeO 

otomuio, 
st 

Fiitkk 
Sfce 
0*0 

M<A&*otlLw&ai*(lOO0pm)*t-
20°C 200°C 250*C 400°C 500°C 600°C 700°C 750°C 800°C 1000°C 

25 
9 

0,50* 

1.7 

1.7 

1.7 
5.0 

103 
20.0 

U 
1.7 

1.7 

35-53 
151-211* 

422-600 

5 
50 

200 
200 

50 
200* 

200* 

26.1 
183 
24.1 
15.1 

253 
253 
183 
204 
19.1 
153 
iL5 
22J6 
13.7 
16.1 
163 
173 

26.0 
183 
233 
16.7 

26.0 
27.8 
203 

263 
204 
243 
19.4 

Qritt 

18.7 
163 
10.1 

243 

223 
223 
19.6 
223 

243 

27,0 
203 
243 
185 

243 
24.7 
205 

273 
23.6 
273 
17.0 

26.1 
253 
203 

20.0 
J9.0 
153 
10.2 

183 
193 
173 
19.7 

If J 
153 
83 

243 23.6 

30.7 
233 
274 
203 

243 
243 
183 
193 
173 
143 
83 

2S.0 

"Eaefa 
*The 

*Two 

vakttbtfce for 8 to 12 iBochROM; 1 pa « 6895 N/» 3 . 
from Art botches of (Th,U)03 aw gwea. 
frooj tfasw botch* of OVQOs am ftaa. 

of partftdM ware AkpmmA to two an o w n ! diajwooM cotapoaftkM of Th-9% UOj. 



so 

90 

40 

— 46 
1 

WW 42 

40 

36 

36 

: 
i 

ii • " 
1 ' • • 

• 
• 

• «• 

• 
•17 Ml % MKED TDOj-IX^ 
• 5.0 M I % copfKOprnm-D (TH,U)O, , 

4%P0ROSmf ^ 
•1O0 wl % COPWXJPITATED (TH. UK. . 

4.5% POROSTTY ^ 
• 20.0 Ml % COPWBOPITATED mwUXL. 

8.5% POROSITY * 

« 
11 

•17 Ml % MKED TDOj-IX^ 
• 5.0 M I % copfKOprnm-D (TH,U)O, , 

4%P0ROSmf ^ 
•1O0 wl % COPWXJPITATED (TH. UK. . 

4.5% POROSTTY ^ 
• 20.0 Ml % COPWBOPITATED mwUXL. 

8.5% POROSITY * 

i 

e ( i 
1 

f 
i T 

e u 

aoo 400 600 aoo woo 

fa-ttfSN/a*. 
of 110,-9% U0 2 i> -««tf»ofV« Rooty/** To ooawjt 1 

9. 

lacoipontiag l J » YJOJ did not affect the iesat> 
aace of (Th,U)Oi to steam at 336*C aod 2000 pta(ref. 

10. 
No information is yet 
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Volume II. Nitrides 
ABSTRACT 

Physical, chemical, and mechanical properties of thorium nitrides, alone and in combination with 
other nitrides and other thorium compounds, we collected from the literature through January 1970 
(35 references). The thorium-nitrogen phase equilibrium it reviewed. 

This volume wiD include the following divisions: 
system information, thorium mononitride systems, and 
T h 3 N 4 systems. The carbocitrides are substitution 
products of the mononitride and will be covered with 
it. The oxymtride and nitride-halides are covered under 
T h 3 N 4 systems. 

SYSTEM INFORMATION 

The thorium-nitrogen phase diagram, taken from 
Benz et aL,1 is shown in Fig. 1. The only stable 
compounds shown are ThN and T h 3 N 4 . The 

0 0 * 0.4 o* a* • 0 12 14 

Vk 
N Tk (UTK) 

T»» T**. 

reported 2 , 3 T h 2 N 3 has been identified4 as the o\y-
nitride T h 2 N 2 0 . This compound is formed from 
heating ThN and Th0 2 in nitrogen. The equilibrium 
nitrogen pressure over liquid thorium and ThN is 
reported by Olson and Murford5 over the range 24 i 6 to 
279C°Ctobe 

logp (atm) = 8D86 - 33,224/7+ 0558 X 1 0 " 1 1 t s , 

or 

l ogp(N/m 2 )= 13J092-33,224/7+0.958 X l O - 1 1 ? * , 

where T is i s °K. Oxygen contamination greatly 
increases this pressure. The equilibrium nitrogen pres
sure over ThN and T h 3 N 4 , measured by Arooso.i and 
Auskem,* is shown in Fig. 2. 

i/T,"KXO* 

Fig, 1. The Thari— NUrogaa Phaae Pinya—. From R. Ben*, 
C G. Hoffman, and G. N. Rupert.1 Copyright by the American 
Chemical Society and reprinted with permission. 

Fig. 2. Nitrogen Pitawm over ThN-Th3N4. From S. Aronson 
and A. B. Auskem.' Copyright by the American Chemical 
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THORIUM MONONITRIDE SYSTEMS 

A. Thorium Mononitride 

h Coupootioo 

Benz et ai1,1 have measured the following limiting 
compositions of the ThN phase. 

Tensantue (°Q N:Th Atop* Ratio 

Thorium-rich Knit 1S76 0.97 
1665 0.96 
1775 a9i 
2000 0.975 ±0.01 
2100 0.97510.01 
2645 0.96 

Nitrogen-rich limit 1615 1.03 ±0.03 
1835 1J05 
2065 1.08 

At lower temperatures the deviations from stoiefnom-
etry ate iir.'Tneasurably small.1 

2. PrcpsrfEtktti 

Thorium mononitride is generally made as powder 
from the hydride or metal (usually powdered by 
hydriding and dehydriding) by heating in nitrogen or 
from the hydride and ammonk. Synthesis below 
1000°C gives Th 3 N 4 ; this is decomposed to ThN at 
higher temperatures. Benz et al1 prepared specimens 
by cold and hot pressing. Olson and Mulford5 induction 
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melted thorium under 2 atm N3 at 2000°C to get ThN 
ingots. 

3. Crystal Properties 

Structure. — Face-centered cubic NaQ type. 
Lattice Parameter and Thermal Expansion. — Values 

of the room-temperature lattice parameî r of carefully 
prepared ThN range from 5.155 to 5.162 A. Most 
investigators5, T" 9 report dose to 5.159. The value 
most precisely reported is 5.16190 ± 0 XXX) 15 by 
Venard et al10 Measurement to 900°C by Street and 
Waters8 are shown in Fig. 3; they derive a mean 
coefficient of expansion of (139 ± 0JM2\ X 10-*/°C 
over the range measured. Aronson et aL9 mad': x-ray 
diffraction measurements over the range 800 to 
1300°C; Fig. 4 compares their expansion values for 
ThN and some other thorium compounds studied in the 
same work. The coefficient of expansion of ThN 
corresponding to tf ese results is 8.2 X 10~*/°€ over the 
rang? 800 to 1300X. The data of Ar- on et aL and 
Street and Waters agree reasonably ' in the region of 
overlap. 

Color. — Gciden yellow,5 green-yellow.1' 
Density. - The density corresponding to a0 = 5.159 is 

11501 i/cm3. 
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Fig. 3. Temperature Variation of the Lattice Panmeter of 
ThN. 2a«ed on Street and Waters.8 
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Fig. 4. Thermal Expansion of ThN. Copied from S. Aronson 
et aL9 with permission of the American Ceramic Society. 
Similarly measured expansions of other tho ium compounds are 
included for comparisc;.. 
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4. Thennodynamic Properties 

Aronscn and Auskern' estimated the heat and en
tropy of formation or ThN to be 

-Atff 9 8 = 90.6 ke/ mole = 379 kJ/mole 

and 

- A S l 9 8 = 233 cal mole - 1 (°K) _ 1 

^983 J mole "* OC)' 1 . 

From the latter, Aronson and Ingraham12 take the 
entropy of ThN at 2V8CK as 122 ± 2 cal mole'1 

(°K) _ 1 or 51 ± 8 J mole - 1 fK)" 1 , which they compare 
with values they calculate from a vibrational mode*. 
Gingerich13 estimates the heat of sublimation as 203.1 
± 10 kcal/mole, or 849 ± 42 kJ/moie. Venard and 
Spnriell14 estimate the standard free energy of for
mation to be -51.1 kcal/mole, or —214 kJ/mole, at 
1000°C. 

5. Change of State 

Thorium rnononitride melts cocgruently under suffi
cient nitrogen pressure. Reported melting points are 
2820 ± 30°C under 2 atm (2 X 10 s N/m 2 )N 2 by Benz 
et aL:

l 2820 ± 35 under 2.6 atm (2.6 X 10 s N/m 2 )N 2 

by Benz,7 and 2790 ± 30°C at slightly under 1 atm (1 
X 10 5 N/m 2) N 2 by Olson and Mulford.5 The melting 
point is lowered by impurities;1'5 one mechanism may 
be by eutectic formation, since Blum and Gurnet1' 
report that ThN form? a eutectic with 15% Th0 2 , a 
frequently found impurity in ThN. Also, melting under 
too little nitrogen lowers the melting point with loss of 
nitrogen.1 Chiotti3 found melting at 2630°C under 
helium. 

Solid-gas equilibria are given under "System Informa
tion." 

psi (35 MN/m2) and 127S°C and then annealed in 
vacuum 13 hr at I800°C to a density of 955 g/cm3. 
The results are shown in Fig. 5. The second Hall effect 
specimen was anrealed only 4 hr at 1800°C but reached 
a density of 10.6 g/cm3. 

Arcnson and Auskern16 measured the magnetic 
susceptiuiihy of three "HiN specimens at —190, —76, 
and 22°C; values ranged from 1.65 to 1.84 X 10~* 
emu/g, and the decrease with increasing temperature 
was less than the difference among specimens. Raphael 
and de Novion 1 7 found a susceptibility of 1.42 X 10 " 7 

ersu/g, constant over the range 4 to 300°K. However, 
Didchenko and Gortsema18 found ThN diarmgnetic. 

Measuring ilic uuclcsx magnetic resonance of ~ N in 
ThN. Kuznietz1* found a positive Knight shift of (10.7 
±li)Xl<r*. 
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6. Electrical and Magnetic Properties 

Auskem and Aronson11 measured several electrical 
properties of ThN specimens pressed in vacuum at 5000 

Fig. 5. Hal Coefficient, Thermoelectric Power, and Electrical 
Reristirity of ThN as Functions of Temperate*- Reprinted 
with pennission from A. B. Auskem and S. Arosion, 
copyright by Peigamon. 
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7. Heat sad M » Transport 

From the electrical conductivities measured by 
Autkern and Aronson11 and the Lorentz equation, 
Weaver20 has estimated the electronic portion of the 
thermal conductivity of ThN. rfa results are ctuipired 
in Fig. 6 with the thermal conductivities of several 
nuclear fuel materials. 

8. 

No information is available yet. 

9. 

Obon and Mulford5 report that ThN ingots exposed 
to air acquire a black film within minutes and that the 

powder reacts readiy with air to form ThOj. Quota 3 

report* that the powder can be readiy handed in air 
but disintegrates in a short time in moist air and burns 
vigorously when ignited. Also, ThN reacts with water 
and is rsadly attacked by nitric acid.9 Aronson etci9 

found that above 13S;°C, ThN reacted with the 
residual vapors in a vacuum system at 5 X 10"4 ton 
{0.07 N/m s), Apparently with gradual substitution of 
carbon to fonr. ThC and ultimately ThC2. 

10. 

No information is available yet. 
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Fig. 6. Estimated Electronic Thermal Conductivity of ThN. Calculated by Weaver from electrical resistivity. Thermal 
conductividesf i severe] nuclear fuel materials are show; for comparison. 
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B. 

1. CompotitMMi 

Thorium and uranium morjon/.trides form a con
tinuous series of solid solutions. Equilibria between the 
mixed nitride phase and the component metals at 
10CO°C were determined by Venard and Sprodl. 1 4 

Their equilibrium diagram is Kg. 7. The greatest 
hypostoichiometry was for the composition 
T \ . 9 4 4 U 0 . 0 S 6 N 0 . 8 6 6 » * * « * " * « » * M W f C * 
equilibrium with both metals. No information was 
obtained on the nitrogen-rich composition limits. 

2. Preparation 

Coarse (Th,U)N powders were prepared from arc-
melted morium-uraniun alloys by two hydride-
dehy&ide cycles, reaction with flowing nitrogen at 400 
to 800°C, and decomposition to <Th,U)N at 1450 to 
1S00°C under vacuum.14 

3. CiyatsJ Properties 

Lattice parameters for (Th,U)N were determined by 
Venard etaL19 and are shown in Table 1. "Agreement 
with Vegard's law is quite good."1 ° 

• A / V O - — 

No information is available yet. 

C. Thoriam Phtowjaaa Mowwirridrt 

PardueetdL31 prepared a mouonitride from Pu—20% 
Th, isostaticafly pressed it at 1540°C and 10JD00 psi 
(70 MN/m2), and heated it 48 hr in flowing nitrcfen at 
1720°C. Its lattice parameter was 4580 ± OJOOI A, and 
its evaporation loss was OJ0296 g/cm2 is 5 hr at 
I550°C. 

TaUel. Lattice Fuaneten of (thJOfi 
From Veaard era*.1* 

Mole%ThN Lattice Panmetcr (A) 

0 4.89034 ±0.00025 
10.24 4.91561 ±000015 
20.40 4.95712 ±0.00086 
30.54 4.97434 ±090079 
40.60 5,00608 ±000105 
S0.90 5.03219 ±0.00043 
60.64 5.06339 ±0.00115 
70.56 5.08531 ±000080 
80.38 5.10826 ±000019 
90124 5.13461 ±0.00046 

100.00 5.16190 ±000015 
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Fig, 7, Phase EqaMMa m !f» Th-U-N & t̂wn at lOOO'C From Venard and SprweD.14 Copyright by North-HoBtnd htbtMitaf 
Company and reproduced with pemisskHu Lattice parameters are shown for (Th,U)N for several overall compositions. 
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D. 
No information is 

E. T 

amiable yet. 

No information is aialahlf yet 

1. 

Street and Waters1* found complete solid sorubiity 
between ThN and ThC. typortoachkwietric com
positions ate posribte1*-13 when carbon is substituted 
for some of the nitrogen in ThN but the Kmits are not 
yet known. 

haw been made by heating coM-pressed 
pdets of the mixed carbide and nitride at 1600°C(ref. 
22) or 2000°C (ref. 7). Hyrjortoidnometric solid 
sctunoos have been made1**3 3 by heating mixtures of 
ThN, thorium, and carbon in vacuum at 1700 to 
1800°C. Samples for electrical measurements23 were 
hot pressed at 130C°C and 5000 pn (35 MN/m2) in 
vacuum and then annealed in vacuum at 1800°C for S 
to l7hr 

Taste 2. ofTh(C^>SooM 
Float B O B 1 

Lattice 
iWIBfS 

(V 
Nitiosnt 

CdF (atm) (N/m2) 

X10 3 

"ttCojri 5.346 2500 
' n c ©.a© N a2i 5.310 2670 0.01 ±0.005 C.01 
T h C 0 . 7 0 N 0 t 2 8 5.305 2720 OJO5±0J0l OJOS 

T 6 C 0 L S 7 N 0 . 3 9 5.276 2810 0.18 ±0.03 0.18 
T 1 , c a 4 8 N a 4 9 5.262 2850 0.30 ±0.04 0.30 
"nC0A'^i0A'J 5.241 2910 ilSf ( 1 ^ 
T h C f t 3 4 N 0 t 5 6 5.225 2910 i2JSf (2.0)* 
T k C a a 8 N e J » » 5.220 2920 l2JSf wr 
'"•Cai^W' 5.188 2875 
ThN J > 0 0 5.158 2820 2.6±0.6 2.6 

•±0.001 A 
*±35°C. 
'Probably below tine wjuiibrium pressure, since th* 

composrtioo, measured after mdtiof, shows loss of nrtrogen. 

Street and Waters23 found linear wriation of the 
lattice parameter with composition from 5338 A for 
ThC to 5.158 A Tor ThN. Be&z7 found parameters in 
agreement with those of Street and Waters; both 
worked with material dose to stoichiometric. For 
hypostoichjometric materials Auskem and Aronson23 

found agreement with measured paiameters and linear 
interpolation between wines for ThN and ThC ,̂ withx 
cheses to fit the composition. Their values are: 

TfcC N 
w.#/o w.iwo 

5320 A 

T f c C 0 L 6 2 $ N C a 7 5 5.288 A 

T i C 0 t 5 3 7 N 0 L 3 W 5.266 A 

1 * C 0 . 4 « l N l l L 4 W 52*6 k 
T h C O 2 0 3 N 0 . 7 3 S 5.197 A 
T m*^Sm29N0w»37 5J65A 

Benz7 gives the following for the relative internal free 
energies of mating of ThC and ThN in the sond and 
liquid states: 

AG**^ « 7 . 2 [ J t W N ( r - 3 0 9 0 ) + X Q C ( T - 2770)] 

- (13/XJO ± 7 / X » ) 4 , > N ^ c cal/mok 

«30pr§J N (7 , -3090)+X^ C (T- 2770)1 

+ IJ7T^ N ln4' ) N + 4> c mAY> c j -
- (54JD00 ± 29JOOO)X$JN4,>C J/mde; 

^ « -Jirtl8M kXft, + 4 > c h ^ ) ] 
- (6,600 ± 7flO0yX$LN^SC cal/mole 

- (28JD0O ± 29OJ0)4> MJT® c J/mole ; 

the ̂ Ts are mole fractions. 

5. Change of Stat^ 

Melting points and equilibrium nitrogen pressures 
given by Benz7 for carbonitridc solid solutions are 
listed in Table 2. Note the maximum. 
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Fu> 8. Electrical Reattirity of TlwriMi CasbotMtrides. Vanes 
lave been conected to zero porosity by nrattiptyiag by (1 -
PUV + f/2), **bae P is the pore fraction. Copied from A. B. 
Auskern and S. Aronson33 with pennisaon; copyright by 
American Institute of Physics. 

2 0 0 4 0 0 
TEMPERATURE, "K 

F*. 9. Hal Coefficient of 
bec corrected to zeto porosrty by RMdtipiying by 
P n the pace fraction. Copied from A. B. 

23 _ ^ i 
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Physics, 

trith copyright by 
S. 
of 

6. Electrical aadMafm«tkfroi>erties 

Several electrical properties (tf hypostoichioroctric 
carbonitrider, were measured by Audcem and 
Aronson.23 The resistivity, Hall coefficient, and tfaer-
modectic power are given in Figs. 8—10 respectively. 
The same authors : < magnetic susceptibility values are 
listed in Table 3. 

Table 3. 
From Aronson and Auskern 

Composition 

T h C 0 . 7 7 $ N 0 . 1 l 3 
T h C 0 . 6 2 5 N 0 . 2 7 5 
T n C 0 . 4 5 9 N 0 . 4 8 9 
T h C 0 . 2 0 2 N 0 . 7 3 4 
T h C 0 . 2 0 6 N 0 . 7 4 9 
T h C 0 . 2 $ l N 0 . 9 3 * -

Lattice Susceptibiity (emu/g) at -
Parameter 

(A) 22°C -76°C -190CC 

5320 
5.288 
5.2J6 
5.197 
5.199 
5.164 

XHT" 
14.6 
13.5 
14.2 
15.6 
14.6 
IS. 1 

xio"" 
14.6 
13.6 
14.2 
15.9 
14.7 
18.6 

XIO"" 
15.2 
13.9 
143 
16.0 
14.8 
18.8 

'Compiler's note: This composition appears to be is error; a 
carbon subscript of OJ03 to 0.06 would be more consistent ivffli 
other information in the paper. 
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Fig. 10. AUotot* Therawekctrk Tower of 

nitrides. Copied from A. B. Austern and S. Aronson" with 
permission; copyright by American Institute of Physics. 
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No iflfoiiMtion is anmmbte yet. 

Noisfonnstkmiiawaabkyet. 

9. 

Beaz intlttd cafboB̂ ncfa carbonitiides on tantalum 
and other caftanitrides on tunsten without evidence 
at mtcacboQ. Amtrm and Arunsoc*3 found no 
SS&SSSCwGS «nua M M M / V U S I N S S iSiS mwing u u i pjTiJtiig 
with 30 mm contact at !300*C. 

10. 

Ho mformatioo g armUMc yet. 
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Th 3 N 4 SYSTEMS 

Systems with other nitrides (parts B through E)have 
not been studied. Compounds between Th 2 N 4 and 
oxide and hahdes are briefly described in Parts r and G. 

A. Th 3 N 4 

1. Composition 

Below 1000°C Benz et a t 1 report Th 3N 4 stoichio
metric; %t higher temperatures they found the fotl^wing 
metal-rich limits on the nitrogen-to-thoriuji atom ratio: 

i « u n ° r 1 3? 4- A A ? . . - a . . •** • — w. / J M A U L . ^ 

1760°C 131 ander 255 ton Nj (34,000 N/m*) 
1960°C lOS oader 920 t« i N 2 (123,000 N/m2). 

2. Preparation 

The first Th 3 N 4 characterized24 * 2 $ was synthesized 
from the detrents, and this r, stifl the usual 
method.*'11 Conditions can w y widely. Benz eC aLl 

obtained Th 3 N 4 from the hydride and nitrogen -t 200 
to 900°C. Benz and Zackariasen4 reacted ThN with 
0,13 atm (13 X 10* N/m 2) N-̂  si 1320CC. Dosing and 
Hunger2* precipitated Th3N« from thorium vapor and 
nitrogen. Specimens for electrical measurements11 have 
been hot pressed at 1340 to 140G°Cra 1 atm(l X 10 s 

tym2)N2. 

3. Crystal Properties 

Benz and Zachariasen4 find for Th 3 N 4 a rhom-
bohedra} structure, space group R3m, with parameters 
ac = 9398 A ana a = 23,78°, with the corresponding 
hexagonal cell having do = 3.871 A, c 0 = 27385 A. A 
metastaWe monociinic form is reported by Juza and 
Gerke2 7 with ao = 6.95, b0 = 3.83, c* - 6.20 A, and 0 
= 90.7°. 

The color of Th 3N 4 has been described as yeUow-
maroon, ? 4 , 2 s maroon,6 dark maroon,11 dark brown, 
almost black,28 and black.2 6 Chiotti3 describes his 
higher nitride as reddish brown, but he called it Th 2 N 3 

and may have had Th 2 N 2 0. 

4. Thermodynamic Properties 

Heat of Formation. - By direct measurement 
Neumann et aL2* obtained A//^ 9 2 = -308.4 kcal/mole 
= -1290 kJ/mole. From a heat of combustion of 564£ 
kcalfmoie (2363 J/mote) Neumann et aL" found 
Afl^j = -312.4 'xal/mole * -1307 Id/mob. Brewer 
et aL36 give Af*°29t * -3104 kcal/mole * -1299 
kJ/mole. 

Free Energy of Fetntttieau - Brewer et aL giie 
60:9% = _283J6 kcal/mok = -1187 kJ/mok. 

Enftrcpy off FctsneiML. - Brewer el at give AS? 9 , = 
-89.6 cal mok"1 OCT 1 = -375 J moie"1 CK)- 1 . 

Heat Capacity. - Sito 3 1 gives /or 0 to 503°C 

cp » 0JM895 + 4.436 X 10"5 f 

- 1 J 3 W X I O " * ! 2 calg"1 CC)~* 

=0-2048* 1JB56XKT^ 

- 4.763 X 1C"V Jg" 1 CC)"'. 

Free Energy Faction. - From a Russian cornpCa-
tioo. Vortovfch32 calcukies the foBoriag varies for {G 

Tesaxntue,°C 29* 500 1000 1500 2000 
Faction, cal mote - 1 43.2 45.S 593 71.7 S23 
("iC)"1 

FnarticB. J mote^ 180.7 191.6 24S.9 3C0J0 345.2 

S. Change of State 

Decomposition pressure data are given under "System 
Information.'' 

o. xjecsncai ana Magnetic rrovenies 

Auskem and Aronson11 found the resistivity of 
Th 3 N 4 to be very sensitive 10 heat treatment and to 
range from 10 s to 10* ohm-cm at room temperature. 
Aronson and Auskern1* found values of the magnetic 
susceptibiity ranging from 0 3 to OJS X 10** emu/g 
over the range -190 to 22°C. 

7. Heat and Mass Transport 

No information is available yet, 

8. ftteckanscal Properties 

No information is available yet. 

9. Chemk^ Properties2 4 2 s 

Thorium nitride Th 3 N 4 hydroryzes slowly in cold 
water, immediately on boning. It burns in oxygen, leas 
hmwnomlv than thofiUEL 

10. Surface Properties 

No iirformati'ni is available yet. 
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F. ThjfijO 

T h , ^ , 
ThjN^O. znd IhOj by heating mixtures of thorium, 
ThN, and TbO, * the note 1550 to 2000°C. At 
eqolabaixm the phases preseat wese Th 3 N 4 and 
ThaNsO, only TfeNjO, or Th,NjO and ThO,, 
4epcndmg on whether the imtafl mixture contained less 
than, dose to, or more than 25 mote % ThO, 
respectively. The T h ^ O phase ranged in composition 
from ThN, i 2 O 0 2 # to ThN, , O 0 s at 1600 ± 40°C 
and T n N 1 > 2 * t 0 o a # to T h N ^ O ^ ic 2000 ± 48°C. 
The Th03 phase' showed no variabdity at 1600°C hot 
extended to approximately T h N 0 > 1 0 1 < 3 S at 2000°C. 
On cooling, precipitation removed nanstokfaiometry 
from these phases. No solubiity of oxygen in Th 3 N 4 

conid be detected. The oxynitride was gray to saroos, 
depending on gram size. Beaz and Zachariasen4 give the 
crystal structure of Th^N^O as hexagonal with a% = 
3-8833 ± 0J0002 A and c. * 6J870 ± OJ00O3 k. 

Several other complex nitrides have bees reported by 
Benz and Zachariasen.,4 They have me Ce^C^f^ype 
crystal structure, space group P3mk the x-ray diffesc-
tkm characterization h gvw» in Table 4. 

Juza and Seven 3 * have prepared » d characterized a 
series of compounds ThNX, where X is F, O, Br, or 1. 
Al arise from reaction of the appropriate thorimr 
tetrahahde with ammonia or Th 3 N 4 . The fluoride n 
insoluble and stable to aqueous reagents; it decomposes 
in 3 br at 1320°C or in 15 mitt at 1550°C. The other 
compound^ have reactivities that increase with the 
atomic weight of the halogen. The fluoride can dissolve 
uptol0f%ThO2. 

The crystal structures have been worked out in 
detail.35 The fluoride is rhombohedral, and the others 
are tetragonal. Two inter mediate nitride fluorides, 
T h N z F 4 _ 3 l x , were also observed, tetragonal with x 
frira 0.88 to 054 and orthorhombic with x from 0.79 
toOJ87. 

Title 4. ScmtOmrk aLlhorimmtmaU 
Fioat Beat mi \ . . rf 34 

Coapoasd 
fjMkx Ftaai •e*x(A> Theoretical 

Denary 
(g/on3) 

Coapoasd 
«o CO 

Theoretical 
Denary 
(g/on3) 

TktNOAs 4.041 ±0401 6.979 ±0402 9.58 
TUjf^Se 4.0287 ±04002 7.156 ±G001 9.43 
TbaNOP 4.0285 ±04003 6.835 ±0401 9.08 
TB2N2S 4408 ±0401 6.920 ±0402 9.04 



73 

REFERENCES 

1. R. Benz, C. G. Hoffman, and G. N. Rupert, "Some Phase EqtriBbria in the "Tionuro-Nrtrogen System," J.AK. 
Chem. Soc 89,191-97(1967). 

2. W. H. Zachariasen, "Crystal Chemical Studies of the S/Series of Elements. Xll. New Compounis Representing 
Known Structure Types," Acta Cryst. 2,388-90 (1949). 

3. P. Cmotti, "Experimental Refractory Bodies of High-Melting Nitrides, Carbides, and Uranium Dioxide,"/. Am 
Ceram. Soc 3S, 123-30(1952). 

4. R. Benz and W. H. Zachariasen, T h 3 N 4 Crystal "tructure and Comparison with That of Thx^O," Acn Cryst. 
21,838-40(1966). 

5. W. M. Olson and R. N. R. Mutford, The Decomposition Pressure and Melting Point of Thorium Monoatride," 
/ Phys. Chem. 69,1223-26(1965). 

6. S. Aronson and A. B. AusVern, "Vapor Pressure Measurements on Thorium Nitrides," / Phys. Chem. 70, 
3937-41 (1966). 

7. R. Benz, "Melting Point Maxima of TbC-ThN and of UC-UN Solid Sohitiom," /. NucL Meter. 31, 93-96 
(1969). 

8. R. S. Street *nd T. N. Waters, The Thermal Expansion of TWO ami ThN, AERE-M-i 113 (October 1962). 
9. S. Axons* n, E. Cisney, and K. A. Gingerich, 'Thermal expansion of Some Cubic Refractory Compounds of 

Thorium,"/ Am. Ceram. Soc 59,248-52 (1967). 
10. J. T. Venard, J. E. SpmieS, and G. B. Cavm, "Lattice Parameters Across the UN-ThN Pseudobinary,"/ NucL 

Mater. 24,245-46 (196^). 
11. A. B. Auskero and S. Aronson, "Electrical Properties of Thorium Ntaides,"//!fr/i O t o n . & ^ 28, 10*9- 71 

(1967). 
12. S. Aionson and A. Ingnham. "Characterisiic Temperatures and Entropies of Sons? Refractory Thorium 

Compounds,"/ NucL Mater. 24,74-79(1967). 
13. K. A. Gingerich, "Gaseous Metal Nitrides, m. On the Dissociation Energy of Thorium Monomtride and 

Predicted Dissociation Energies cf Diatomic Group III-VI Transition-Metal Nitrides," / Chan. Phys. 49,19-24 
(1968). 

14. J. T. Venard and J. E. Spruiefl, "Phase Relations in the Th-U-N Termary System at 100CTC," / NucL Mater. 27, 
257-63(1968). 

15. P. Blum and P. Gurnet, "Formation of a Eutectic in Certain Metal Oxide/Nitride Pseud Dbinary Systems," 
Compt Rend. 253,1053-55 (1961). 
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