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PLAN OF COMPILATION

This Maaual when completed should comprise separatc wolumes on the systems: borides, carbides, nitrides,
oxides, phosphides, silicides, sulfides, and possibly others. Separate vo' s will be issued when completed. The fir:
compieied, Oxides, sccompanies this explanation. The Nitrides volume has been drafted and should appear next.
Information is being collected for the other volumes.

Each wolume will begin with an introduction that presents information on the overall system. This will be
followed by Divisions on the individual compounds’in the system. in the Oxides volume the only such compound is
ThQ, . The Nitrides volume 2t present includes Divisions on ‘“Thorium Monomtride,” “ThyN,,” and “Thy N, Q and
Other Complex Niirides.” The Carbides volume will have Divisions on ThC and ThC, .

In most cases, eact Division will be subdivided into Parts:

A. The compound

B. Its binary with the uranium co.nfound

C. Its binary with tie pluionitun compound

D. Rinzcy systems with a common negauve elemnent

E. Ternary and mcre complex systems with a commnon negative element
F, G, etc. Systems with different negative element.

The Oxides volurre will contain no information on systems with a second negative 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 the
Oxides volume.

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

Composition

Preparation

Crystal propertics
Thermodynamic properties
Change of state

Electrical and magnetic properties
Heat and mass transport
Mechanical properties

Chemical properties

. Surface properties

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

SPPNIEWN -

1. Composiiion
Range of composition possible for tixe 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
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S. Change of state
Melting point
Bodling pniet
Vapor pressure
Heats of vaporizztion and melting
6. Electrical and magretic propertics
Conductinty
Dielectri tan?
u ) b
7. Heit and mass transport
Diffusion coefficients
Thermal conductivity
8. Mechanical properties
Strength, ductility, herdness, elastic coastants
9. Chemical X
R |';'|l|! i liquids, solids; b 3ity behavi
10. Surface properties
Each weiume will have a separate bibliography, with references numbered app-oximately in order of first
occurrence and not repeated (although references may be repeated in other volumes). When revisions are added,
references will be added at the ead of the seqesace.
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Voluine 1. Oxides

Sigfred Pet=rson and C. E. Curtis®

ABSTRACT

Physical, chemical, and mechanical propesties of thorium oxide, alone and » combinstion with other oxides,
are compiled from the literature thregh Oc?sber 1969 (256 »~ferences). Thotimm-oxygen phase information s
followed by data collections om thoriem oxide, bimery systemas with waniom sad pistoniem oxides, other
binaries, and ternary and more compilex sysiems. For each, sections on composition ranges anc wreps —tra apd
fabrication methods described 23 reedod to wnderstand their inflacnce om properties =re fcllowes by
compilations om crystal properties, thermcdymemic properties, change of state, clectrical and magmetic
properties, heat and nmss transport, mechanical properties, chemical properties, sad sasface properties.

Compilations on the other ceramic compounds of thorium and sevisions to this compilation are plesned for
foture Gsoc.

The only oxide of thorium with useful stability is the
dioxide, ThO,. The thorium-oxygen phase diafram 4000

L. - o THERMAL ARREST
reported by Benz' is given in Fig. 1. Systems containing O LIGNDUS (TS WORK)
a second negative element are deferred to the cther @ UQUIDUS (DARNELL & MWC
appropriate volume. -~ O Souous

THORIUM DIOXIDE SYSTEMS e

A. Thorimum Oxide

1. Composition

Thorium dioxide (thoria), ThO,, exists up to its
melting point as a single cubic phase with the fluorite
by ‘he formula can be detected by chemical amalysis.
Howewer, on prolonged heating to 1800 or 1900°7 in 2000
vacuum, theria blackens with loss of oxygen, although
the lows is insulficient to be reflected in chemizal
analysis or !attice-parameter measurement. Rehe2img in - pTh s
air to 1200 or 1300°C restores the white color. In 223 -
contact with moilten thorium at sufficiently high «-Th » ThO,
temperatures, thoria shows dewiations from stochi- 1900

. L . ) . o 10 20

ometry.” The limiting oxygen-to-thorium ratio varies
from 1.985 at about 1735°C to a low of 1.87 at about 0 Th RO
2700°C. increasing to 1.997 at the melting point.

TEMPERATURE, °C
‘\E\

Fig. 1. The Th-ThO, Phase Diagram. From R. Bems.! Copy-
. right by North-Hokiand Publishing Company and reproduce’
®Retived. with permission.
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2. Prpaation

‘Thorivm oxide is commonly prepered by the calcima-
tiom of a salt. Usuaiiy the oxalate is precipitsted under
reguisted conditions 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 nuclesr use, is the solgel
process, which lends itself especiaily tc the recycle of
thorium fueis irradiated in nuclear reactors. First, the
nitraie salt or its solution is decomposed by super-
heated steam. The resulting oxide is digested with nétric
acid to form a sol (colloidal dispersion?. The sol in twrn
is evaporated to form thoria gel chunks containing

_about 3% water. These can be crushed to powder for

subsequen: forming or fired at 1150°C to dense pieces
for viratory compaction mto fuel rods. In an alternate
process the sol is converted to gel by extraction of
water by an organic liquid, usually an alcobol, that hss
an affinity for water but is immiscible with ihe sol. The
gel 50 produced is a fine spherical powler.

In the fabrication of shapes from thoriom oxide, two
sieps are usually regarded as essential: a forming stage
and 2 sodsequent high-temperature sintering (or firing)
stage. Only the methods suitable for jonming with
thorium oxide ceramics are described here.

Cold Pressing. — Ceramic powders are formed mto
shapes at room temperature by exerting m=c*anical
pressure on them in a sicel die. Fressure is exerted along
ome axis only (uniaxial pressing); in the case of
cylindrical shapes, the pressure is usually 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 witk a
length-to-diamete ratio not greater than 1.

Isostatic Pressing. — Powders, possibly preshaped by
cold pressing, are placed in a mold made of rubbe: or
scme ofner elastic material. Hydraulic pressure is
applied to the mold to compact the powder. This

Y WO T R .

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 1. “Hot isostatic pressing” is
the same in principle; however, because of the high
temperatures necessery in the forming, the pressing
medium may be s gas or a finely divided solid.

Extrasion. — Powders are wet with a liquid and are
ofter also corabined with a2 “plasticizer” to form a
plastic mass. The mass is plared in an extrusion
chamber and evacuated to remx ve air if improvement in
plasticity is desirzble. 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 forcea through the die by an auger
with much the same action as a meat grinder, and (2)
the piston type, in which the material s forced through
the dic % a plunger. Extrusion is used primarily ior
meking rod-shsped or tubular peeces.

Hot Presmming — Powders are loaded nto a2 mwid,
usually of graphite, and compacted by mechanical
pressure at a temperaturc at which thermoplasticity is
sttained; heating s usually by resistance in the graphite
moid to induced ele trical currents of high frequency.
This method is generally used for forming dense bodies
from powders that have poor sintering characteristics or
for forming large simpie shapes that camnot be formed
conveniently by other standard techniques.

Skp Casting. ~ Powders 21¢ auspended in a liquid
(about 25 wt %) by means of a “defloccwlant™
(normally an acid or base) to form a “dip.” This slip s
poured into a plaster-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 s
buiit up, and then the excess is poured from the mold.
For solid shapes, preferably a very thick slip is used,
and all the slip is aliowed to remain in the mold until
most of the liquid is removed. This method is amenable
to forming very complicated shapes, but pure oxides
such as ThO, are difficult to suspend.

!
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3. Crystal Properties

Structwre. — Thorium ox:ide exists :n only one crystal
form, the cubic fluorite structure, space gioup O} or
Fm3m, somorphous with U0, ard CeO,. Hund? has
measured lattice disorder by xvay diffraction. and
Willis> has vsed neutron Ciffraction to verify the
location of the oxygen atoms and measure their ibermai
motion up to 1100°C.

Lattice Parameter. — 55971 A at 25°C. Most
measurements aimed at accurate detexmination of this
quantity are within 00002 A of this valne. Values
ranging down to 5.590 are found for specific specimens,
probably reflecting variations in purity. Figure 2 shows
values of the parameter measured at various temnpera-
tures. Datz of Kempter and Elliott,' Brown and
Chitty,® and Mauer and Bolz® show good agreement to
800°C. The parameters by Skinner” appear iow, but the
variation with temperature agrees reasonably well.

Deasity. — 10301 g/cm® at 25°C, Yased on the above
hattice parameter.

Thermal Expamsica. — The dicect measurements of
thermal expansioc by Chrysty and Kose® cover the
widest tempe:ature range of any and are plotted in Fig.
3. Over the temperature ranges studied, these resuits are
in good agreement with other direct measurements® ! 3
2< well as with expansions deriw: from x-Tay measure-
mts.H"‘

Refractive Index. — Eilis and Lindscrom' 5 report the

followirg:
Wavelength Index of
(7 \) Refraction
5893 2.105 £ 0.005
5641 2.110 £ 0.005
4358 2.135 £ 0.005

Spectra. — Infrared, visible, ad ultraviolet absorption
spectra of singlecrystii ThO, are given by Linares'¢
and Bates;'7 Bates has also reported spectra of poly-
crystalline material. The ultraviolet edge of ThO, is at
38,000 cm™' (2600 A), and a strong impurity band
peaks at 32000 cm™' (3100 A).'® Annealing in
hydrogen at 1725°C i:*.oduces'? absmption at 4030
and 7100 A and decreases absorption at 3060 A.
Single-cryst2l thoria absoros infrared at 2.21,2.7, 49,
85, 9.8, and 11.4 um; polycrystalline 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.!” Axe and Pettit'® measured the
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Fig. 2. Lattice Parametess of Thosin. Based on Kempter and
ENott* Brown aad Chitty,® Mamer and Bolz.® and Skinmer.”
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infrared reflection spectrum of single-crystal ThQ, . The
reflectiviiy rises from 40% at 56 cm ™' (20 ym) to 90%
at 290 cm ' (3.4 um), diops to near zero betweer 550
and 600 cm ™' (1.8-1.7 um), and then rises some above
650 cm™'. Tripp an¢ Rodine'® have measured emis-
sicn, excitation, and fluorescence spectra of thoria
single crystals.
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4. Thermodynamic Properties

Table 1 lists 2 selection or thermodynamuc properties
of ThO;. The values of the heat capacity, enthalpy.
estropy, and frez energy function up to 298.15°K are
from Osborne and Westrum,?® and those for higher

temperatures are based or the analysis by Godfrey er

PIS

al?' of data by Victor and Douglas?? Southard ??
and Hoch and Johuston.?* Table 2 gives the heat and
free energy of formation, based on the heat of
tormation at 25°C by Huber et af? and thermo-
dynamic functicas of thorium, oxygen, and thoria from
Hultgren ¢ al,2® Stull and Sinke,2” and Table 1

Table 1. Thermodysamic Funcions of Th(,

C,, Beat Capacity 5°, Fatropy ~G° - HyIT
' Eathal ’ e
T o5 \/ 7 H:' / & N7 § D s = N7 3 5
< ‘mole J
\-mb°l} \mh } (cafmol) (Himole) \\mlcol) knole"t) (mlc"l) (uok°l)
10.00 0.082 0.14 0.08 033 eoll 0.046 0.003 6013
50.00 2430 10.167 3880 1615 1 0538 4.469 0.29¢ 1.238
19000 6.246 26.133 25713 10765 3948 16.518 1.375 5.753
150.00 9.546 3994 655.2 27409 7.129 298528 2.762 11.556
200.00 1197 50.2¢ 11965 5006.2 10.227 42.790 4.244 17.157
25000 13.64 57.07 1839.1 76948 13.088 54.760 5732 2398
2%8.15 14 76 61.7¢ 25644 10562 15593 §5.241 71.126 29.82
300.00 14.79 6188 2551 10673 15.68 65.605 7.18 3004
400.00 16.08 67.28 4103 17167 20.14 84.27 988 4124
500.00 16.80 70.29 5750 24058 2381 99.62 1231 5151
600.00 i7.29 7234 7456 31196 2692 112,63 14.49 60.63
700.00 1768 7397 9208 38514 2961 123.52 16.46 68.87
800.00 18.01 7535 10990 45982 3200 133.89 18.26 76.40
900.00 12.30 76.38 12806 53580 34.13 142.80 1991 83.30
1000.600 1858 T71.74 14650 61296 36.08 150.96 2143 89.66
110000 18.84 7883 18521 69124 3786 158 41 2285 95.50
1200.00 19.09 79 18417 057 3951 165.31 2417 101.13
1300.00 19.34 809 20338 85094 41.05 171.78 25.40 106.27
1400.00 1958 819 22254 93236 4249 177.78 26.58 111.21
1500.00 19.81 829 24254 101479 4385 183.47 27.68 115.81
1600.00 2008 839 26247 109817 45.13 188.82 28.73 120.21
1700.00 20.28 849 28264 118257 46.36 15297 29.74 124.43
1800.00 2051 85.8 30304 126792 47.52 198.82 30.69 12841
1900.00 20.74 8.8 32366 135419 48.64 203.51 31.50 132.21
2000.00 2097 877 34452 144147 49.71 207.99 3248 13590
2100.00 21.20 887 36561 152971 50.74 212.30 3335 139.45
2260.00 2143 89.7 38693 161892 51.73 216.44 34.14 14284
2300.00 21.66 90.6 40847 1709504 52.69 22045 3492 14¢.11
2400.00 2188 915 42024 180012 5$3.61 224.30 3569 149.33
1500.00 22.11 925 45224 189217 5451 228.07 36.42 152.38
2600.00 22.34 935S 47446 198514 55.38 231.71 37.13 155.35
2700.00 22.56 M4 49691 207907 56.23 235.7 3783 156.28
2800.00 2279 954 51958 217392 57.05 23270 3850 161.08
290(.00 23.01 %.3 54248 226974 57.86 24209 9.i9 163.97
3000.00 23.24 9.2 56560 236647 58.64 245.35 39.79 166.48
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Table 2. Heat and Free Energy of Formation of ThO,

Temperature -aH, ___ ~aG,
(K} (kcal/mole) (kJjmole) (kcal/moie) (ki/mole)
298.15 293.2 1227 279.4 1169
400 2930 1226 274.7 1149
500 2928 1225 270.2 1131
600 2926 1224 265.7 1112
700 2924 1222 261.2 1093
800 2922 1223 256.8 1074
900 292.0 1222 252.4 1056
1000 2918 1221 248.0 1038
1100 291.7 1229 243.6 1019
1200 29i.6 1220 239.0 1000
1300 291.4 1219 2349 983
1400 291.3 1219 230.6 965
1500 291.2 1218 226.0 946
1600 291.1 1218 2219 928
1700 201.7 1220 2175 910
1800 291.6 1220 2132 892
1900 291.6 1220 208.8 874
2000 296.0 1238 204.3 855
2500 295.4 1236 181.5 759
3000 234.2 1231 158.8 664
S. Change of State

Melting Poimt. — 2300 + 100°C (Lambertson er
al’*); 3390°C (Benz).!

Botling Poimt. — 44C0°C (Mott) 2?

Vapor Prezsure. — Vapor pressure dawa from several
investigators®®3* are presented in Fig. 4.

Hezt of Fusion. — Based on 3R a; the estimated
extropy of fusion, the heat of fusion is estimated®® as
21.4 kcal/mole (90 kJ/mole).

Heat of Vapurization. — The following values are
derived from the temperature deperdence of vapor
pressure. Unless otherwise noted they are for the
temperature rangs of the corresponding vapor pressures.

Heat of Vaporization
(kcal/mole)  (kJ/mole)
1587125 664110 32
7 718 31
170.3 73 30 (correctea to 25°C)
184 770 36 (from tempersture dependence of
relative rates of evaporation)

6. Electrical and Magnetic Properties

Resistivity. — At low to moderate temperatures thoria
can be considered an insulating material. However, it

et e e et i,
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VAPOR  PRESSURE (otm)
g
~

1

40 42 44 46 48

100097 m)

34 36 is

Fig. 4. Vapor Pressmuse of Thosia. Straight lmes are taken
from Hoch and Johnston,3® Shapiro’! Ackermen er ol 32
Wolff and Alcock,>? zad Damncll sad McCollam3* to fit their
data over the ranges meamred. The two lines from Ackerman €7
ol represent caiculation acgiecting decomposition and caiculs-
tion correcting for formation of ThQ + O a3 part of the vapos.
Individual data points are shown for Alexander er ol 3% Al
measurements are based on nates of evaponation. To comvert, 1
atm = 101,325 N/m?2.

has some of the characteristics of semiconductors, and
its resistivity is sensitive 0 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, 2rzin size, ard impurity content that depend
on the fabricaiion history. That these factors are
involved is clear from the figure, despite the incomplets
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
vapgor and hydrogen and ihe known dissociation equi-
librium. At higher temperatures, increasing the oxygen
pressure increases resistivity, as shown by the resuits
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Fig. 5. Seiacted Measurements of the Electrical Resistivity of
Thorla, F.eferences and data on specimens are in Table 3.

from General Electric*® in Fig. 6. At lower tempera-
tures the oxygen effect is reversed, as sern by the
results of Baverle** in Fig. 7 and of Lasker and Rapp*$
in Fig. 8. The latter also shows measméments by Steel
and Alcock*® and Rudoioh.*? Both figures show the
different resistivities of specimens with different his-
tory. Bauerle** relates the conductivity to oxygen
pressurs by
/4

o=0; 7 9270,

Bates*® reports conductivity values :n Ar-8% H,
ranging from 1 X 107 Q-cm at 760°C to § Q-cm at
2610°C, in reasorable agreement with other measure-
ments under reducing conditions.

n‘ ORML-DWE 66003
| T T
T 1
? ——- =
1 "1
5; 1600°C —
|~
o Iceoo-c —
g y //‘/1 ——
0 1 —
2000°C
]
¢ LT
o* o* o™ o2 % ot w0°

OXYGEN PARTIAL PRESSURE (otm)

Fig. 6. Effect of Oxygea Activity on Electrical Resistivity of
Thoris st High Temperatuses. Data from General Electric.*3 To
convest, i atm = 101,325 N/m2.

Table 3. Specimens for Electrical Resistivity Shown in Fig. §

Sintering

(kg/cm®) (tsi) CO Medium Diameter Length  (g/om™)

Foix>’ 3,000 21 2100 1 1.8
Podazns®® Extruded 1500

2000 Hy-04
Hosion er o3 2,500 18 Not sintered
Genenal Eloctric*® 2000 H, 1

1400 Air
Rigener*’ 1.01 1
Heod® 10,000 71 1500 Air i 0s
Southem Resesrch Institute®?  Commercial 9.69




The measurement history also affects the resist’vity.
Danforth and Morgan*® subjected thoria to increasngly
heavy electric currents between series of measurements
of resisiivity as a function of temperature for molded
and sintered (7 g/cm?) thoria. The resistivity decreased
with use and abuse. finaliy reaching 10 2-cm at 730°C
and 1 Q<m at 1630°C. Mesnard®*® found that the
resistivity of thosia in vacuum at 1500°C ranged from 3
X 10* to 2 X 10° Q-cm after various treatments up to
1900°C. Mcsnard and Uzan®! showed the resistance of
thoria specimens in vacuum to increase with time.

Dielectric Constant. — Giintherschulze and Keller®?
report 10.6. A low-frequency value (at 0.3 MHz) of
139 + 0.4 is repcrted by Axe and Pettit.!®

Magnetic Susceptibility. — Smith and Clark®? repor
—265 £ 03 X 107 cm®/moie.

Thermoelectric Power. — Rudoiph*? plots thermo-
eleciric power against reciprocal temperature for thoria
under 370 torr oxygen. The value ris_s 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.

8
7
I

|

=109 &; (OHM~CM)™! «r——

Tempsntar: sad )xygea Activity. Copied from Lasker and
Rapp?® with permission of Akademische Veriavsgesellschaft,
The specimens wee 1-cm-diam by 0.3-cm disks fired 2.5 by in
vaccum at 2100°C and then S hr in sir at 1400°C to a demsity
of 9.3 glcm?. Specimens of Steele wund Aicock*® were iso-
statically pressed at 30 tni (4200 kg/cm?) and sintered im
vacuom ut 2000°C to 9.5 gicm>. Those of Rudoiph®” were
pressed snc sintered at 1500 to 1600°C. To coavest, 1 atm =
101,325 N/m?.

Y-97553

Total Contuctivity, 10 onm 'em’!

e

P Specimen () Prepared from the oxalate, disks
- sintered in rf furnace for 3 hr ot 2200°C.
Specimen (lI) Prepared from decomposed nitrate, -4

disks sintered in rf furnace for 3 hr ot 2200°C.
Specimen (iil) Prepared from decomposed nitrate,

disks sintered in arc image furnace for total of 2 hr
at temparatures ronging from 2200 to 2800°C.

6 0P el g B U

Owygen Partial Pressure, sim

Fig. 7. Elsctiical Conductivity of Thoria as a Function of Oxygen Activity at 1000°C. Curves represent the theoretical equation
g=0y+ dgp(y;. Copied from J. E. Bauerde** with permission. Copyright by American Institute of Physics. To convert, 1 atm =

101,325 N/m3.
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Fig. 9. Diffasion Coefficients for Thorium in Sintered Thoria.
Data of Poteat and Morgan, 54

7. Heat and Mass Transport

Diffusion. — Figure 9 shows values of the diffusion
coefficient of thorium in sintered polycryst.lline thotia
determined by Poteat and Morgan.5* As .nuch as a
100fold variation with method of measuring nenetra-
tion reflects a depth dependence. The same sicdy
snowed that a substantial part of the diffurion was
grain-toundary rather than lattice diffusion. since fine-
grained sol-gel naterial showed much more rapic
diffusion, and diffusion was slower in singlecsystal
thoria. For pressed thoria fired S hr at 1900°C in
vacuum and then 4 hr at 2000 to achieve a 100um
grain size, Hawkins and Alcock®S found the diffusion
coefficient of thorium to follow

D=125X 167" exp(- G;RT) em? jsec

over the range 1600 to 2100°C, where Q i 53,300
cal/mole or 246 000 kJ/mole. Figure 10 gives results by
Morgan and Yust®® on diffusion of oxygen in fine-
grained 10yum-diam thoris spheres, and Fig. 11 gives
smilar results by Edwards er al.3? foi coarser material.

Table 4 summaarizes measurements by Furuya and
Yajima®*® on protactinium and by Furuya®® on ura-
nium diffusion in thoria, and Table 5 gives results un
uranium by Matzke.$® Matzke also measured rates of
migration of xenon in thoria, but his results did not
pernyt calculation of diffusion coefficients.

Berman®' measured surface diffusior: on high-density
sintered polycrystalline ThO, specimens annealed 24 to
48 hr at 1750°C in hydrogen. The measurements over
ihe range 1560 to 2500°C were fitted by

D, =521 X 10 exp(--Q/RT) cm* fsec ,

where Q is 141,900 17,200 cal/mole or 594,000 +
72 000 J/mole.
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Fig 10. Diffusion Coefficient of Oxygea in Thozia Micro-
spherea, Data of Morgan snd Yust,>®
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Fig. 11. Diffasion Coefficieat of Oxygea ia Thoris. Data of Edwardser ol 57

Table 4. Diffusion Coefficients of Protactinium snd Ursaium Table 5. Diffugion Coefficient of Uranium in Thoris®
in Polycrystaltine Thoria at 1800 to 2600°C?
Diffusion Coefficient
siobile Arthenies Cosfficients® Medium (zm?/sec) at —
J Atom Componeat D »
E s XA Q (calfmole) Q (J/mole) 1400°C 1550°C
| Protactinfem Le*iice 291x 1073 75,400 316,000 -18 -13
Grtaboundsry  666% 107" 30,600 128,000 ThO, 2x lo-, s 3x lo.,.
Urané Lattice L10X 50~ 76,400 320,000 ThO2-0.1 mole % Y203 sX lo-n 1.2 X 10_"
STaken iicw Teruys snd Ydim.“'” Specimens were pressed st $000 m?, .
-’mndhm!hrul?w‘Chadnﬂymhltdm’,n“Lm Measured by Matzke®® on material pressed and sintered 1 fr
2 hr 2t 2300°C in argon to 3 density grester than 9.8 g/cm’ and an svezags grin size ianatl6SO°C.

over 60 ym. Results were anslyzed into lettice snd grain-boundzry components.
: Corstants of D = Dg exp(—Q/RT) cm’ /sec and 24D’ = A exp(—~Q/RT) cm®[sec,
i where D fs the grsin-boundaey diffusion coefficient and 22 is the width of the grain
E boundary.
|




Therma! Coadacticity. — Deta on the shermal con-
ductivity of thoria are collected in Fig. 12; see also
Table 6. Toe scatter largely refiects variationms in
porosity ard other structwral features of t2:: specimens.
Measured wvalues, ), of the thermal conductivity can be
corrected to values Ay, for theoretically dense material
by

lgxrdl -n’(l +m ’

where P is the pore volume fraction and § is an
empirical parameter that depends on prepanation
method, presumably as reflected by pore shape. Belle et
al®?® found that § waried from 0.5 to over 3 for a
variety of specimens measured at 120°C. Table 7 relates
the measurements of Moore et al®® to specimen
history; they fitted their data with § = 1.2 for oxalate
thoria and 6.5 for sol-gel thoria. Springer ef al.'? fittsd
their data by

A=(1 —P)J(1 +1.49P%0.79 +00185T)Wem™ (°C) "' .

Table 8 gives low-temperature results of Moore and
McElroy ** Their results over the whole range, cor-
rected to theoretical density with § = 0.5, have been
reported S The corrected results follow:

1/A =001935T — 0.1550, 200 to 400°K ,

1/A =0.02141T -- 5.9800, 400 to 1400°K .

Teble 6. Specimens for Thermal Conductivity

Shown ia Fig. 12
. Specimen Density
lavestigator Preparation (g/cm3)
Babcock and Wilcox® Not given
Adams®”? S%ip cast 8.07°
Mrore and McEroy** Commmercial® 9.37
Springer et 2.3 Sintered 1750°C 9.30(1)
in Hy 8.66 (29
736 3¢
Moore et o 3 See Table 7
Koenig®® Hot pressed 958
at 1800°C
Kingery er ol.*? Same 23 Adams
Jacgez et o ”® Sintered at 1500°C 8s

SAttributed by DeBoskey’ ! to Babcock and Wilcox Aliemce
Research Center.

bBased om theoretical demsity of 10.00 and authre’s per-

csatage; may be 7.82 if suthor wsed = lower theoretical dewnsity.
‘Brush Berylium Co. “Thorox.” Grain size 18 xm; <400
TSugar was iccorporated before pressing to give added
porosity after firing
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Fig. 12. Thermal Conductivity of Thods. References and data on specimens are in Table 6.
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Table 7. Thermal Conductivity of ThO, Specimens with Different

Frepanatioa Histories®
Specimen Dens;y Sintering (v ! O ) at —
L om Cond:ti
¥ em’) 30°C 75°C 120°C
Sol-gel *horia 9.046 Inhydrogen 00828  0.0702  0.0596
at 1750°C
Sol-gel thoria 9.046 In air at 00817 0.0692  0.0509
1650°C
Oxalate thoria 93528 In air at 0.1260 0.1100 0.0958
1650°C
Oxalate thoria 8.582 In sir at 60334 00800 00683
1650°C
Oxslate thoria 8.116 In air at 00593 00523  0.0480
1650°C

“From Moore et al, ref. 63.

bSmoothed valuss are tabulated here. Measared values were precise to within
10.25% and have 2 probable accuracy of 11.75%. Some of these specimens were
gound flat in a solution of ethylene glycol and water. The solution had a
noticeable effect on the specinsn conductivity whea the meassrements were
made shortly after grinding. It was necessary, therefore, to thoroughly dry the
samples by heating to 400 or 500°C in ais before making meassrements.

04

THERMAL CONDUCTIVITY (w cm™ *C)

Coaductivity of 93.7%-Deass Thouie®
Temperature Termal
K) (§(&]) w ! 0 -1 ]
90 -183 0614
100 -173 0.544
150 -123 0.333
200 -73 0.234
250 -23 0.186
300 27 0.154
350 77 0.131
®Data of Moore and McElroy **
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McEkoy et al®® ezsmred the thermal conductivity
of vibratorily compacted beds of thoria microspheres.
Figure 13 comperes the values with those of helium gas
and theoretically dense thoria. Figure 14 shows the
effect of interstitial gas pressure. Table 9 lists measure-
ments reported by Feith®® on 75%-dense beds of thoria
powder in vacuum and i warious gases at atmosph.2ric

- e

g 8 T

: 5 =g g

; T i -
\cumm

; . / N .

/
000

PRESDURE (otwm) —o

Fig. 14. Effect of Intusstitisl Ges Posasuse on the Theomal
Coaductivity of Vibmatoslly Compected Beds of ThO, Micso-
qh:-.nmdud-:uoyad“romt.lusnol,szs
N/m?.

Emimivity. - The total nonmal emsesivity renarted by
Pirani?? for thoria sintered at about 1600°C is plotted
in Fig. 1S. Weinreich”® reported the effect of varicx
treatments on the spectral emissivity (at 0.55 snd 1 ;m)
of thoria deposited on tungsten. The values ~7aried
considerably, depending on prior thermal and electrical
treastment; he attributed the variation to reacticn with
the tunesten support at about 2500°C. He gives
references to previous spectral emissivity measurements.
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I
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200 300 400 So0 600 700 800 S00
TEMPERATURE (°C)

Fig. 15. Relative Emissivity of Thoria Perpendicular 0 Sur-
tace (black body = 100). Data of Pinni 72

Table 9. Thermsl Conductivity of 75%-Dense Beds of ThO; in Vacuam

and in Gases at 1 atm (10° N/m?)*
Temperature Thermal Conactivty [Wem ™ (0}

co He He-S2% N, N, Ar Vacwzm?
400 0.0128 0.0130 00122 0.0107 0.004
500 0.0122 0.0122 00118 00101 0.0043
600 0.0119 0.0116 00107 0£:i00 0.0047
700 0.0118 0.0113 0.0104  0.010S 0.00S
800 0.0118 0.0113 00155  0.0125
900 0.0122 0.0117 5.0106

1000 0.0i28 0.0122

1100 0.0137 0.0152

1200 0.0150 0.0146

®Data of Feith.**

B Approxim~iely 0.025 tor (4.7 N/=m?).




8. Mechwmmical Properties

The mechanical properties cf thuria depend strongly
on fabrication history. Curtis and Johnson”* showed
that the strength increased with decreasing porosity,
achieved by increasing the firing temperature, incorpo-
rating 0.5 to 3% Ca0, or both. Using powders with
different characteristics, Knudsen’® prepared thoria
with independent wariations in porosity and grain size
and found that lugh strength was favored by low
porosity, fine grain size, and high fiving temperature.
Thus, property values cited below are representative of
pacticular preparations and are not characteristic of
thoria in general. More modern preparations, because of
their lower porosity, sie generally stronger than the

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

Bending Strength. — Values of the modulus of
rupture determined from bending to fracture are listed
in Table 10. Knudsen’® obtained a reasonable fit to his
data by

S =69,700G-0-3% ¢~ »P

where S is the moduius of rupture in psi (to give S in
N/m? the constant skould be changed io 4.80 X 10°),
G is the gran size, P is the porosity, and b s a
parameter that depends on the firing temperature. It
was 5.5 for 1650°C, 4.7 for 1725°C, 38 for 1800°C,
and 3.7 for 1850°C.

Table 10. Modules of Rupture of Thoria

1708°C in ;. inostaticaly prased
2 20 ti (200 MO/ m?), simtowed 1.5 by

Modulu of Ruptes of -
0 Firing Pori Gosia 2»°c 1080°C
Rafessace Fabqication Hitery Content T*- e Sie (g0 ayad oy oysd)
-~ 0 ()
x10® xio’ x10® xe
75 %—2 pm puscipitsted powder proprsssed wet, o 1650 72 M7 10.7 74
isestaticallly pesssnd at 15 tsi (200 MNCw?), 1725 61 48 S 160
drind, fioed in exiiliring stanospheve 1900 67 21 160 1.9 169 116
1850 $3 531 124 L $
75 Same, excopt 0-5 pm sec-fused ThO; powder ] 1659 t &) 118 163 113
was ueed 1728 13 158 166 s
1909 t ¥4 164 187 129 172 ile
1850 L ¥ 174 158 129
75 Seme. rzcept 5-10 .m mc-fused powder 0 1650 n7 50 t ¥ ] &1
was el 1728 30 5.1 108 712
1909 n2 4.1 13.7 94 2.7 &7
1850 197 LY 4 155 10.7
75 Sewc. excopt 1015 s asc-fused powder 0 1728 s 9 6S 45
wes wnd 1900 ns3 2.4 92 63 57 3
1850 22 93 106 13
75 Same, except 3060 sm svc-fesed powder o 1650 1n3 356 is 19
was wesd 1728 ns3 ns 40 28
1900 3.1 99 1.6 32 24 17
1850 308 %2 2.6 39
» Powdier bisnded, pespressed dry, hydso- L X 1800 09 2 10.3 71 { T 73
sitically pesssed st 15 tui (200 MN/m?), 1800 (1) 2 15.1 104 152 ios
fiosd i oxidising stmesphese
14 Calci=sd powdes goveved o1 12.7 tsi (175 MN/m?) ° 1490 %9 07 es
with 2% dextrin snd 5% B0, fised 1600 ns 09 06
2winey 1900 176 13 L L]
74 Same 0s 1600 172 09 o
1900 0.0 1.9 13
74 Sams 10 1600 128 o9 T
1900 0.0 20 14
] Sems 30 1480 3.1 07 es
1000 . ] 26 18
n Alr-cuicined 33600 sm powidor sinteved ot 0 1580 s 11.3 78 893 62

SVeluss we for specimoms of twe sises o5 sequised by diffevent spparstus.
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Table 11. Compeessive ! teagth of Thoria at Room Temperat~e

Porosity Grein i (mm) Compressiw Strength  Number
Reference ) Size Tempenature Cross X 2 Tested
) O Section Height (psd) Njm®)
x 10° x 10°
75 6.7 25.1 1800 10.2 diam 20.3 220 15.2 ]
8.6 16.4 1800 10.2 diam 20.3 227 15.7 8
222 6.1 1800 10.2 diam 20.3 139 9.6 9
313 94 1800 10.2 diam 20.3 73 5.1 e
311 429 1800 10.2 diam 20.3 31.6 2.18 9
78% 8 1950 6 square 6 214 14.8 1
7€ 09 2 1300 8.7 diam 53 222 153 5

©Prepared from five different starting powders as described in Tabie 10.
599 5%-pure thoria fired in an oxidizing atmosphere.
°Th0; —0.5% Ca0 prepared as in Tabie 10.
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Fig. 16. Compsessive Strength of Thotia st Fievated Temperatures. The data of Ryshkewitch”® are for 99.5%-pure material fired
at 1950°C in an oxidizing here and having 8% porosity. Yust and Poteat”® isostaticaily pressed high-purity 0.5-um powder at
17.5 tsi and fired 1 sir at 1800°C for 2 hr. Soecimens had density 97.5% of theoretical and average grain diameter of 10 um. To
comvert, 1 psi = 6895 N/m?.

Compremsive Strength. — Compressive strengths of  respectively. The denser material retains much more
thoria measured at room temperature and elevated  strength above 1200°C.
temperatures are presented in Table 11 aad Fig. 16
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Compressive Stress-Strain Relationships. — Morgzn et ORNL-DWG 67-8623
al®® report compressive stressstrain curves for iso-
statically pressed and sintered solgel ThO, at different
temperatures; Fig. 17 shows their results. Figure 18
compares ;he 1450°C curve with comparable curves for
uniaxially pressed and sintered oxalate ThQ, of dif-
ferent densities.

Tensile Strength. — Ryshkewitch’® reports “just be-
low 1000 kg/cm?” (14,000 psi, 10* N/m?) for 2-mm-
diam rods fired at 1950°C in an oxidizing atmosphere
' to a porosity of 8%.

x --—1450 °C
0 ----1350%
® —— 650 °C

1

]

]

i
’/oo—v

“.'.

STRESS (psl)

Shear Strength. — Wygant®! tested, with 2 torsion
apparatus, thoria isostatically pressed under 25000 psi =~ / /
(l7XlO'N/m)andﬁredt01830CforShrtoa e BN
density of 9.53 g/cm>. Strengths were 3500 psi (24 X
107 N/m?) at 1100°C and 1200 psi (8 X 10° N/m?) at 8000 iy
1300°C.

o 0010 (in) Q020 0030
o 32 (%) 63 95

PLASTIC STRAIN

Fig. 17. StressStrain  Relationships for 9.1-g/cm® SolGd
ThO, Peliets Tested at 2 Constant Compsessive Strsin Rate of
0.0007 in/min. Taken from Morgan ef .%® To convest, 1 psi =

6895 N/m3.
ORNL-DWG 67-8522
28000
1 i
24,000
SINTERED OXALATF_ POWDER
f 0--980 q/«:m3 DENSITY
5 --9.44 g/cw* DENSITY
20000 ® --887 g/cm® DENSITY
- L-GEL -statically  Pressed) L
2 16000 / x--940 gkc DENSITY
wn
v
@ [ )
& 42,000
’ /
o
8000 o
4000 |
o
o 0010 0020 (in) 0030 0r40 0050
o 32 63 (%) 9.5 126 158

PLASTIC STRAIN

Fig. 18. Effect of Deasity on Stress-Strain Relationship for ThO, Pellets Tested i 1450 °C with s Constsat Compisssive Strain
Rate, Taken from Morgan et al.8% To convert, 1 psi = 6895 N/m2,
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Creep Rate. - Wygant®' found 2 torsional creep rate
of 206 X 107 /hr at 1100°C under a ioad of 1200 psi
(83 X 10° N/m?) for specimens similsr to his shear
strength specimens described abowe Poteat®? and Yust
report the creep rates in Fig. 19 for specimens similar to 2

is compered®® in Fig. 21 with a similar carve for
oxalate-derived ThO,. Kaufman®® determined creep
rates from data on hot pressing low-density specimens.

OfsaL - OWE 69- 12837

Fig. 19. Creep Rate of Thoris. Taken from Poteat and

TIME (pr)

their compressive streagth specimens (Fig. 16), tested in o ORML 1, 3 I
compression by application of a constant load in the o'l & BETTS Spu 1790°C —
range 4000 to 11 000 psi (28 to 7.6 X 107 N/m?) at - ¢ BETTS 200 o —
temperstures from 1400 to 1800°C. Wolfe and 5 woore T H5 J;
Kaufmsn®? showed a striking effect of grain size on s i7 —
steadysate creep rate; their results are shown in Fig. . 2 iyl
20 with comparable ORNL results. Morga™ and Hall**  : .(',, = I 7
found a compressive creep rate of 13 X 10*hrat  w o, woo A~ LAY _ /%00
1465°C and 8000 psi (5.5 X 107 N/m?) for cold- <& - w L] -
pressed bushings sintered 2 hr in air at 1300°C to & . ¢ +— i -
density besween 9.7 and 98 g/em®. Incorporation of & ~ - 4 f———-
C20 decreased the creep strength ct:nsadenbl‘ They E ff % 4B e B35
observed*® cresp at as low as 650°C for S1glem® © 2}— — : 1700, :
soj-gel ThO;. A creep curve for this materiat at 1500°C 3 / e 4 ,f‘ r
; i 7/
.g imm“.u = “ i i 5 430 ]
! 800 750 700 650 1600 550 500 M0 0 5 o =
- ] — T T _
: ' -~ 3
f :;i . * + 2 // A [
B KN—— =3
o4 { l i
HUANAN 2x103 5 ot 2x10*
N STRESS ‘psi)
2} ix- 20 pm Fig. 20. Effect of Stress and Grsim Size om Steady-State
N Cseep Rate of High-Density Thona, Taker from Wolfe and
R \ Kaufman®3 Bettis rexults are by Wolfe on specimens cold
oo ——t pressed and sintered to 2 demity 98.5% w1 theoretical; the large
R F7500 g5 <rain size "vas obtaiwed by annealing 4 hr at 2300°C. The ORNL
% — ] results are by Poteat and Yust, mostly reposied,®2 on speci-
. s N\ mens like those of Fig. 16. To convert, 1 psi = 6895 N/m3.
2 AN\
Py m"'A b
g, |
0082 ORML-OWE 67-0623
oose ‘J]i 58
w03 L L A\ 00%4 —~+—
O\ o e s L,
+ n - AT 1465 C- - £
! ‘L—f \\ ::z: 1 el z
s > NI\ z — s &
\. £ o TADZ g :
3 oo
2 - S oot P .:a
0012 4 9
000 [ =-S0L-GEL ’!::; g S— a2
: . [ el udow o o
g w 048 050 052 054 056 058 060 m: L I o
(] 00 200 300 €00 300 60O U 800 00 000
1000/, o)

Fig. 21, Creep Curves for ThQ, Peliets with Constant Com-

Yust®? Specimens are like the same authoms’ specimens  pressive Loading. Taken from Morgan et al.®% The loads are S5
described in Fig. 17. The stresses are 28, 52, and 76 MN/m?. and 17.1 MN/m?.
i
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Impact Strength. — La-g 2ad Knudsen”® found an
average impact strength of 153 ftdb/in? (33
kg-cm/cm?) on unnotched Charpy specimens (Zimen-
sions 5.5 X 1.0 X 1.0 cm) of ThO;-0.5% CaC pressed
at 3000 psi (2.1 X 107 N/m?), re-pressed hydro-
statically at 30,000 psi (2.1 X 10® N/m?), and fired 1
hr at 1800°C after slow heating.

Young's Modulas. — Like many other propetrties, the
elastic constants of thoria depend on poth porosity and
other microstructural features. The most extensivwe
measurements of Young’s modulus at room tempera-
ture are by Spinner ef al,®7 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-iemperature values of Young’s modulus are col-
lected in Table 12. Elevated temperature measuremeuts
by Spinner et al®® are shown in Fig. 23 and those by

Y-97401

2300

2000

YOUNG'S MOOULUS , kbars

Fig. 22, Variation of Young’s Modulus of ThO, with Poros-
ity. Taken from Spinner et a.®7 Grcip I specimens were
pressed from O- to 2-um powder with cross-linked polystyrene
beads added to introduce porosity on firing. Those of group II
were similady prepared from 2- to 4-um powder. Specimens of
groun Il were prepared from powders 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 ThO; with iem-
reratuse for Different Porosities. From Spinner et al.?® The
values are fo: Group II specimens of Fig. 22; the temperscure
dependence was similar for other specimens. f, is the flexural
resonance frequency {fundamental or overtones). One bar is
14.5 psi, or 100,000 N/m2.
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£ Table 12. Varions Values of the Young’s Modsius of ThO; st Room Temperature

P Pressing Cs0 Sintering Condiiions Porosity  Mcasirement Young's Modulus

b Rolorsa> “hethod @ B O (»  Medom (D Method ()  (N/mP)

x10° x1o'!

78 0 1950 Oxidizing 8 Rending 19.8 1.37

76 Isostatic 15 05 1800 1 Oxidizing 0.9 Bending 34.8 2.40

i 7 Isostatic 15 05 1800 1  Oxidizing 0.9 Sonic 3458 2,383

§ 83 Commexcial 0.5 14 Sonic 349 2.41

L 8 Commercial 0 9.3 Sonic 29.0 2.00

74 ‘ 127 0 1400 2 Air 46.9 Sonic 7.3 0.50

£ 1600 2.8 12.8 0.88

i 1800 17.6 19.6 1.35

4 05 1600 17.2 20.7 1.43

E 1500 0.0 20.9 1.44

e 1.0 1600 12.8 19.9 1.37

1800 (X 339 2.34

30 149 5.1 10.7 0.74
1800 0.0 43.6 3.01

Specimens of Custis snd Johnson”*® were mixed with 2% dextrin and 5% Hy 0, then pressed and cintered as indicated.
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other investigators in Fig. 24. The measurements by
Wachtman er al®? over the range —196 to 580°C are

reported only to fit the equation
Y-97398
E=Eo - BT exp(-181]T}, T T T T T T 7
_ee oMOITYN ¢
‘, where Eo = 20416 X 10'? dynesjcm? (2961 X 107 [A-2-4-0-24 | " ew " [ow
- - |8-2-9- 8- - ] it
psi, 2.0416 X 10'! N/m?), B =2.73 X 10® dynes cm ™ [-2e-2-3 | we |e#
CK)™" [396 X 10° psiK, 273 X 10" N m™ et | o 2n
(°’K)7'], and T is the absolute temperature; their F-2s-0¢ | nw__|om
specimen is described in Table 12. $-2-4-%-¢ ’:"m ::'
Shear Modulus. — The extensive measurements by O SECOND T
. Spinaer ez al show effects of porosity, structure, and sool- ¢ TR
= temperature similar to those found in their measure-
ments of foung’s modulus; values i:¢ in Fig. 25 for
room temperature®’ and in Fig. 26 for slevated 750} 4
temperatures.”® Other investigators’ values are col-
lected in Table 13.
700!
Y-97402
1 4 . ] | sso
1§ eoo}
- £
: :
3 T 3 sso}- -
§ -
. < v
Y] -4 -
s * Soof -
450} -{
[+] - I e -
o 1] 2¢ 30 40 30
POROBITY , % a0k -
Fig 25. Vasiation of the Shear Modulus of ThO, with 350 -
) Porosity. Taken from Spinaer ef uL%7 The specimens are
described in Fig. 22. One bar is 14.5 psi, or 100,000 N/m?2.
’°°T -
‘. 2%0F -
Fig 26, Varistioa of the Shear Modulws of ThO, with 200 .
Tempenatuse for Differeat Porosities. From Spinner et ol %0
The values are for Group 1l specimens of Fig. 22; the
tempersture 1ependence was similar for other specimens. f, is s
the fundamental torsional resonance frequency. One bar is 14.5 c 4 600 600 W00 400
psi. or 100,000 N/m3, TEMPERATURE oC
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Poisson’s Ratio. — Values reported are collecied in
Table 13.

Buk Modulus. — The -2ue by Lang and Knudsen’¢
is in Table 13.

Hardues. — Wolfe and Kaufman®? have summarized
two sets of Yiacis nardness messureraerts on high-
density thoriz, as shown in Fig. 27. More details of ths
high-temperature set have appeared elsewhere.??
Finlay®? reported 2 Knoop 100g hardness of 945
kg/mm? for undescribed material. Lang and Knudsen’¢
measured Knoop 500¢ hardiiess on scecimens of the
ThO; —0.5% CaQ 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 waether the spec-
imen was unstressed or stressed, tested on a high-stress
or nostress area when stressed, or tested at room
temperature or 1000°C. Wolfe and KauSman®? 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
acd fractured at lower loads.

Cleavage. — Campbell e a1 found cleavage planes
in a commercial 0.5-4n. single crystal of thoria to be
principally {100}. By electron microscopy of thoria
platelets extracted from a deformed thoriated refrac-
tory alloy, Gitbert®® found cleavage principally on
{111} planes but occasionally on {C1:} or /201}.

o5 RN~ 0N 6912838
_ [ 9 L2 |
0 95.0 % DENSE, WERDIERG -

0 AND LUSTMAN -
« @ 37.5 % DENSE, KOESTER of oL 1
8 Srs -4
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TEMPERATURE (°C)

Fig. 27. Harduess of ThO,. Reported by Wolfe ind Kauf-
man®3 and sttributed to J. G. Weinberg and b. Lustman of
Westinghouse Atomic Power Department and to R. Koesier ef
ol. of BatteBe Memorial Institute.

Tabie 13. Shear Modulus, Poisson’s Ratio, and Bulk Modsius of ThO,

Reference Method Tempenture Shear Modulus Poisson’s Sulk Modulus
(Sheasy O (psd) (N/m®) Ratio (ps) (N/m?)
x 10°* X 10'° x 10° X 10'°
914 Bending Room 85 59 0.17
812 Toxsion 30 14.3 58
700 114 19
1100 8.6 59
1300 S6 39
7%€ Sonin Xoom 13.49 9.30 0.282 26.4 i8.2
300 139 9.0 0.28
600 12.3 85 0.28
900 11.7 5.1 0.28

S)isterial described for ref. 78 in Table 12.

PMateria) de-cribed above under Shear Srangth.
©ThO; - 0.5% Cs0 deacribed for ref. 76 in Table 12.
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9. Chemical Properties

Thermal Stability. — Thona is exceedingly stable to
quite high temperatures. Some decompositicn tc ThO
and oxygen occurs®®-*? on vaporization above 2000°C.
Soiid ThC 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
air.3%-3? The composition ThO, o4 is reported®? for
thoria heated above 2500°C.

Reactions with Noametallic Solids. — Miving of
powdered thoria with various oxides and hailides affects
the densification on sintering at 1500°C after
pressing.”® Thoria combines iz 20 hr in O, at 1200°C
with Pa; Os 1o form a singie fiuorite phase.®” Heating
pressed mixed compacts of ThO, —30 vol % UN 25 hr
in the range 600 to 1100°C gave no reaction.?® Similar
compacts did noi feact in ? hi at 2400°C under S00
torr N,, but the thoria discolved the UQO, impurity
from the nitride ®?

Kroll and Schiechton'®® found that mixtures of
thoria and graphite powders started to react in vacuum
at 1380°C. Nadler and Kempter'®! found a similar
mixture to react in helium at 1650 to 1730°C.
Greenwocd!®? found reaction betweer thoria and
“retort carbon” at 1400°C in a poor vacuum (by
modern standards). The differences may be due to

21

differences in subdivision, since Johnson'®3 found a
temperature of 2000°C required for reaction between
large specimens of thoria and carbon in contact. The
produrt is invariably a carbide and not thorium mezal.

Benz!®* found reaction between ThQ,, ThN. and
thorium to form ThyN4 and Th; N, O. 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 ThO; content.

Fries et al.'®® observed reaction between W,C and
ThO, at 2200°C or higher, melting occurred at 2400°C.

Compatibility of thoria with borides was tested®’
with duplex pellets of thoria with boride centers, rade
by simultanco-sly cold pressing the powders and
sintering in hydrogen 4 hr at 1700°C. Heated in dry
hydrogen for 1 hr at 2500 or 27C5°C, compacts
containing HfB, showed melting at both temperatures,
while those with ZrB, did only at the higher temper-
ature. Heated similarly in moist hydrogen, ooth borides
formed a glassy product at 2400°C and reacted com-
pletely at 2600°C. Also, TiB, reacted completely at
2600°C.

Fired thoria bodies appear quite resistant to nearly all
nonmetallic oxides. Some interactions reported! ®* are:
with BeO, liquid formation at 2:i30°C and complete
fusion at 2200°C; wiih MgO, some vapor reaction at

Table 14. Interaction of Thoria with Liquid Metals

Metal Reference Result*

Bismuth 111 Stight attack? in 167 " at 1000°C

Cetium 106 Cerium dissolved cumpletely in thoria at 81C to 1000°C

Cobalt 112 No chemical reaction but complete penetration in 0.5 hr at 1930
2130°C

Tridium 113 Thoria crucibles withstood several meltings

Lron 112 No chemicai reaction; 0.01 mm penetration in 0.5 hr at 1930—
2280°C

Lanthanvm 108 Penetrated grain boundaries at 950—1200°C

Platinum 114 Thoria crucibles withstood several meltings

Sodium 115 Less than 0.001 in. corrosion in 100 hr (<0.0025 cm)

111 Practically no corrosiou in 168 hr
Titanium® 116 Very little attack
Uranium 117 Darkened zone penetrated 8 mm in { hr

118
118
118
118
118

Bi-0.1% Mg—0.025% Z«
Bi-0.54% Mg~0.025% Zs
Pb—0.1% Mg—0.01% Zs

Pb—2.2% Mg-0.01% Zs
Pb—46.7% Bi—0.1% Mg—0.01% Zs

190, sturry circulated 1376 hr without rcavtion at 460-550°C
ThBi, plugged Joop in 152 hr at 430—550°C

No resction in 78 hr circulstion of ThO, shrry 2t 500—550°C
ThPb, plugged loop in 89 br at 360—-550°C

No rexztion in 2136 hr circulation of T, shurty at 330-550°C

$Unless otherwise indicated, result is for melting metal in contsct with thoris.
°mm:m“mwmmthomu.mBMmmm.
“Titanium severely attacks Th"-ThO, compacts.' ! ?+139




2200°C, erosion but no adherence; with Z10,, light
adherence at 2200°C, no liquid phase at 2300°C.
mmmmmmmmmmz
hr at 2000°C showed a0 visual, metallographic, x-ray
diffraction, or microhardness evidence of inter-

Reactions with Metals — Thoria is unceactive to
“cmmnon metals under their conditiors of use. It reacts
with thorium to form ThQ at 1850°C and sbove; the
reaction is reversed on cookng.>® That calcium reduces
thoria is wellknown. Molten Zn-5% Mg at 750 to

action.!*¢ 850°C reduces thoria,'®”? and so do solutions of
Table 1S. Intexaction of Thosis with Solid Matals
Metal Refecence " Resuit
co () Medium
Berylimm 121 1400 025 No reaction
: 1606 0.25 Some peactration of thoria
E} Indium 22 1800-2300 Vacuam Thoriz blackened ; attributed to tungsien present
E Molybdenvm 121 1800 0.25 No reaction
103 1900 0.0 Visible seaction (but little seaction o 2300°C)
g' 123 2158 Reacts on rapid heating to this temperstere
;5 Nickel 121 1800 0.25 No reaction
E Niobium 124 1540 1000 No resction
{: 121 i800 0.25 Some cosrosion
f 123 2135 No reaction oa rapid hesting t0 tempesature
: Rbenium 125 2350 2 Vacusm  No reaction
123 1350 Initial reaction on rapid heating; no rapid reaction to
2280°C
Silicon 121 1400 0.25 Slight reaction
1600 0.25 Grain-bowadary peactration and graim discolomation
Tantalum 124 1540 1000 No reaction
% 2500 Very little attack to Ta on proloaged use with ThO,
123 2795 No reactios 20 rapid heating to tempessiure
105 2550 1 No reaction with ThO, in capeule, C + H; ouside
105 2600 1 Severe reacton, ThO; ia capsuie, C + H; cutside
fitanium 121 1400-1800 025 Slight rzaction
Tungsten 103 2200 0.07 Visible reaction®
128 2350 2 No reaction
122 2350-2400  Several Thorsia severely pitted®
30 2100-2400 No reaction of equamolar mixture; 2 hr at peak tem-
perature®
99 2400 Ny No reactioa
7 1900-2600 ThO, satisfactorily contained in W crucibles during
prolonged experiments®
123 2645 No reaction on rapid heating 1o temperature
105 2100 1 No reaction with ThO, in capsule, C + Hy outside
Zirconium 121 1800 0.25 Very slight cotrosion
Mo-40% Re 125 2350 2 Vacaum No resction
Nb-1% Zr 124 1540 1000 No reaction
W-5% Re 124 1540 1000 No reaction
W-.26% Re 124 1540 1000 No reaction
126 2215-2290 168 No reaction

mwm:m”mnmad”ammymmdm with tangsten, respectively, to
decomposition of ThO, to ThO followed by disproportionation of ThO and to reduction of ThO, by carbon impwrity in the

tungsten.




clcium and magnesium in molten bisswmth.® Mixed
with thoria powder, cerium reacted slightly at S00°C
and extensively at 810°C; at 600 and 924°C lanthamr-
dissclved in the thoria.'®*® Nowak snd Asamseo'®?
foun: no interzction of ThO, insulation wiin tungsten-
rhenium thermocouples in prolonged tests to cver
2800°C and in 2 muclear reactor’ *® to 1200 hr over
2300°C. Other behavior of thoria with liguid and solid
metals is sunmmarized in Tables 14 and 15 respectively.

Reaction with Liquids. — Dissolution reactions of
thoria have been collected by Bachman and Banks.'?7
In sunmmary, thoria that has not been heated over 550
or 600°C will dissolve readily in 8 to 16 M HNO; with
a small amount of fluoride present. Increasing the firing
temprerature makes dissolution more difficult. Oxide
ignited at over 1000°C requires concentrated nitric acid
003 M in fluor,-Ze at 100°C, ani drzolution is slow.
swgeciion with fuming sulfuric acid or fusion with
NaHSG, or Nap$,05 conaverts ThO, to the water-
soluble svifate. Hydroclioric acid, even with added
fluoride, is ineff>ctive toward high-fired ThO,.

Small symples of ThO, can be dissolved in 36% HCl
with added HCIO, 2t 310°C in a sealed tube.'2® Thoria
ignited at 2000°C can be converted by frsion with
ammonium bisulfate to a clear melt that is soluble in
sulfuri. acid. ?* Bishop et ol ! 2® dissolved thoria (both
unirradiated and irradiated) in | to 8 hr in refluxing 13
M HNO,-005 M HF. Phillips and Huber'3! have
related dissolution rate to the concernirations of
tisorium nitrate, alumiaum nitrate. and hydrofluoric
acid. Russell er 3.73? showed that thoria dissolves
three to six times as fast if 1% MgO is incorporated in
K.
Reaction with Gases. — Thoria is apparently stable to
mos: gases up to its melting point. Exposed to air at
low temperature’ it picks up water and carbon
dioxide. The water escapes below 150°C; the CO,
requizes higher tempcratures. The carbon dioxide pick-
up is substantial for unfired powder, is decreased 75%
by firing at 1400°C, and is nearly eliminated by firing
at 1800°C. Grossman and Kaznoff! *? report no inter-
action of thoria with cesium vapor in 300 hr at - torr
(500 N/m?) to 1600°C.

10. Swrface Properties

Surface Emergy. — Benson er al.'3* hawe calculated
cohesive znd surface energies of thoria from atomic and
structural parameters. Their estimates for the surface
energy are 810 and 1150 ergs/cm? by different
methods. Livey and Murray® S estimate a .alue of 530
ergs/cm? to $20%. All values are for 0°K.

m e v vy m———

Int»:~2tion with Aqueous Systems. — Heats of inumer-
aca of thoria in water were measured by iolmes et
@'3¢ The data shown in Fig. 28 rewal a complex
dzpendence on the specific surface »:2ea, crystallite size,
and temperature of prior outgrising. The latter effect
reflects reversal of the removal of chemisorbed water
during outgassing. Af‘cr being outgassed at S00°C,
some of the samples were measured for heat of
immersion as a2 function of presorbed water content,
and the functions were differentiated to give differ-
ential heats of immersion. The samples are described in
Table 16.
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Fig. 28. Hesat of Immession of ThO,; = Water »2 25.0°C.
From Holmes et al.}3¢ Cop;vight by the Amezcan Chemical
Society; reprinted with permiss oz,

Table 16. Chzaacteristics of ThO, Samples for Hest

of Immersion Measurements’ 3¢
Cakcining  Nitrogen Geometric Mean Crystallite
Sample Temperature Surface Area Particle Diameter  Size
€0 (m*/p (um) A
A 650 14.7 2.63 194
B 800 11.5 2.67 220
C 1000 5.64 22 682
D 1200 2.2 297 1700
E 1600 1.24 1.20 2500

Py > B
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The interaction of thoria swfaces with wariows
aqueous electrolyte solutions has been studied electro-
inetically and expressed in terms of zeta potentisls and
other properties. 37! 3* Fuller et al'*® wsed infrared
absorption to find that water on thoria surfaces exists
in four forms.

Wetting by Liguid Metals. — Table 17 hsts imforma-
tion oa the wetting of thoria by liquid metals.

Adverption_ of Gases. — Holmes er ol '** messured
adsorption of water, mitrogea, aad ssgoa Oa wariows
thoria powders. Adscrbed water was a very important
factor in the sdsorption of the gases.

Tabls 17. Wetiing of Thesis by Liguid Metals

Reported Tompenatuse Other
Motal Referonce (oo - Information
Noawetting® Wetting® in Refossnce
Alumizem 141 #9500
Berylinm 141 mp
Biqueuth 141 .
5 <1100*

Cadminm 141 >800
Gaicam 141 >mp
Cerinm 108 >mp ¢
Cobalt 112 1930-2130
Copper 141 >1250
Irom 142 1550 cde

143 <1800 >1800 ¢
Lapthanum 108 950-1200 cd
Lead i4l 21000
Megacsinm 141 >mp
Mo—40% Re 143 2500-2750/ c
Nackel 142 1500 cde
Platinum 143 1770-2240 ¢
Rhodimm 143 1940 1990-2250 c
Silicoa 141 Pup
Silver 141 51000
Sodinm 141 400
Tin 141 >1200
Uraniam 17 Mp
U-4% Mo 117 Mp
U—4.6% R1 117 Mp
Vinsdinm 143 >1970 ¢
Zuconium 141 mp

“Unless wetting or somwetting is cited by the author, wetting is takon s
occutring i the contact sagle is less then 90°.

SBismuth costr'sing low concentrations of metals thet seduce 003 would
wet thorie such . tels ase AL, Ba, Ca, Fe, Mg, Na, Th, T3, U, Za, s0é ..

€Contact sagle.
FWosk of adhesion.
€Susface temsion.

TBarely wetting; contact angles nee- 90°.
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B. Thocium-Urnninm Oxides

1. Compesition

The dioxides of thosium and ursnivm form a con-
tinuous series of solid solutions over the entire range of
composition. Such propzarties as melting point and
Isttice pammeter reflect nesr-ideal solution behsvior
over nearly the whole range; sharp negative deviations
occur in 2 narrow range near 98% UD,. Neeb and
Peehs' ** demonstrated that a temperature gradient at
very high temperature induced a composition gradient
i (Th,U)O; ; unniom mignted from a 2500°C region
to a 2090°C region.

ikated & a&f of other oxidizing media the
Mmmqunmwm
on temperature and oxygen activity and increases with
ensium content. An example by Chadel and Brau®**
B8 givi @ Table 18. This oxidation occurs without 2
phase change ueil the uranium oxide content exceeds
50 or 60%. Uraimm-rich axide can form a sccond phase
of, or similar to, U, 04. Figure 29 shows the amiting
compositions givea by Gilpsiric'! ef ol.'*7 Other data
o1 the system are given by Gilpatick and
Secoy,!*®-'4? Gipatrick ef ol,'*® Friecdman and
MlSl Cohen and mlSt Lm‘lSS and
Christexaen.! ** The compounds Th, U,0, (ref. 155)
and UTHO; (ref. 156) have been identified under
special coaditions, but no compounds appear to form
for the compozitions and conditicas of nuclear use.

Tabie 18. Effect o/ Jraninm Conteat

and Hest Trostment on the
Composition of Thy _ U, 04,
From Clandel and Bran!4¢
7, Oxidstion
Urasism i
Fraction As Prepared® Trested?
00112 00071 0.0060
0028 0019 0.016
0.052 0036 0.032
0.065 0.047 0.042
0.09%4 0.071 0.062
0.192 0.151 0.133

From mixed oxalate by calciastion 24 hr in air at S00°C.
cated 4 hr in zir 3t 400°C, thea 24 ke st 450°C and 107
tosz.
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CUBIC PHASE BOUNDARY POINTS (T)
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C 1400
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Fig. 29. Limiting Composition of Phases in the Thosiom
Oxide—Ursnium Oxide System. Takea from Gilpatrick ef ol 147

2. Preparstion

Thorium-uranium mixed oxides can be prepared by
the calcination of solid solutions such as
(Th,UXC,0,), precipitated from thorium-uranium(IV)
solutions or by the sol-gel metkod, Ceramic bodies may
be fabricated from such mixed oxides or from mixtures
of thorium and uraninm dioxide powders by the same
Firing temperatures are affected by the composition.
Firing must be in inert gas, vacuum, or hydrogen if the
oxide is to be stoichiometric (unoxidized).




3. Crystal Propesties Y7391

Strectwre, — The ThO,-U0, solid solutions have the
cubic fluodite structure of ThO,, with uranium atoms
substituted for thorium atoms. In oxidized solid solu-
tions, the added oxygen atoms are in the octahedral [
interstices. Highly oxidized uranium-rich oxide contains s
the second phase orthothombic U;04 or in some cases
“m040’. 3380

v T T T T Y T
STRANMT -LNE PORTION OF CURVE'S T
ORAEN 2 SCORDING TO TE EQUATION.
0" 313973-0090X-0127y- I ixy

337

Lattice Parameter and Density. — Considerable vari- =
ation exists anong most reposted values of the lattice fw‘
parameters of thoria-urania solid solutions, probably s
reflecting unrecognized variations in purity or oxida- $
tion. Cohen and Berman'*? appear to heve maintained  § **™
good control of these variables; Table 19 gives their &
values for the lattice parameter of stoichiometric oxides g

and comesponding theoretical densities. Their param-
etess for axidized thosia-rich solid solutions are plotted
ia Fig. 30 and compared with an empirical equation
that cosrelates them. Kempter and Elliott* have mess-
ured the littice parameter of a mixed oxide as a 3308
fonction of temperature. From the preparation method,
their material is very likely stoichiometric equimolar .
ThO,-UO,, athough this was not verified by analysis.
Their values zre listed in Table 20 and are correlated by

3318

the equation
= S, 0942 Ty yU From Cohea aad Bermam. Copyright by
8y =5.53298+4.882X 10757+ 735 X 107%2 . 1~yUy024x. From e Bl
- . pasy .4

Table 19. Lattize Consients and

Theosetical Deasities of (Th,U)O2 Tablc 20, Lattice O of }

From ref. 152 Equismolar THO,-UO, :

N Latti 'l'l cal From m»f. 4 ;

(mole % UO,) ity Tempenature PR :

A (g/em®) ) A :

100 54704 10.96 13 54337 :
90.0 SA4341 3055 19 55343
80.1 54969 10.75 05 55376

699 5.5098 16.65 195 55426 :

$0.1 55355 1046 389 55534

40.3 55475 10.37 488 55582 :

30.1 5.5590 1028 583 5.5642

10.1 5.5846 10.09 776 5.5753 :

0 $.5975 10.00 a7s 55809

2 55887 :

SStsmdand erzor of devistics 10,5003 A,

e e Ao - —— e e P S & g —— - = - PP ——




Table 21. Thermal Expassion Coefficieats of (Th,U)O,

Range

"(2; Reference Coefficient p Vale [C) ]
6.4 157 Mean 25-800 9X107¢
20 157 Mean 25800 8X107®
50 4 Mean 26—t 88553 X107+ i.229X 107%
50 4 Instantancous 26-—1000 8.821 X 107+ 2,658 X 107%¢
Thernml Expansion. — Reported themnal expansion  where ¢isin °C.

coefficients for (Th,UMO; are lListed in Table 21.
Thermal expansion measured by Springer e al!3 is
given in Table 22, and that by Tumer and Smith'>® for
ThO,—9% U0, is fitted by:

Percent expansion = 9.99 X 10 ~*(z - 20)
~245X1077(¢ — 20)?
+2.33 X 1071 °(¢ — 20)* £ 0.0125,

Y-97399

OPTICAL DENSITY
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Fig. 31. Absouption Spectss of (Th,U)0,. From Gruen,!6°
Copyright by the American Chemical Society; reprinted \vith
peruission.

Refractive Index. — Table 23 lists values by Thoma
and Weszver.! 5

Absosption Spewura. — Absorption spectra of
ThO,-U0,; mixtures pressed and fired in hydrogen 8 hr
at 1750°C were measured dy Gruen'*® and are

reprodoced in Fig. 31.

Table 22, Thermal Expansion of (Th,U)0,

From ref. 13
€0 10.3% UO, 204% UO,
20 0 0
200 0.17 0.16
400 0.36 0.35
600 0.57 0.55
800 0.77 0.76
1000 0.99 099
1200 1.21 1.2
1409 144 1.47
1600 1.67 1.72
1800 1.90 1.98
2000 2.14 2.24

Table 23. Index of Refraction of (Th,U)0,

From ref, 159
U0, Content Index of Refraction
(mole %) Type 1* Type 2°

0 2.10 211

10 2.11 2.11

b 2.15 211

30 237 zi4

40 2,18 2.16

se 221 2.18

60 222 222

70 225 2.22

80 228 225

90 234 230
100 2,36 2.3¢

®Mixed powders fired 2 hr in H, st 1750°C,
BCoprer.ipitated mixtures fired in H, st 1100°C.




4. Thermodymasic Propertics

Table 24 gives specific heats of (Th,U)O, msasured
by Springerer ol *?

The most extensive measurements of the partial molal
thetmodynamic quantities for solution of oxygen in

:q Table 24, Specific Heats of (Th,U)0,
| From ref. 13
Tampustest (s CO) _ B COY)
co 10IXU0, 204%U0; 10I%U0;  20.4% U0,
° 00565 0856, 0.23¢ 0235
100 (TSN 00614 0.25s 0.257
20 0.0635 0.064, 0.266 0268
o 0.066, 0067, 0.280 azey
o Qded, 0.069, 3285 o289
200 0.969 0070, 0291 0.29%
1000 0071, 0072, 0297 0302
1200 0072 0.073 0.303 0307
1400 0073, 0074, 039 0.313
1600 0.075, 007, a31s 0319
1500 0.07%6 0077, 0.320 oI
2000 a7, eo78, 0328 0329
Tahle 25, Pactial Mol Thermodyaamic Quantities for Solution
of Oxyges st 1250°K in Thy_,U)044,
From ref, 161
—Go, -3¢, "Eo;
y x el O cl ] b O
mole mole mole®X  molke®KX  mole xole
e o0u2 518 27 s 33 62 25
0% 0082 524 N9 13 54 s ns
0% 007 487 204 17 7 n 93
0% 0081 484 X2 17 n 7 293
€0 o018 «T W} 23 % 7 25
0 GIN &7 17 21 s n m
0% 0157 47 1% 2 121 n m
Q71 oo 09 213 e 9 e 2
€711 004 09 213 14 » 6 M
K Q71 oes4 412 197 21 s 74 310
1 A1 0092 465 1% n 17 22 343
‘ Q71 0121 MO 1M 34 142 s 35
’ Al G133 429 I}, ) y. ] 121 0 334
071  QI52 03 16 M 192 823 7
®71 0154 402 kS 35 146 s 351
0S2 00M 415 19 . “ 72 301
052 o045 448 1% ™ ” % e
@S2 0079 44 IR2 n 92 72 301
OS2 0087 444 1% 3 130 $3 M
0s2 0119 198 166 1s 146 #“ 38
052 o122 IS 165 u 142 22 M
0s2 0152 357 M9 © 167 a5 356
as2 o152 3152 147 35 146 s 3%
029 0019 454 1% n ” 72 301
0 0027 432 181 19 ” 671 0
e 008 3713 156 u 100 67 0
e 0053 32 i1 2% 10> “® n
029 0053 %3 154 » 128 " m
029 0669 335 140 20 128 n W
0 0073 331 138 u 142 7 318

thorium-uramsum oxides are those of Aronson and
Clayton'®! listed in Table 25. Figure 32 is their plot of
equilibtium oxygen pressures derived from these values.
Figure 33 shows Roverts’' ¢? pastial molal quantities
for oxygen in Th,_,U0,,, for x/y = 0.175 at an
unspecified temperaturc, Table 26 lists the partial molal
heats of solution and equilibrium oxygen pressutes of
Roberts =t al,'®® and Fig. 34 shows the oxygen

pressiics Of Anderson et af. ! ¢
Y-97560
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Fig. 32. Pressures of Oxypea im Equilibsimm with
Thy_yU, 0245 st 1250°C. From Aronson sad Clayton.!?
Copyright by the American Institute of Physics; reprinted with
permission. To convert, 1 atm = 101,325 N/=2.

Table 26. Partial Mokl Enthelpy and Equilibrium
Oxygen Premures for Thotism-Uroninm Oxide

From ref, 163
UO, Content Ho, Po, 2 350°C
(mole®)  (kcafmole) (Kmale) (tom) (N/m?)
0.53 14.5 61 30 4000
0.76 17.5 73 20 2700
1.2 25 105 16 2100
187 33 138 s 670
33 35 146 1 120
597 44 184 0.13 17
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Fig 33, Partial Mokl Enthalpy (s) smd Eatropy (b) of
Oxygea im Thy_,U;0;4,. x/y = 0.175. Adapted from
Roberts.!2 To convert, 1 kcal = 4.184 kJ; 1 e, = 1 cal

B mole? °K)™! =4.184 I mole™? (°K)1.

Aitken er al'®® measured the volatilization of
uranjum oxide from thorium-uranium oxides in a
strieam of dry air at 1200 to 1600°C. Assuming that the
uranjumn vaporizes a UD;, they derived the results in
Table 27 for their four compositions. Figure 35 shows
their denzved free energies of formation for the stoichio-
matric solid solution and for the solid solutions in
equilibrivm with oxygen at 0.2 atm (2 X 10* N/m?)
and 1:00°C.

500 — Y i T T
" o y=n2s¢a — T T X
' —_—— i
4 y=0063 ~ i i
200 ® y=0030 —+ + Hr30°
| ¢ 9% 7300 820’?
100 - '*ll: ’ l
— }l T' r
S N - A
S 50 M 1 A .
- L N
¢
= __7__.- _ ),
3 ' H .“' a i 4
(Y] 20 & . y | li i
S i ! s :
AR/
w ! ]
g 0 : y v a —F >
x _’_4._
o —f f ‘T' j
5 T i -
TTE M i
I ¢ - 4 fl %
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| : R
/,( ? i { :
q N § A !
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Fig. 34. Eqeilibtinm Oxygee Pressures over Thy _ U

x*

Adapted from Anderson ef ol 164 To comvert, 1 torr = 1333

N/m3.
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Fig. 35. Free Energy of Fo-mation of Ty _,U)024x. From

Aitken, Edwards, and Joseph.16% Copyright by the American
Chemical Socirty ; reprinted with permission. -
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Toble 27, Valutility of UO; ot 1200 to 1608°C snd O, hydrogen, are plotted

Activity 3¢ 1300°C for Thy _, U, 0, ,
From nf. 168

Owngulinn
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» s xS v el
Patled of )

BPoA-NT.4 15.9% 13 ne & ]

BP=A-NT.B Q2568 58 37,313 3319
But of chilmatien
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5. Chaugs of Stute

Figure 36 siows the melting point vs composition
Lambertson ¢ al.?® and Christensen.'** Partial pres-
sus of U0, over (Th,U)O,, determined by Alexander
et o.** ming a transpirstion method with argon or

30

in Fig. 37. Other gas-eobid
oquilibria involving thorium-uranium oxides aze given in
Sections 1 and 4.

o ORNL-OWG 69 - 12839

® ThO,~ 97% U0,
s | _ *Th0,~203% 0,

(]

N

UOp, PRESSUKE (atm)

-y
S,
[ ]

1077
2000

2200 2300
TEMPERATURE (°C)

2100 2400 2500

Fig. 37. Pastisl Pressurs of UQ, over (Th,U)0,. Measured by
Alexandex et al.35 To corvert, 1 atm = 101,325 N/m3.
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6. Electrical and Magnetic Properties

Electcical Resistivity. — Figure 35 shows Gruen’s!¢®
measurements of electrical conductivity of mixed oxide
fired 8 hr in hydrogen at 1750°C. Figure 39 shows the
sotherm for 300°C and activation energies for conduc-
tivity.

Magnetic Susceptibility. — Several studies have been
made of the magnetic susceptibility of thoris-urania
solid solutions. The results of Dawson and Lister* *¢ for
stoichiometric material are Eisted in Table 28; & similar
extensive set of data was obtained by Slowinski and
Elliott ' *? The variatior. with temperature and compo-
sitio”; are consistent with a magnetic moment of about

.'[ T T | S S | T T T T T

1 4

[
¥

~tog o {8 1)
\\
g

Fig. 38. Electrical Resistivity of (Th,U)0,. From Greea.!*®
Copyright by the American Chemical Society; repeinted with
<

—~log ¢ (@~ cm."").
Activation energy {v.).

39, Electricsl Conductivity Isotherm of (Th,U)O, st
C sad Actimtion Eassgy for Conductivity. From
Gruen.!%% Copyright by the American Chemical Society;

reprinted with permission.

to 1.7°K and finds the same trend conmtinuing for
material dilute in uranium; a magnetic transition occurs
if the ThO, content drops below 42%. The suscepti-
bitity decreases with oxidation; typical results by
Dawson and Roberts!“® are given in Table 29;

Goto!7® found similar behavior.
Table 28, Magnetic Susceptibilities
of (Th,U)0,
From ref. 166
U0y ‘Tempersture Susceptihility
\ ) [y <] per Gram
x 107¢

9 197 9851
293 790
3375 722
402 6A4S
493 557

80 197 907
293 725
a3 6.5%
39 595
4485 47

70 197 798
293 635
334 87
401 5.19%

60 177 723
293 5562
3305 s.16
3525 495
393 458
417 439

50 19 6.11
293 4,75
3355 4.30
398 394
450 350

40 197 5.20
293 392
Ky} 364
353 341
397 3.19
417 3.01
433 294

30 197 4.13
293 3.08
337 2.72
398 2.38
408.5 2.15

20 197 294
293 2.14
338 1.89
400 164
482 1A8

10 203 1.05

A

|
A i i, v s i i .




Tabis 29. Magnotic Suscoptibilities 7. Heat and Mass Transport
( ol Thy _, U0 ot 308°K
Proes ref. 159 Diffusion. — Table 30 summarizes messurements by
Furuya and Ysjime®*® oa protactiniem and Ferwya®?®
£ Suxceptbility on ursmium diffesion in equimsiar ThO,-UO,.
d poe Gam Berman®! found for surface diifesicn cu (Th,U)O,
Xl D, =085 exp (—Q/RT) ca ooc
0.148 0,000 183
o bt from 1510 to 2050°C, where Q = 51,800 # 11,100
0.088 03¢ cal/mole or 217 t 46 ki/mole. Within the scatter, no
0.108 0.2¢ effect of composition could be found in the range 3 to
edid 0.000 294 30% UD,. The specimens were high-deasity sintered
6.063 214 polycrystalline materisl annesled 24 to 48 hr in
0.138 L.0S hydrogea.
U R (179
0431 0.000 435
0.069 3.5
0.220 147
0.25% 102

Table 30, Diffiesion Cosfficients® of Protactiniom and Uranium

in Polycryshlline Thy sUg sC
Mobile Temperatuse Arshenins Coefficients®
Atom o poment DexA  (Ncalmole) (QO/mole)
Protactiniom 1300—2000 Lattice 138 x 1073 91,8900 384,000
Guimboundary 564 X 10°° 59,700 250,000
Uraninm 1900-2300 Lattice 7.59 x107* 85,900 359,000
Grninboundary 104 X 1077 64,200 269,000

®Tekea from Fummya and Yajima53? Specimens were psossed st S000 kg/cm?, simtered in
vacsum 2 b at 1700°C 0 2 2oneity greater than 9.6 g/can’, and thea sintered 2 he at 2300°C in asgon
%0 a density grester than 9.8 g/cm® and an =verage graim size over 60 um. Rosults were analyzed into
Inttice and geain-boundery components.

SConstants of D = D¢ exp (—Q/RT) cm?/sec and 2aD’ = A exp (-Q/RT) ca®[sec, where D' s the
grsim-boundary diffosion coefficient and 24 is the width of the graim boundary.




Thermal Conductivity. — Springer ef «i.'> measared
the thenrat conductivity of thoria containing 10 snd
20% UG, and ranging in density from 73 to 95% of
theoretical. Specimens were hydrostatically pressed =
60,000 psi, calcined in CO, to remove binder, and fired
14 hr in flowing dry hydrogen. Porosity was varied by
incorporating sucrose ia the pressed rods. Th cesults,
including some without uranium given in Fig. 12, are
fitted by the equation

| (1 —PX0.67 + 0.282L))
0.67 + 0.282U + A1 + 0.0920);

1
x| l
10.79(1 + 0.090) + 0.0185T |

1+0.291
X (=W em™ CK)
(1+o.4oou ™ (0™,

where P is the fraction porosity and U i the weight
percentage UO,. The same equation gives a fair
represeatation of dita of Springer and Lagedrost 7! om
similarly prepared specinens containing from 3.1 to
30% UO, with porosity varied by incorporstion of
dextrose before firing; devistions were significant for
the lowest and highest UO, contents and greatest for a
specimen with differently introduced porosity. The
effect of UD; concentratior on the thermal conduc-
tivity up to S00°C is seen in the results of Munabayashi
et al.' 7? given in Fig. 40, Other resuits on the thermal
conductivity of thorium~uranium oxides are collected in
Fig. 41; the specimens measured are described in Table
31.

Jocobs' 7 measured the themmal conductivity of
(Th,U)O, contsining 3 to 10% UOD, during reactor
irradiation. At doses up to 1.4 Y 10*® Gssions/cm®, the
oondnchntymdnmg%tolm"c‘mm
the same as that of similar unirradisted specimens
measured by Springer and Lagedrost.' 7! From 1000 to
1700°C the conductivity under irradiation seemed
somewhat grester. Kjaetheim and Roistad'”¢ also
found the inreactor themal conductivity of

m;—l“m;bumum'u“
unirriated matesial. MacEwan and Stoute’?” found
nst rndiation at relatively low temperature tv 3.8 X
10'® neutrons/cm? halved the thermal conductivity of
ThO,—1.3% UD, at 60°C. Valies of their unirmadisted
93. to 94%-demst specimens raaged from 0.118 to
0.127 W cm™ (*CO)™*. Annealing at 1000°C resiored
most of the log.

Effective thermal conductivities of 0.021 aad 0017
Woam™? CKy? st ivenge tempentures 990 and
1325°C, respectively, were found for vibratoily com-
meqtd-gam,-m UD, dwring ORR iradi-

ORI - 0WE 60— 1300

ace T T T
® ThOp, MI% DENSE
\ © ThO,~1% U0, 92.1%
\ & THG,—5% UDp, 91.3%
0.07 4 ThO,—10% UO,, 94.5%
Tg 0.06
3 \ [ )
.é 0.05 2
: N
0.03
0.02
o - wu -Y 300 400 300

TEMFERATURE (°C)

Fig. 40. Effect of U0, Content ca the Thesmal Conductivity
of (Th,U)0,. Based on Mursbayashi ef ol.' 72 The welues wese
adjmsted %0 zes0 porosity by dividing by 1 — P, whese P = poss
fraction.
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Tabis 31. Date sa Theslom-Usaainm Oxide Specimcas
; with Thaame! Conductivity Flothed in iRg. 41

F
g U0; Demsity a
E Pt Reflaseacs ® (emd) Oxadation Prepacatioa
1 Mosmerd®? 47 8733 Stcichiometric Sol-gel, fired in K, 1750°C
2 Moarsertd®? 47 9067 Oxidized Sol-gal, fised in air 1650°C
3 lMoomard®? €1 9043 Oxidized Sol-gel, fired in air 1650°C
4 Mooreerd®? 6.3 879 Stoichiometric Solgel, fired in air 1650°C,
thea ia H, 1750°C
_ s ” 10 . Oxidized Not given
| ¢ Kinguy'” 23 948  Shuchiomstric Not givea
: 7 » 25 948 Oxidized Not givea
2 Kingay'” 30 8.16 Oxidized Not givea
1 9  Hubinsen and Waker! ¢ 10 908  Stoichiometric Simtered
| 10 Bellseral2? 10 951  Stoichiometric Hydwostatically pressed
11 Belleerd®*® 10 ©47  Steichiometric Hydrostatically pressed
12 DeBoskey?i¢ 10 Not ssposted  Not givea
13  DeBoskey”'¢ 3 Not seposted  Not given

925 valuss for 3 200°C range, measured with an zppasatus thet simulstes behevior in 3 resctor.

SVaines stiributed 80 Lagedrost of BMI; the higher values for cach tempematusc =i for axial heat
flow, the lower madial

“Values sttributed 0 the Bebcock sad Wilcox Aliance Research Cemter.
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a0 —;
Q09
”. \F
aos
[ ]
Poor|—= \‘\
% o \
: .:- aos \ ~
‘ s \
S00s|—— \\‘r
4
g 004 1 $ \\\
8 2 a %’ ? 3 4
2 003 l T i - %
 § s o $ 2 F 4 s
w 002 4 ‘
E o7 T
o8 ¢
.04
o |
) 200 400 €00 800 000 1200 2400 1600 1800

TEMPERATURE (°C)

Fig. 41, Soversl Measussments of the Tharmal Conductivity of Thorium-Ursaizm Oxides. Specimens and referemces are
identifizé in Tsbie 31. Where the published valse included 2 cosrection for porosity, the values were recaiculsted to0 the actual
specimen,
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8. bechanical Properties

For 96%-dense ThO,—5% UO, of umspecified his-
tory, Sylvania-Coming'*? repor:s a Young’s modulus
of 3.5 X 107 psi (2.4 X 10'* N/m?) and a compressive
strength of 7.4 X 10* psi (5.1 X 10* N/m?).

Figure 42 shows Vickers hirdness measurements on
(Th,U)0,, taken from Wolfe and Kaufman®? and
including some results of Koester er al.! 7 The latter

report measurements from 1000 to 1800°C on similady 2 baapdiiopdoaduichi
prepared specimeas Coatainng aom 1.5 00 30% UO,. .30"'[ /°
Compressive creep atcs oz 1hC,- 10% UD, from ' —aesp o
Wolfe and Kaufman®? are collected in Fig. 43. Their o Ou —
pressed and sintered specimens had a grain size of 30 5 }’
pm. Some were annealed 4 hr in helium at 2200 or /
2600°C to increase the grain size. Ksufman®® has . /
derived creep rates from hot pressing data on (Th,U)0, = 2 AT ¥ ,//u"‘
low-density specimens containing from 2 to 25% UD,. = o2 ﬁ' Yy s
g #1
* pd — %%
s ORNL-OWS  69- 12841 a S ]
10 g B K
o 100°c /¥ ;
e b g2 (aYi —
. ¢ 2 -
z s "—o————-::;:;::stﬁe:ie —— s 2000,” ,4,';// O/J,”
2 ° et 503 2 %20 ——§
8 |
- :  Emok
3 o 3 ] :
° H
-4 ° 2 Lsz_' i /
x 10 e :
= bl w04 H
5 T—" 5
c 400 800 1200 1600 2000 o 2000 4000 €000 8000
TEMPERATURE (°C) STRESS (psh)

Fig. 42. “/ickess Hasdness Valwes for (Th,U)O,. Taken from Fig. 43. Steady-State Compiemive Ca? Rates of
Wolfe and Kamufman®? The high-temperature values (fillled ThO,-10% UO,. Based on Woife and Ksufuan.®
circles) sre data of Koester et .} 7°
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®. Chemical Fropestics

Reactions wit: Sellds. — Little is availshie on the
reactivity of ThO,-UO, bodies with solids in comtact
with them. Becawse of the warcactsity of ThO,, the
mixed oxides can be pressmed competible with any
material compatible with UO,. Anderson er of '¢*
caicined the mixed oide in slumina bosts. Lambertson
et al®® melt=2 specmens in comtact with tuagsten,
pecssmably withoot interaction. Cuneo ef al. ' *® found
0o reaction between pellets of ThO;-—92% UO, or
ThO,;—33% UD, and graphite disks during mmcleas
reactor iradistion at 1370 to 1650°C. In the
form of solgel microsoheres dispersed i thorium,
L‘,.,Th.',c,aaﬂaéﬂ%ﬁ}-m’{:adm
lWC,wHeU.,,Th‘.,,O, st 1000°C reacted
slightly oa 100 hr heating ' *

Selective Reactions. — Baskin er ol '*? found that at
1300°C B,0; selectively removed ThO, from
Cl‘h,Up,Mh.MGEL'J, When
{iujo; B oquilibrated with moltea LiF-BeF,-ThF,-
UF, at 600°C, the Th/U matio in the flworide phase is

1000 to 2000 times that in the oxide.'®® Venkstes-
watds et ol'** found that OCl, wapor in fowing
nitrogua prefereatially volatilized UCL,.

Reactions with Liguids and Gasss. — Robertson'**
found no siguificant weight guins in 65 hr in distilled
water at 360°C. s specinrens weve ThO, —10% U0, ,
of 9.1 and 2.7 gha¥’ density prepared by cold prossing
mixed ThO, and U,0, and firing in a¥ 2t *750°C.
Sylvanis-Corning’*”? found very muell weight changes
oa (Th,U)0, in steam at 336°C. Bishoy et al. ' *® found
thet urirradisted and imadisted ThO,—3% UD, dis-
solved at a satisfactory mte (1 to 8 hr) in refluxing 13
M HNO,—005 M HF. The behavior of thoriem-
umaium oxides on exposure %0 oxidizing and reducing
ganes is described in Sectiom 1.

10. Swsface Propesties

Bran and Clawdel’ *® have studied the chemisorption
of 0;, CO, and OO, o The 945Us.05202.032 ad
showa that this mixed oxide catalyzes oxidstion of
catbon momoxide » the chemisorbed stute. They
further showed’*® that the CiGiion emergy of the

creasing from 100 1 0.3 keal/mole (42 £ 1 ki/mole) on
The.9833Us.011202.0060 t0 45 1 0.2 keal/male (21
t 1 kifmole) o The 303Us.19202.133. Pichat and
Brau'®? heve followed the coumse of the reaction by
infrared sbsosption of the chemisosbed reactants.




C. Thorium-Fiutosinm Oxides Table 32, Lattice Parametess
of ThO,-PuD, Sobd
1. Composition Solstions st 25°C
From ref. 189
The dioxides of thotiom and plutonium form 2

continuous series of salid solutions over the entire range Pl imole %) Paremeser (A)
of composition. At the phatonium-rick end o< the range. o 5.598 £0.001
mixed oxide may be heterogeneous if prepared under 150 $.568 +0.004
! reducing conditions, as a result of the formation of 260 5.5462 £ 0.0004
Pu,0,. 369 5.526 £ 0.001
9.7 5552235818
635 5.4693 £ 0.0004
825 5428 0001
2. Prepanstion 100.0 5.3960 1 0.0003

Powdess of the mixed oxide have been prepared by
pitation of the mixed hydroxides with am-
monia’ #*-!%? followed by calcination at 800 or
1000°C or by cadcination at S30°C of plutonium Y-97300
! oxalate premixed with thoriz'®® Mixed oxide peicts 3300 T T T T T T 171
have been prepared by cold pressing and sintering the 7
last of these mixed powders 6 hr at 1659°C in - /|
helium’*® or a ball-milled mixture of —325-mesh Th, 3100 }— / —
and PuO, 6 hr at 1600°C in h 171 Pitoniom-
than pure thoria uader the same conditions. *® Sol-gel
(Th,Pa/0, has been packed imto twbular cladding to
make several foel rods for irradiation testing ®*2-!*3

3, Crystal Propesties

Stractwre. — The ThO,-Pu0, solid solutions have the
cubic fluorite structure of ThO, , with plutonium atoms
substitnted for thoricm atoms.'®*

Lattice Pacameter. — Table 32 gives the values of
Mulford and ERinger.'®*® Values by Freshley and
Mattys'*® are in good agreement. Both sets are linear
in mole fraction.

Color. _P*ml 89 yd!o'.l’l
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4. Thermodynamic Properties
No information is svailable yet.

Fig. 34. Meling Point of (ThPe)0, Solid Solatiows. Crwied
from Freshiey snd Mattys ! *¢

S. Chaage of State

Fignre 44 shows the melting point vs composition
curve as determined by Freshley and Mattys.!*°
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6. Electrical und Mignetic Preperties

Magnetic Susceptibllity. — Table 33 gives Daw
son’s'** messurements of the magaetic sssceptidity
of ThD, PuC.. solid sulmtions.

7. Best sad Mass Transpert

Jeffs'** messured heat iramsport s a fusction of
temasrsture dwsing wradistion of 96 5% dene
(‘lihp,mﬁo-lltozﬁho, The
integrated therme! conductivity observed was about the
same for the three compositions neassred sad was
comaisteat with a thermal comductivity that wes mear
00S Wem™ ("C)™ at 300 0 #90°C and decressed
caly to sbowt 0.03 t0 0.04 W am ™! (*C) ™ at 160G°C.

§. Mechanical Preperties
No isformation is available yet.

9. Chemical Propertics

Duiing imdistion for cac month at 2 ncsr heat
mating of 530 W/cm and an estimated tempensture of
1600°C, Th-1.1% PuO, sad W-26% Re did not
imtegact ! 2¢

In 1br trestmests st 160C°C, (ThPuw)O; micr-
spheres were stable to moist hefium, casbor dicxide,
and air but were reduced to (Th,Pu)O,_, and Pu,0,
by hydroges.'*¢

10. Serface Freperties
No information is available yet.

sl Wl AL S LI 1o S s W Wl 1 G Gy 2 4

Tabie 33. Magnetc Sesreptibiities

of (Th PO,
From ref 88
M0, Tempessture  Swaceptikility
&S (g1} o G
X 108
75 90 4644
2005 2m
300 2168
3345 2058
irn2 1942
4115 1252
4465 L793
521 L754
351 187!
560 % k¥ y. 3
199 2034
300 1614
332 L490
mn 1436
415 1410
“s 13%4
353 % 2475
200 1548
300 1294
ns L1158
k34 | 1117
411 1062
437 1034
12.1 b, 1.205
201 ass2
2 0344
3345 0303
375 0.260
414 0230
462 0.194
882 300 0.280
872 300 0.352
431 300 0.102
219 300 0.05¢




D. Binary Syswems of Thorimm Oxide

1. Composition

Thoria forms a2 complete range of solid solutions with
include the dioxides of cerium,'®” protactiniom !??
uraniom (Part B), neptunium,' * plutonicm (Part C),

and americium.'?” Firing in hyd-ogen can remove

oxygen from the ThO,-CeO; tolid solution; no phase
change occurs except n cerium-rich compositions &
high degrees of reductioa. No cxygea is taken up by the
ThO,-NpO, solutions,!®* but ThO, P20, solutions
can be oxidized to Pa(V) withoet phase change.?2-***
centrations of rare-carth-type sesquivcides: solwbiities
are listed in Table 34. Heating ThO,-Tb,0; sclutions
m i atm O, oxidmdmanto'l'h,,.z“o_.og.asa and

Table 34. Solid Solubility of Rase-Easth-Type Sesquioxides in Thesia

-
i Tempezature ity Reference
Oxide o (mole % RO, ) (mole % R,03)
12,05 1000 52 33 -
1400 . 32 207
1430 43 32 199
1800 52 35 202
1940° £ 10 56 39 202
Nd,0, 1300 50 3 199
1400 50 33 201
1500 50 3 199
Sm,0, 1400 60 43 20
Es,0, 1200 36 2 2
1300 40 % 203
1400 47 31 263
1500 53 3% 203
64,0, 800 32 o o1
1400 50 33 1
2000* * 50 62 45 202
Ho, O3 1250 27 15.6 204
1400 28.5 16.6 204
1550 35.0 212 204
1700 505 333 24
Tm05 1250 10 53 209
1400 115 6.1 203
1550 15.5 8.4 o
170¢ 18 99 25
Yb,0, 1400 10 3-3 .
1800 18 10 202
10,05 1250 7.5 33 o
1400 80 4.2 204
1550 11.0 5.8 204
1700 12.0 6.4 204
Y,0, 1400 25 14 201
1400 22 12 206
15001600 33 20 207
1600 35 2 206
1800 44 28 206
2200 54 3 206

“Eutectic temperature,

i
|
1
]




Thy ¢Tby 0, ogq (ref. 208). The compound
ThlagO, 4 is stable from about 1150 to 2200°C aad
Thla, O from about 1525 ee 2000°C (1. 202). Phase
e~dibria for other bimary :ystems with thoria are
sammarized in Tabie 3S. Sevenal ¢ smpounds cf thogin
prepared chemically and rastable at the hiquidus a2re
Bsted ie Section 3. Buniese and Lucco Borden??®
prepared several thorium phosphates and chanacterize!
them by x-may diffraction; none are stabie abowe
i600°C. Frih ef a**® found that the sfiicate TaSiO,
is stable ia the tetragonal form below 1225°C and in

the moaodinic at higher tempentures.

%0

2. Prepanation

Binary solid sclutions are generally , repared in the
same way a3 those with umnia (Section B2), namely
coprecipitation and firing or firing mixed powders at
sufficiently ligh temperatures. The same consolidation
methods used for thoria are applicable (Section A2).
Heterogenecns ceramics are also prepared similaiy,
since the other oxiie ¢cnerally kas 2 high melting point.
For example, Veevess and Rotsey’” mixed beryllia
with thoria powder that hac been fired &t 1700°C,
pressed the mixture isotatically at 20 tsi and sintered it
1.5 hr at 1500°C in nitrogen.

Tatde 35. Phase Data for Systess of Thosin with Variows Oxides

Sowbility in THC, Eutectic Compoead Formed N
Oxide (ol %) Temperatuse (mole % Co Formaula Mp CO)
‘o ThO,)

ALO; Low 20 1920 None 209, 210
B,0, Low 81 1480 ThB,0s 1483 5 211
BaO 05 1800 212
BeO* Low 22 2240 None 213
<0.1 <2155 30 2155 Nome 214
0.05° 1500-2150 196

Ca0 10 38 2300 None 215, 216
8 1800 212
RO, 43 1600 ~2450 Nome 217
In, 03 3-4 <1400 None 207
MgO 47 1600 None 217
Nb, O Low 73 1533 Th,Nb,04 1341 218
ThNbsO;, 1388 218

S0, ¢ 08 1750 17 2220 None 219, 220

Si0, Low <1 1700 +10 ThSiO4 1975 £ 15¢€ 221, 222
S10 4 1800 212

T204 35 ThyTa,0e 218,223
'nITu0|z 218
TiO, 25 1625 224
V,04 ThV,40,2 9904 225
ThV,0, 10704 225
Th3 V4056 1300¢ 225

210, <2 400-1200 None None 226, 227

- ——

8Sevenal deserminations of the ThO;-B2O entectic range from 2100 to 2360°C and 20 to 40 mole % ThO, ; the two most

recent are quoted.,

Bsombility of ThO, in BeO. Ref. 212 gives 0.016 mole % below eutectic, and ref. 213 gives 0.54 mole % at eutectic.

“Incongruent.
“Melts with decomposition.
“Decomposition temperature,

JContinuons rubic 2084 sokiticas can exisé meiastably up to about 400°C. Also, cubic sofid solutions containing ap to 82.5

mole % Z1O, can be quenched from ahove 2000°C.




3. (rystal Propertics

Struciure and [Lattice Parameters. — Cubic solid
solutions in thoria have 3ic flnorite 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
fluoritestructure solid solutions of rare-earth-type
sesquioxides in thora appear to accommcdate the
different metal-to-oxygen mtio with oxygen
vacancies.!?7:29%,230 | yqtice parameters of such solu-
tions at room temperature are compiled in Fig 46.
Leitner?®S gives lattice pamameters for the ThO,-
Tm,0; system at 1250°C and for ThO,—7.5 mole %
TmT, ¢ up to 1250°C. Whitfield ef al*°7 also give
isttice parameters of thorisceriz schid solutions after
varicus degrees of reduction. Johnson and Curtis®! S
found that dissolution of C20 in the ThO, Iattice did

Fig 45. Lattice | ‘arametess of Solid Solstioss of Thoria with
Other Fluorite-Structure Oxides. Based on: AmO-,
Radzewitz;!?% CeQ,, Whitfield ef al;'®7 NpO,, Roberts et
d.;163 P20,, Roberts and Walter. 193
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Fig. 46. Lattice Parameters of Solid Solutions of Thoria with Rare-Earth-Type Sesquioxides. Filled points for Y,03, Ls,0;.
Nd,03, and Sm;03 are from Brauer and Gradinger.2?! Other data: Amy 03, L2303, and Nd, O3, Radzewitz;! ¥? 1,03, Subbarso
et al.;3%96 Ce,0,, Whitfield et al.,!?7 values for ThO,-CeO, solid solutions more than 30% .:Zuced to Ce(1fl); Eu;0; and Yb,03,

Gingerich and Brauer;2%3 Tm, 03, Leitner.203
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80t changs the coll size; MGbiss ef al.2!2 report a very
slight decresse. Also, S1O and BsD incressed the cell
sie, 22 _aeseas Sc,0, decreased it.23*

Table 36 gives the lattice prameters of several
compounds between thoria and other oxides The
litersture sppeans confused on the allotropy in the
titanate snd molybdate.

Thermal Expansion. — Tumer and Smith'5® meas-
ured dilatometrically the linear thermal expansion of 20
wd % dispessioes of 150- to 200-4tm ThO, in BeO. The
specimens were mixed, isostaticaly pressed at 20 tsi,
and sintered 1.5 hr at £ 500°C in dry nitrogen. The data
were fitted by the equation

Percent expansion = 7.73 X 10™* (¢ — 20)

+1.72X 1077 (£ - 20)* + 139 X 107*° (¢ — 20)°
100139,

where ¢ is the tempenture in the range 20 to 1000°C.

Richarison®** found hysteresis in the therms! expan-
sion of sh p-cast ThO, —11% Z10,, and Geller**? found
it in dens: ThO, —50% Z1O,.

Absorption Spectra. — Leitner?®® gives infrared
sbsorptioz. spectra of ThO,-Tm,0; solid solutions.

4. Thermodynamic Properties

No inforniation is available yet.
S. Change of State

Melting Point. — Table 35 gives eutectic tempernatures
and references to available melting-point—compasition
dsta for systemm without high solid solubditice in
points are quite high and ususlly unknown. Von
Wartenberg and co-workers could not melt thoris-
magnesia mixtures?*® up to 2500°C or thoris-ceria
mixtures?2* up to 2600°C. Ruff er al.2*' report the
Thosia, mole % 10 20 25 33 50
Melting point, °C 2695 2705 2720 2755 2795

Table 36. Crystal Data on Binary Compounds of Thesie

. Upper
Compound Strectur: Lattice Parameters (A) s".ﬁ" Refesence
% bo co 8 Limit
‘o
ThGeO, Scheelite 5.140 1331 1180 231
ThGeO, Zircon 11.531 6.548 231
Tali0g Orthorhombic 16.7 14.95 4.1 1300 231
ThTi;0¢ Tetr. jonal 7.58 10.45 231
ThTi,0¢* Momocinic 9.89 3.83 7.10 119°30’ 199
ThTi, 042 Monoctinic C2/¢ 10.808 8.580 5.196 11518 1360 232
ThB,0s€ Monoctinic C2/m 11.554 6.937 10.256 101°28’ 900 182
Thy V4046 Zis 7.26 6.474 1300 233
ThNb4Oy 2 Tetzagonal 7.783 7.837 1388 218
ThTa4012 Cubic 7.810 218
ThMo,0g Hexagonal 26/ 17.58 6.233 950 234
ThMo,0g Orthorhombic 9,767 10.305 14.36 225
ThMo,0,* Hexagonal 17.60 6.20 236
ThW,0, Orthothombic 9.72 10.38 14.52 238
CsThO, Vonociinic/ 8.76 ~a9 ~aq ~90° 237
SITHO, Moscoclinic/ 886 ~u, ) ~90° 237
BeThO; Monoctisic/ 898 ~ug ~se ~90° 237
"lli""‘", .”’ sempocature ll&llllll”i
BReporied??3 .;:: low-tempecature ::t:':l‘:m’”
“Baskin ¢1 ol } 3 give optical and other properties of this compound,
Syith cation varecies.
®Thoset ¢ al 22¢ concur with the tramsformetion tempanstuse of Trunov of ol 334:395 byt identify the hexagonul
phncs 28 the low-4emperstuse form.

’Vay-.tuhb.
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Table 37. Propanation of THO; Delbct Solid Solutien Specimens
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foe Elsctrical Conductvity
Prosmed” Sintering Deasity
Refsgence Figusss Py Coaditions P ‘
Stesls and Akock®® 47,48 30* 2000°C, vacwem >9 |
(THO, 95)
Subbasso et o, 3¢ 4 10 1400°C, 4 e 95-99 3
2200°C, 3-7 b, O,
Wimmer of o, 23¢ 50 15 2000°C, vacuam % |
Lasker and Regp*S 51,52 znoo‘c, 25k, vacez  83-95 i
1400° o |
Rudeisd*? 53 1500 1600°C
Bund?242 53 1500°C, S he, gir
Voichenkovs®*® 4 1550°C, 1 he, i
SAR cobd presned.
Sisoutatic.
* T T TrT '1 ‘“‘qu
H 0.84 mole % YO, 5 . H
I 1 _'L ' —4?
1N\ ) |
K | ] 75 mok % YOrs ;
lﬁ | } sq
; vsmenvos | [ | 1 + : ;
* ﬁ l 4 + 3=
[] X i | |
s N ) ?"’hﬁ 0
| '
|
\ e
J 1 25 mole % YO 5
-
(1 1S L
s

e LY.

Fig. 52, 2fect of Oxypn Activity en the Elsrtrisal Condue-
thity of Theds Costalning Highss Concenttations of Y,0,.
Adepted fom Laskes end Rapp®’ with permimion of
Aiademische Veriagguselochaft, .

|
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Conductivity. — Defect solid solutions of iower-valent
oxides iz thoria have greater electrical conductivities
than thoria. The effect of composition on conductivity
is given in Fig. 47 for ThO,-Y,0, and in Fig 48 for
Th0,-C=0, both taken from Steele and Alcock.*® The
effect of tempenature on ThO,-Y,0; conductivities is
given in Figs. 49 and S0. The effect of oxygen activity
on ThO.-Y;0; conductivity was determined by Lasker
and Rapp** for several co mpositions and temperatures;
the results are given in Figs. 51 and 52. Preparation of
specimens for these measurements is summarized in
Table 37. Rudolph*’ found the conductivity of
ThO, —2 mole % La,0; over a wide temperature range
to depend very little on whether measured in vaceum,
oxygen, or hydrogen. Fizure 53 gives his results along
with cider measurements by Hund? at higher lan-
thanum concentrations aad comparable measurements
by Hund mad Mezger’*? on ThO,-Y, O;. Steele and
Alcock*® found the conductivities of ThO,—10 and
—15 mole % La0,  about 10% higher than those of
the Y,0; counterparts. Volchenkowa and Pal’guev?*?
report conductivities (presumably in air) of ThO,-C20
over the entire aage of composition (including heter-
ogeneous regions). The same authors?** also report
similar measuresicais on systems with BeO, MgO, StO,
and BaO.

Thoria doped with Ta 05 shows comductivity
remartksbly dependent on messurement condi-
tiors.*7-22% Violet to black specimens prepered under
ductivity, but hesting them in air to 800°C bleached
them and reduced the coaductivity to that of
thoria.2?® Claudel and Véron?** found a parallel
relstionship between the effects of heat treatment and
messarement atmosphere on the electrical conduc-
ﬁviﬁuof'l'llO, ndmg-l%Cd), and slso on their
catalytic aciivities for the oxidation of carbon mon-
oxide,

7. Hest and Mass Tranepoii
Masy and S 4¢ in 1 qualitative comyrison

showed that 0.1 mcle % Y,0; increased the tsemmal
coaductivity of thorix.
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8. Mdechamical Properties 10. Swurface Properties
Mechanical properties of thoria containing small No information is available yet.

coacentrations of calcium oxide to aid densification are

givea in Section A8 with valuss for pure thoria.

Veeves and Rotsey’” measured the moduius of Tahis 3. ;&udmaum
rupture of dispessions of thoria in beryHia as a function of Ruptuse of BeO—-1.6 vol $THO,
of thoria particle size, tempesature, and concetration; Thoria particle size 200 xm, Nots: 1 pei = 6895 N/m”

S th :ir data are given in Tables 38 ¢< 30. Their values of

Young’s modulus for the same material are listed in  Tempesature Number o‘lolﬁs Stodesd
Table 41. ¢o Tested """"m """"'w
' 9. Chemicsl Progesties 20 20 18,050 1340
. 200 20 21,050 1560
- Rusmell ef ol *? fcand that ThO,—1% MgO dissolved 400 20 22,100 2840
: thres to six times as fast s thoria in 13 M HNO; - g : 22,000 ;g
0025 3 HF—0.1 M ANO;);. 1000 ot .f‘-”‘w o
' Table 38. Effect of Thosia Pasticle Size on the Moduhs
of Ruptuns of BeO—1.6 vol % THO,
- 2
Nots: 1 pui =685 N/m Tahls 9. Effict of Thusia Concentsation en the Modulns
of Ruptam of Dispensicas of 200 um Pasticies in BeO
Modules Standesd
Thoel Pasticle  Poscsity Number . 2
Sice (sm) e Tosted d’l(:;. D'(:b- Note: 1 pi = 6895 N/m

; 5 3.0 s 32,100 1420 of Ruptss Devistion
- - 10 30 5 30,100 1100 (val %) (B  Toued od firy
g 15 40 s 29,100 4500

33-53 2-10 s 25,500 2190 16 4 s 17,950 1180

53-63 3.0 5 22,300 1850 3S 3 s 17,100 1850

104-124 3-4.5 s 20,190 1MS 70 s s 13,550 €%

| 210-250 3-§ 5 18,400 1870 700 7 s 12,950 1450
] 300350 3-7 s 14,300 3520 150 7 s 9000 1120
3 350-400 2-3 s 16,600 2540 20.0 9 s 6950 620

500-600 2-§ 5 15,200 2470
' “' Tsblo 41, Yeung’s Modulw. fcs Dispersicas of 200-gm Thosis in Beryliia at Vasions Tempersiuses
» /o Coscontration  Porosity Young’s Modsbu (10° pall’ at -

E T (val %) e ) 2°C 200°C 400°C 600°C 700°C 900°C 900°C 1000°C
40 s1.8 0.9 515 50.8 49.8 49.7 9.0 42.7

16 45 s2.1 517 51.7 510 50.5 48.7 482 46.3

40 52.2 518 528 1.3 51.7 oS 437 456

. 4.0 s1.7 51.0 503 50.3 TY 433 482 458

o 92 46.1 46.3 46.5 4.1 4.2 432 435 4.8

, 7.0 9.2 459 46.1 46.3 45.1 450 445 430 39.3

8.0 415 415 482 .5 41.0 45.1 44.7 418

) 40 48.5 4715 411 41.3 414 463 456 450

g 100 45 99 4.3 413 476 45.6 456 4.7 442
45 413 47.0 472 412 41.2 48.7 445 2.7

124 6.5 36.5 362 3SA 34.9 34.7 34.2 329

200 160 38.3 356 35,7 38,2 44 333 333 31.6

150 3558 387 358 358 35.0 34.9 34.1 43,7

&1 ool = 6995 N/o’.
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E. Termary and More Complex Systems
of Thorium Oxide

1. Composition

Information on the phase equilibria for various sys-
tems is summarizod below.

ThO,-UO, -BeO. — Reeve and Murray?*? detected no
=2, cither by x-ray diffraction or microstructural
observation. Mixed Th0,-U0Q, in any proportion
formed a eutectic with 60 to 80% BcD at about
2100°C.

o \

Fig. SA. Locxthon of the Ewtectic Valley in the Sysiem
ThO ;- Pu0,-Be0. Compositions sre in moie %. From Housh
ond Mseples.2!3 Copyright by Nortk Bolland Publishing Com-
reuy and rgeoduced with permission,

MqO Y-97889

ThO, Pu);-Be0. — Less than 0.05 mole % of the
WM&M,—SO%M, dissolved in BeO at
Wtuhﬁe“"‘muwﬁcm
perstare vaties nomly linesdy from 2240°C for thoris-
beryllia to 2135°C for plutomis-beryllia.2*® Figure 54
show: the vaistion of the eutectic composition.

Th),U0,-Z:0,. — The solubility of zircomia at
lWﬁl«ﬂCWMﬁuMl%i
pure thoris: mM“nmm’“

THO, UO,-310,. — Lungu’?? hx measwred the
solid-liquid eﬂtm in slicarich compositions.
Mumpton and Roy**® found thet ThSIO, dissolves wp
t0 20 mole % of the hypothetical USiO, at 1000°C.

Unfaded Systems. — Geller ef &l.2*® present a fusion
diagram for THO,-Al;04-Be0. The ThO,-BeAl,O,
eutectic is st i810°C and 53% ALO,, 13% BeO; 2
temary ewtectic is at sbowt 1795°C aad 40% Al,O,,
20% BeO. From meltieg data in the system TWO,-
BeO-MgO, Lang e al.2%® report = entactic in the molyr
proportions 1:10:5 at 1797°C. Geebemshchiloov?*!
characterived 2 compound ThBe,Si;0; melting at
sbout 1700°C; he lists x-ray diffraction peaka. Padusow
and Schusterius?®? determined by x-my diffeaction
solid solubdities st 1400 to 1600°C in the system
ThO,-Ce0,18,03-Y,0;; the solubilizy of the In,0,-
Y,0, solid solution in the ThO,-Ce0O, solid solution
decseases with increming indium content. LeFlem ef

a.2%3 found compiete miscibility between Thy(VO,)s

aad CeVO, and salwbility of Na; VO, in Ths({V=4)e
wp to a Emiting composition of Th; Na(Y0,),. Figures
SS ard 56 give Mark’s remits’!? on the system
ThO, <0, Mg0. Koller*!® fousd complete 9dd
solcoility between ThNL,O;; aad ThTa 04,

MgO YOr608




Mumpton aad Roy?*® found t3at ThSIO, dissolves 6 +
2 mole % Z:S10, st showt 1000°C. Ruff e o253
studied systoms of ThO, and MgO or (YO with SO% or
moss 2:0,; their data indicatc temary outectics noer
33% Ca0, 17% TO, at abowt 2200°C and seer 30%
MgO, 25% ThO, below 2100°C.

2. Prepanstion

Prepaation of complex systems is by essentially the
same methods weed for the simpler systems(Section D2).

3. Cryslsi Peopustis

Cystal Structwre. — Table 42 summarizes aweilable
crystal strwctwre information on the systems described
in Section 1.

Optical Propestiss. — Ruf” ef ol.?*? report that the
matesials 2:0,-17.5% THO, —5% MgD or Ca0 are very
clesz, colodless, and heed with index of refiactiva 2.21.

Thermel Expansiea. — For 20 vol % ThO,—9% UD,

dispersed in boryllia, Turner and Smirh report'**
diistumetric valwes:

Pescent expansion = 7.31 X 107%(z — 20) + 1.72
X 107%(¢ — 20)* + 392X 107" }(r — 20)* £ 0.0076,

where ¢ is the tempemtuse in the mage 2C to 1900°C.

Sylvania-Coming’*7 reports the mean coefficient to
800°C to be 10 X 10~ for both ThO,—64% UD, -
1.0% Y,0; and ThO; —20% UD,—1.0% Y,0,. Burdick
of al.2%? geport 1.11% limear xpemsioa from room
tempenstuze to 1200°C for BeO—4.3% ALO;—5.7%
™2 -2.0% TiO,.

4. Thermodyaamic Propertics
No information is svailable yet.

S. Chonge of State
No information is available yet.

6. Elcctrical and Magnetic Propertics

Geller**® compared relative eloctiical conductivities
of reslstors made of thovia-bess binary and ternary
ceseraics; Fig 57 shows his resuits. Ullmenn?** found
&2 electrical conductivity of ThO, —6.2 mole % Ca0-
1.2% AL,O,—-14% Si0; much lower than that of
ThO; ~20 mole % YO, ¢ over a temperature rangs.

Tabls 42. Crystal Structusss of Thesis Ternasies

Material Structass Typs Reforence
Thide,Si,04 Feldepex 251
(Th.Z0)S10, Thosite 29
(Th,U)Si0, Thesits 249
Th(NG,Ta)q042 Tetzagoasl 218
Thy(VO4)-CeVO, Ziscoa with vacanciss 233
Thy(VO4q)e-Nas VO, Ziscon with vacencies 233

7. Hest and Mass Tranapert

Scholes?’’ messured the thermal comductivity of
berylliabase cesamics comtaining equal weights of
the raage 5S to 150°C, the conductivity decreased with
imcressing content of the additives.
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8. Mechamical Properties

Tahie 43. Effect of (TN U0, Perticls Sigs on the Modulus
of Ruptes of i 1-&5“0‘1&,—”“},

Veevers and Rotsey’*¢ measured mechanicai prop- in Deryllia si 20°C
erties of (Th,U)O, dispersions in beryllia. Their disper- Takea from Voevers and Roisey? 3¢
soid was prepared two ways. The separate oxides were
mixed, ground together, fired, and reground. Also, 2  (MWU02 o 0 Ny  Moduis  Standand
thorium-uranium mixture was precipitated from solu- s;:z:) = Tested “(:;)",u D;::"
tion, dried calcined snd sround. The dispersions were
prepared in the same way as thoria-beryllia dispersions Copsecigitesed (Th,U)0,
(Section D2, ref. 77). The effect of particle size of both 3_§ 15 9 26,700 2460
oxide types on modulus of rupture is given in Table 43. 10-15 1.5 8 25,500 2650
The temperature and composition dependences are in 15-20 | K 14 32,000 3U18
Tahle 44 _Fisnre S8 shows values of Young’s moduhug 25-35 1.5 9 30.700 ;;:
7 53—63 1.5 -] 32,400
Sylum-Commg‘ found for ThO,—6.4% ll),.— 104—124 LS 9 24,500 3810
1.0% Y,O; and 1'1103—20% wz—l.‘m YzOg elastic 210-250 25 03 22,600 2540
moduli about the same as those of simiarly prepared 250—300 25 9 21,500 3480
ThO, and ThO,—5% UO,. Compressive strengths of 300—400 29 8 22,600 2000
the iemaries were substantially less. Burdick e o253 450-500 20 16 19,600 2559
measured several temsie properties of BeO-5.7% Mixed UO,-THO,
TLO; 4.3% Al,0,-2.0% T10,. Lang et al?%® give ~g 35 ] 29,700 3362
ranges of values for several mechanical properties of 35-83 40 ] 26,100 3267
ceramics in the ThO, -BeO-MgO system. 152-211 40 9 18,500 1351
422-600 35 8 15,100 1282
) psi = 6895 N/m?.
Tabis 44. Modules of Ruptess of (Th,U)O; Lrispessions in Beryllia
Based on Veevess and RM” ¢
U0ia (ThU)O;  Particle Modulus of Reptare® (1000 psi) at —
Dispersoid  im BeO Size 2° ° > ° ° . ° p.)» ° o o
[ (val %) (um) C 200C 250C 400C S00C 600C 700C 750C 8O0C 1000C
Mixed Oxide
9 1.7 35-53 26.1 6.0 268 210 23 30.7
151-211% 185 185 204 209 236 2S5
4.1 23.3 4.8 43 21.0 274
422-600 15.1 16.7 194 189 17.0 20.6
Copeecipitated Oxiie
9 1.7 S 256 260 ns M2 26.1 p ¥ 3
50 358 278 22.5 24,7 252 4.0
200 184 202 19.6 209 205 18.2
9 1.7 200 204 22.5 20.0 19.5
5.0 19.1 18.7 19.0 ) L 175
10.0 15.8 16.2 15.2 152 144
20.0 iLS 10.1 10.2 84 8.2
25 1.2 50 26 U8 4.3 4.0 23.6 250
9 1.7 200¢ 13.7 18,5
16.1 19,5
0, 504 1.7  200° 16.6 17.5
174 9.7

SEach value is the avesage for 8 0 12 specisnens; 1 psi = 6895 N/,
5The extreme sverage values from five bawchos of (Th,U)O, ase givea.
“The cxtrome svenage values from thsee betches of (Th,U)0, sre given.
YTwo kinds of particies were disperset to give an overall dispersoid composition of Th-9% UO,.
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9. Chensical Frepestics 10. Swrface Properties

Incorporating 1.9% Y,0; did not affect the resist- No information is available yet.
ance of (Th,1N0, to sieam at 336°C and 2000 psi (ref.
157).
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Volume II.

Nitrides

ABSTRACT

Physical, chemical, and mechanical properties of thozium nitrides, alone and in combination with
other nitrides and other thorium compounds, are ccilected from the literature through January 1970
{35 references). The thorium-nitrogen phase equilibrium i reviewed.

This volume will include the following divisions:
system information, thorium mononitnde systems, and
Th3Ng systems. The carbomitrides are substitution
products of the mononitride and will be covered with
it. The oxynitride and nitride-halides are covered under
1113 N4 systens.

SYSTEM INFORMATION

The thorium-nitrogen phase diagram, taken from
Benz et al,! is shown in Fig. 1. The only stable
compounds shown are ThN and Th3N,. The
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Fig. 1. The Thodum-Nitrogea Phase Diagram. From R. Benz,
C. G. Hoffman, and G. N. Rupert.’ Copyright by the Amesican
Chemiical Society «nd reprinted with permission.

reported?®>®> Th;N; has been identified* as the oxy-
nitride Th,N,O. This compound is formed irom
heating ThN and ThO, in nitrogen. The equilibrium
nitrogen pressure over liquid thorium and ThN is
reported by Olson and Mulford® over the range 2416 to
279C°C to be

og r (atm) =8.086 — 33224/T+ G958 X 107715 ,
or

logp (N/m?) = 13,092 — 33224/T+0958X 107715 ,
where T is in °K. Oxygen contamimation greatly
increaces this piessure. The equilibrium nitrogen pres-

sure over ThN and ThaN,, measured by Aronsoa and
Auskern * is shown in Fig. 2.
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THORIUM MONONITRIDE SYSTEMS
"A. Thorium Mononitride
}. Compasition
Benz e al.'*7 have measured the following limiting
compositions of the ThN phase.
Temgarature Co N:Th Atom Ratio
Thorium-rich limit 1576 0.97
1665 0.96
1775 0.91
2000 0.975 £0.01
2100 0.975 £0.01
2645 0.96
Nitrogen-rich limit 1615 1.03 29,03
1835 1.05
2065 1.08
At lover temperatures the deviations from stoichiem-
etry are immessurably smail.!
2. Preparsticn

Thorium mononitride is generally made as powder
fiom the hydride or metal (usually powdered by
hydriding and dehydriding) by heating in nitrogen or
from the hydride and ammoniz. Synthesis below
1000°C gives Th;N,; this is decomposed to ThN at
higher temperatures. Benz ef al.! prepared specimens
by cold and hot pressing. Olson and Mulfcrd® induction
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Fig. 3. Temperature Vadation of the Lattice Parameter of
ThN, 2ased on Street and Waters.

melted thorium under 2 atm N, at 2000°C to get ThN
ingots.

3. Crystal Properties

Structure. — Face-centered cubic Na(l type.

Lattice Parameter and Thermal Expansion. — Values
of the room-temperature lattice parameisr of carefully
prepared ThN range from 5.155 to 5.162 A. Most
investigators®* 7 report cose to 5.159. The value
most precisely reported is 5.16190 + 000015 by
Venard et al.!® Measurement to 900°C by Street and
Waters® are shown in Fig. 3; they derive 2 mean
coefficieni of expansion of {739 + 0.042) X 107¢/°C
over the range measured. Aronson ef al® mad: x-ray
difiraction measurements over the range 890 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 10 tf cse results is 8.2 X 107¢/°C over the
rangz 800 to 1300°C. The data of Ar- .on = al and
Street and Waters agree reasonably ' in the region of
overlap.

Color. - C<iden yellow,® green-yellow.!!

Density. — The density corresponding to @ =5.159 is
11.901 g/cm3.
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Fig. 4. Thermal Expansion of ThN. Copied from S. Aronson
et al® with permission of the American Ceramic Society.
Similarly measured expansions of other tho.ium compounds are
included for comparis<...




4. Thesmodynamic Properties

Aronscn and Auskern® estimated the heat and en-
tropy of formation o ThN to be

—AH3 94 =90.6 ke 'mole = 379 kJ/mole
and

~AS395 =235 cal mole ™! (°K)™?
=983 I mole™! (°K)! .

From the latter, Aronson and Ingraham'? take the
entropy of ThN at 298°K as 122 % 2 cal mole™
CK)™? or 51 £ 8 I mole ™ (°K)™?, which they compare
with values they calculate from a wvibrational modet.
Gmgem:hl 3 estimares the heat of sublimation as 203.1

+ 10 kcal/mole, or 849 * 42 kJ/moie. Venard and
Spruiell“ 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 mononitride melts congruently under suffi-
cient nitrogen pressure. Reported melting points are
282C + 30°C under 2 atm (2 X 10° N/m?) N, by Benz
et al.' 2820 * 35 under 2.6 atm (2.6 X 10° N/m*) N,
by Benz,” and 2790 * 30°C at slightly under 1 atm (1
X 10° N/m?) N, by Olison and Mulford.® The melting
point is lowered oy impurities;!*> one mechanism may
be by eutectic formation, since Blum and Guinet'®
report that ThN forme a eutectic with 15% ThO,, a
frecucutly fourid impurity in ThN. Also, melting under
too little nitroger lowers the melting point with loss of
nitrogen.! Chiotti® found melting at 2630°C under
helium.

Solid-gas equilibria are given under “System Informa-
tion.”

6. Electrical and Magnetic Properties

Auskern and Aronson'! measured several electrical
properties of ThN specimens pressed in vacuum at 5000

psi (35 MN/m?) and 1275°C and then annealed in
vacuum 13 hr at 1800°C to a density of 9.95 g/em3.
The results are shown in Fig. 5. The second Hall effect
specimen was anr ealed only 4 hr at 1800°C but reached
a density of 10.6 gicm®.

Arcnson and Auskern'® ineasured the magnetic
susceptiviii:y of three ThN specimens at —199, —76,
and 22°C; values ranged from 1.65 to 1.8¢ X 1077
emu/g, and the decrease with increasing temperature
was less than the difference among specimens. Raphael
and de Novion!7? found a susceptibility of 1.42 X 10~7
ermfg, constant over the range 4 to 300°K. However,
Didchenko and Gortsema'® found ThN diamagnetic.

| Y e

Measuring ihe nudlear magnelic resonance of '*Nin
ThN. Kuznietz!? found a positive Knight shift of (10.7
+1.5)X 107*.
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7. Heat and Mass Tramsport

From the dectrical conductivities measured by
Auskern and Aronson!! and the Lerentz equation,
Weaver’® has estimated the electronic portion of the
thermal conductivity of ThN. His results are ccuapared
in Fig. 6 with the thermal conductivities of several
nucear fuel materials.

8. Mechamical Properties
No information is available yet.
9. Chemical Froperties

Olson and Mulford® report that ThN ingots exposed
to air acquire 2 black film within minutes and that the

powder reacts readily with air to form ThO,. Chiotti®
repoxts that the powder can bte readidy handied in air
but disintegrates in a short time in moist air and bumns
vigorougly when ignited. Also, ThN reacts with water
and is readily attacked by nitiic acid.? Aronson ef o ®
found that sbove 132G°C, ThN reacted with the
residual vapors in a vacuum system at S X 10~ torr
{007 Nfm*), spparently with gradual substitution of
carbon ‘o fory: (hC and uitimately ThC, .

10. Swrface Propcriies
No information is available yet.
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B. Thorium-Urmmism Monantrides
1. Comgosition

Thorimn and uranium mononitrides form a con-
tinuous seriez of solid solutions. Equilibria between che
mixea nitride phase and the component metals at
1060°C were determined by Venard and Spruiell.!*
Their equilibrium diagram is Fig. 7. The greatest
hypostoichiometry was for the composition
Thy 544Uo.056No.s66> Which exists at 1000°C ix
cquilibium with both metals. No information was
obtained on the nitrogen-fich composition limits.

2. Prepacation

Coarse (Th,U)N powders were prepared from arc-
meited thorium-uraniura alloys by two hydride-
dahyd:ide cydes, rczction with flowing nitrogen at 400
to 800°C, anddecompoatnonto(’l‘h,U)NatMSO to
1500°C under vacuum.'4

3. Cryata! Propersties

Lattice parameters for (Tk,UN were determined by
Venard et al.!® and are shown in Table 1. “Agreement
with Vegard’s law is quite good.”! ®

67

J>

-10. 0% Pruperties
No information is available yet.
C. Thorium Plutosium Mononitrides
Pardue ez al?! prepared a mouonitride from Pua—20%
Th, isostatically pressed it at 1540°C and 10,000 psi
(70 MN/m?), and heated it 48 hr in flowing nitrcgea at
1720°C. Its lattice parameter was 4 980  0.00- A,and

its evaporation loss was 0.0296 g/cm? iz S br at
1550°C.

Table 1. Lattice Pasnmeters of (TE,U)N

From VenarG et al. **
Mole % ThN Lattice Parametex (A)

0 4.89034 *0.00025
1024 491561 $0.00015
2040 4.95712 £ 0.00086
30.54 497434 1090079
40.60 5.00608 t0.00105
50.90 503219 $0.00043
60.64 5.06339 £0.00115
70.56 5.08531 +0.00086
80.38 5.10826 £ 0.00019
90.24 5.13461 1 0.00046
100.00 5.16190 £0.00015

ORM-DWG 37-7393
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D. Binsry Syst~ms with Neafvel Nitrides
No information is aveilable yet.

E. Tomary and Mere Complex Systens
with Other Nitrides
No information is awilable yet.

F. Thortum Csxbonitrides

1. Composition

Street and Waters'® found complete solid solubility
positions are possible’¢+2? when casbon is substituted
for some of the nitrogen in ThN but the limits are not
yet known.

2. Prepasation
Carbonitrides have been made by heating cold-pressed
peliets of the mixed curbide and nitride at 1600°C (ref.
22) or 2000°C (ref. 7). Hypostoichiometric solid
solutions have been made’®-?? by heating mixtures of
ThN, thodum, and carbon in vacuum at 1700 to
1800°C. Samples for electrical messurements?® were
hot pressed at 130C°C and 5000 psi (35 MN/m?) in
vacuum and then annealed in vacuum at 1800°C for S
to 17 hr.

Table 2. Melting Points of TH(C,X; Solid Solatécns
From Bemz’

Lattice  Melting  n;oopen Pressure
Compositicz. Pammeter Point 2
Ar  Cop @m0

x 10%
ThCq o4 5346 2500
ThCo aoNo21 5310 2670  0.0110.005 €01
ThCqaoNo2s 5-305 2720 0.05%001 005
TuCqs7No39 5276 2310 0.182003  0.i8
ThCogNogs 5262 2850 030:004 030
ThCq47No47 5241 2910 {1.5)¢ a5y
ThCo 34Ngss 5225 2910 (2.0F (2.0¢
ThCooeNos3 5220 2920 (2.0) 2.0°

ThCy,Nood  5.188 2875
ThN; g0 5158 2020 2606 26

210,001 A
b435°C,

“Probsbly below true squilibrium pressure, since the
composition, measur >d after meiting, shows loss of nitrogen.

INomiaal,

3. Crystal Properties

Street and Waters?? found linear weriation of the
lattice parameter with composition from 5338 A for
ThC to 5.158 A ior ThN. Berz? found parameters in
agreemeat witn those of Street and Waters; both
worked wita material dose to stoichiometric. For
hypostoicniometric materials Auskem and Aronson®?
found agreement with measured pa;ameters and lincar
intarpolation betwee:t values for ThN and ThC, , with x
chesen to fit the composition. Their values are:

T™C, -sNo ;o3 5320A
ThCo 625No.275 s2s8A
TaCo 537N0.389 5266 A
ThCq 46 1No 489 s246A

ThCq 203Na.738 5197A
ThCq 929Na.937 5.165A

4. Thermodysamic Properties
Benz’ gives the following for the relative internal free
energies of mixing of ThC and ThN in the solid and
liquid states:
AGM® =72[X$) (T - 3090) + X&) (T - 2770)]
+ RIS 1 XSy + X ln X ]
— (13,000 2 7,000)x%)  X$)  cal/mole

=30[x§) (T - 3090) + X¥) (T — 2770)]
+RTIXR) b XRy + X lm X1 —

— (54,000 £ 29,000)X%), X{7) . J/mole;

AGMD =RrTXD 10 XD+ XD 10 XD )

hN ThC T

— (6,600 £ 7000)x® X" _ cal/mole

=RTUQy b Xy + TR0 IR )

—(28,000 £ 29,0:!))!(12"1‘1':(_. J/mole ;
the Xs ar» male fractions.

5. Change of Stat»

Melting points and equiibrium nitrogen pressures
given by Benz? for carbonitride solid solutions are
listed in Table 2. Note the maximum.
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6. Electrical and Magaetic }roperties

Several el>zical properties of hypostoichiometric
carbonitrides were measured by Auskem and
Aronson.?® The resistivity, Hall coefficient, and ther-
moelectic power are given in Figs. 8—10 respectively.
The sam authors’* ¢ magnetic susceptibility values are
listed in Table 3.

Table 3. Magnetic Susceptibillities of Thorium Carbomitrides
From Aronson and Auskern!¢

. Lattice  gugceptibility (emu/g) at —
Composition "'('A)"m' 22°C  -76°C  -190°C

Xx10°® x10® x19°®

ThCyp7sNo.ps 5320 146 14§ 1S%
ThCg gasNo27s 5288 135 136 139
ThCy 4soNosss 5246 142 142  KS
ThCy102No.734 5497 156 159 160
ThCya06No7as 5199 146 147 143
ThCy,5;Nog3s® 5164 187 186 188

“Compiler’s note: This composition appears to be in error; »
carbon subscript of .03 to 0.06 would be more consistent with
other information in the paper.
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7. Hest and Mags Transvert
No information is availab'e yet.

8. Mechanical Properties
No informetion is available yet.

9. Chemical Properties

Peaz’ melted carbonsich carbonitrides on tantalum

and other carbonitrides on tungsten without evidence
of imtcraction. Amkem and Arcoson®? found no
with 30 min contact at 1300°C.

10. Swface Preperties
No information is available yet.
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ThyN, SYSTEMS

Systens with other nitrides (parts B through E) aave
nat been studied. Compounds between Th,N, and
oxide and hatides are briefly described in Parts r and G.

A. Th;N,

1. Composition

Below 1000°C Benz er al.' repert ThyNg stoichio-
metric; at higher temperatures they found the fotlrwing
metalrich limits on the nitrogento-thoriwr atomn ratio:

1£01°% 1,32 #0032 g=der 33 2oy N, {4400 N2y
-lw-lo\' A gt = VYA o WPl oS SRS LW ‘ ‘i’- ’
1760°C 1.31 ander 255 tom N3 (34,000 N/m®)
1960°C 1.23 uader 920 tasx N5 (123,000 N/m?).
2. Preparation

The first ThyN, characterized®*-?5 was synthesized
from the elerents, and this i stil the usual
method.**!! Conditiors can vary widely. Benz e: al.!
obtained Th;N, from the hydride and nitrogen .t 200
to 900°C. Benz wnd Zackxmiasen*® reacted ThN with
0.13 atm (1.3 X 10* N/m?) N. = 1320°C. Diasing and
Humiger?® precipitated ThyN, from thorium vapor and
nitrogen. Specimens for electrical measurements'! have
been hot pressed at 1340 to 140G°Cin 1 atm (1 X 10°
N[m’)Ng.

3. Crystal Propetties

Benz and Zachariasen* find for Th;N, a thom-
bohedra! sarecture, space group R3m, with parameters
2o, = 9398 A ang a = 23.78°, with the corresnondirs
hexagonal cell having 2o = 3.871 A, co = 27385 A. A
metastable monodinic form 5 reported by Juza and
Gerke’o’ with @, = 695, by = 383, ¢, =620 A,and B
=90.7".

The color of ThyN, has been described as yellow-
maroon,’ *-** maroon,® dark maroon,!' dark brown,
almost tlack,’® and biack.2® Chiotti® describes his
higher nitride as reddish brown, but he called it Th,;N;
and may have had Th,N,0.

4. Thermodynamic Properties

Heat of Formtion. — By direct measurement
Neumann et al.2® obtained AH24; = —308.4 kcal/mole
= —~1290 kJ/mole. From a heat of combustion of 564 .8
kcal/mole (2363 J/mole) Neumann et al*® found
AH39,2 = ~312.4 “cal/mole = —1307 kJ/mol>. Brewer

et al3% give AH3ey = —3104 kcal/mole = —1299
kJ/mole.

L T AR i PAOE

Free Eacrgy of Formstien. — Brewer ef ol giw
OGaeg = —283.6 keal/mole = —1187 kJ;mole,

Eatropy of Formeiion. — Brewer et al. give AS3 4 =
—89.6 cal mole ™ (°K) =375 J muie™? (CK) 2.

Hest Capecity. — S1to>! gives 1or 0 to S03°C

c, =0.04395 + 4436 X 107°¢
~-11384X 102l g (°C)?

=02048 + 1856 1074,
- 4763X 102 137 CO)t.

Free Emergy Function. — From a Russien compia-
tion, Voitovich®? calcul:tes the following valnes for (G
~ Hz0a )T

Temperature, °C 298 500 1000 1500 2000
F?:ﬁ_(;a,almle-' 432 458 595 TL7 825
(K) .
Foaction, J mole
™

1807 1916 289 3000 3452

5. Change of State

Decomposition pressure data are given under “Syster
Information.”
6. Electrical and Magunetic Properties

Awkemn and Aronson'! found the resistivity of
Th3;Ng to be very semsitive 1o heat treatment and to
range from 10° to 10® ohm-cm at room temperature.
Aronson and Awkern'® found walues of the magnetic

susceptibility ranging from 0.3 to 0.6 X 10™® emu/g
over the range —190 to 22°C.

7. Heat and Mass Traasport

No information is available yet.
8. Mechanical Properties

No information is available yet.

9. Chemical Properties®*-* S

Thorium nitride Th;N, hydrolyzes slowly in cold
water, immediately oo boiling. It burmns in oxygen, less

luminouely than thorinm,

Svesw=

10. Suzface Properties
No informati v is availabie vet.




F. T,N,0

Benz®® obtained equilibriom between Th,N,,
Th;N,;O. 2nd ThO, by heating mixtures of thorium,
ThN, and ThO; in the range 1550 to 2000°C. At
equilibziom the phases preseat were Th;N, and
Th;N;0, oaly Th;N,O, or Th;N,0 and ThO,,
Zeponding on whether the initail mixture contained less
than, close to, or more than 25 moi: % ThO,
W.mmuzom:mpdhcowodﬁm
from ThN, .,0, ,¢ to ThN, O, o at 1500 £ 40°C
and Tth.O.J. to ThN, (O, s 2¢ 2000 * 48°C.
The ThO, phase showed no variabdity at 1600°C but
extended to approximately ThN, ,0, 55 at 2060°C.
On cooling, precipitation removed nomstoichiometry
from thess phases. No solubility of oxygen in Th3N,
comd be detected. The oxynitride was gray C tmrovs,
depending on grain size. Beaz and Zachariasen® give the
aystal stracture of ThyN,O as hexagonal with ¢ =
38833 +0.0002 A and cg = 6.1870 1 0.0003 A.

Several other complex nitrides have been reported by
Benz and Zacharissen.’® They have the Ce,0,5-type
aystal structure, space group P3mi; the xray dif¥rac-
tion charscterization i cewon in Tahle 4.

Table 4. Sowmz Complex Tharimm Nitsides

N]

From Beaz snd Zacheriasen>*

J.»dtice Pazameter (A) Theoretical
Compound Density

%o o (g/cm®)
ThyNOAs 4.041 0001 6.979 10.002 948
Ty N2 Se 40287 £00002 7.156 16001 943
Thy NOP 40285 £ 00003 6835 £0.001 9.08
™N2S 4.008 10001 6.920 10.002 9.04

G. Thovimm Nitride —Halides

Juza and Sievers®>® have prepared and characterized a
series of compouads ThNX, where X is F,C1, By, or L
Al arise from reaction of the approprste thorum
tetrahalide with ammonia or Thy;N,. The fluoride s
insoluble and stable to aqueous reagents; it decomposes
in 3 br at 1320°C or ia 15 min at 1550°C. The other
compoundr hawe reactivities that inccrease with the
atomic weight of the halogen. The flvoriGe can dizeolve
up to 10% ThO, .

The crystal structures have been worked owt im
detail.’* The fivoride is thombohedral, and the others
are tetragomal. Two intermediate nitride fluorides,
ThN,F,_,;, were aso obsecved, tetragonal with x
from 0.88 to 0.94 and orthorthombic with x from 0.79
to 0.87.
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