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Volume II. Nitrides 

ABSTRACT 

Physical, chemical, and mechanical properties of thorium nitrides, alone and in combination with 
other nitrides and other thorium compounds, are collected from the literature through January 1973 
(51 references). The thorium-nitrogen phase equilibrium is reviewed. Although mechanical property 
data are still sparse, recent physical and chemical characterizatkM of ThN has confirmed its ugh 
metallic conductivity, furnished detail on hydrolysis and oxidation, and expanded the knowledge of 
the (Th,U)N and Th(CJ4) systems. 

This volume will include the following divisions: 
system information, thorium mononitride systems, and 
Th 3 N 4 systems. The carbonitrides that are substitution 
products of the mononitride will be covered with it. 
The oxynitride and other complex compounds are 
covered under Th 3 N 4 systems. 

SYSTEM INFORMATION 

The thorium-nitrogen phase diagram, taken from 
Benz et al.,1 is shown in Fig. 1. The only stable 
compounds shown are ThN and Th 3N 4 . The re­
ported 2 , 3 Th 2 N 3 has been identified4 as the oxynitride 
Th 2 N 2 0 . This compound is formed from heating ThN 
and Th0 2 in nitrogen. The high-temperature homoge­
neity range of ThN is much less than indicated by Fig. 
1. Reexamination of the phase boundaries at the same 
laboratory5 ' 6 has narrowed the range: the thorium-rich 
limit is at least 0.975, and die nitrogen-rich limit is 
stoichiometric. The nitrogen pressure in equilibrium 
with both liquid thorium and ThN is reported by Olson 
and Mulford7 over the range 2416 to 2790°C to be 

logp (aim) = 8.086 - 33,224/7+ 0.958 X 10"' 1TS, 

or 

logp(N/m 2)= 13.092-33.224/F +0.958 X 10"' 77* s , 

where T is in °K. Oxygen contamination greatly in­
creases this pressure. The equilibrium nitrogen pressure 
over ThN and Th 3 N 4 , measured by several investigators, 
is shown in Fig. 2. The disagreement is likely due to 
carbon contamination, as expected from dissolved 

carbon lowering the activity of ThN, shifting the 
equilibrium to higher nitrogen pressure in 

Th 3 N 4 ^3ThN-r VjN2 . 

at a« • • at io •* , ** •• 
M Tft MTlO 

Fig, I. The Thoriwn Nifrogw PIMM Mnpaam, From R. 
C. G. Hoffman, and G. N. Rupert.' Copyright by the American 
Chemical Society and Kprinted with paroaMon. 
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The increase in dissociation preswie in the pretence of 
carbon has been verified experimenuly by Ben*.* 

by cold and hot pressing- Olson and Mulford* mdttciKin 
melted thorium under 2 aim N : ai 2000*C \o get ThN 
ingots. Weave?1' prepared dense ThN specimens by 
*one melimg thorium rods m 1.3 aim K 3. He found th« 
poroaly was loo great at pressed and sintered samples 
and loo nonuniform m ar»<ast samples for measure-
mem of thermal and electrical conductivii)\ 

J. Crystal huptrlies 

Face-cenicud cuNc Nad type. 
md TlMnntl tifsmmn. Value* 

of the room-temperature lattice peramettr of carefully 
prepared ThN range from 5.S55 lo S.lo: A. fern 
investejeiors S . l . t l . t ) report dost lo 5.159. The value 
most precisely reported is 5.16190 t 0.00015 by 
Venard ef «£** Measurement* to 9Q0*C by Street and 
Waters'1 are shown in Fig. 3; they derive a mean 
coefficient o( expansion of«7 J9 t 0.042) K I0~*~C 
over die range measured Aromnn a si** made x-ray 
diffraction rneasnremenis over the range 800 to 
I300*C: Fig. 4 comperes uVeir expansior;- vame* foi 
ThN and some other dtorwm compounds studied in ihe 
same worfc. The coefficient of exponiiun a( ThN 
corresponding to these results it 8.2 X |0"*/*C ma the 
range 400 to I J00*C. The data of Aronson ci «f. and 
Street and Wafers agree reasonably weal in the region of 
overlap. Lattice parameters measured up to 2XXTC in a 
sfj»V * of the Th-N-C system are presented wilh ihose 
M Tb(C\N) m Section F3. 

VJ0 r 
•*•» •»««*•»* 

THORIUM MONOtffTftlDC SYSTEMS 

I. 

The thorhmvrich bouftdary of the ThN phaae was 
found by tent* ai a nrtrogefHo-dtorium atom ratio of 
0975 i 0.01 at 20tK> and 2I00*C. Bent and Trostel* 
regard thai ratio at a lower bound and indicate dial die 
itftrogen-ricn HaaJt it die stoidtiometric ratio. 

from the 

from the 
I000*C 

mooonitride it generally made at powder 
hydride or metal (uniaWy powdered by 

dehydriding) by haadng in nitrogen or 
w^m^ae w^aw^v^mv^wjna* ^*T7 v^wa^na**eaaj vâ va>ô >'W# 

Th,N 4 ; dot it de<ompos«d to ThN at 
temperatures, Ben e# a£ { prepared tpecbntm 

* *» 

- v 

: i... ±-
<• 

* .H 5» 

s.n MB •00 *30 
! U M W i ^ (KM 

toe •ooc 

P-ja, J. TiapinniM VsmniM -* o» Urate 
HW. tawd <m $iM»i md »•**»*.'' 
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>% 4. TlMMvl r ^ i i m of T*N. Coftnl r»« S Al< 
t-t ,.!.*' m%ik f*itmw*m at ftm Ammam C*nmir Sartny. 
StMMattf Ihjf 3Wfv4 #%pMkl^XH of <*ISMf (IMftoftt <JP4M^MMMl Jfc 

ir«* 

Cotav. c;oiden yeSaw.'green-yett"" ' * 
Ptusif y. The denof y corresponding 10 *• • 5.I5«» b 

11.401 i o n * . 

The specific heat from ji iu 9*K was found by dc 
Norton and Carta ' , , t l to be given by 

C T T " 3 i:^O.0W7r ! wJmok' i 'Ki" 1 

Values by Danan rf «/. * * to MrfK are given in Table t. 
Front these specific heat measurements Oanan ef at. 
calculated the iotlowtng standard functions for ThN at 
;*»* I5*K 

5-5t»OJ lOJmole" , l^K)"' 

- IV4 X0:caimol-• , rXl*' : 

// //„ -K450t 150 J mok 

• 2040 2 3^ ca! mole . 

IC7 //o»- 8250 t 150 J mole 

• l*»7GiJS cat mole. 

TaMr I . wtwt Capacity erf T M M N M I 

Tempers! wc Cp. HVal C. •pK*> 
i*K» < ! • * * - > I T 1 1 <ol«wfe~ ( * * ' ' ) 

10 0.1 M 0.033 
15 0 4 H 0.11? 
20 | . » 0.330 
25 2.7* 0 M ? 
30 4 60 1 IO 
40 125 197 
50 l l -J 275 
« u i* . i5 J4J 
7t» 1*95 4.0$ 
10 19.4 4 44 
fO 217 5.19 

100 23.9 5 72 
120 27J 6*3 
140 312 ?4« 
1*0 M l 1.(5 
I I P 3 * * • 75 
200 » 7 925 
210 40.5 9 * 1 
240 4U0 100) 
2*0 4 ) J 10)2 
2S0 44.75 t o i l 
100 45.1 10.71 

From their measurements of the decomposition pres­
sure of Th)N 4. Aronson and Auskern* and Kusakabe 
and tmoio'* have derived the following functions of 
formaitortai 2*S.I5*K: 

A M * A* Kandl i * 

Jjtf. kJ/Mrtlc 379 590 Jjtf. kJ/Mrtlc 
90* 93.1 

*£jn»*- ai-Kr' 
attack"' i*Kl'% 

913 105 *£jn»*- ai-Kr' 
attack"' i*Kl'% 23.5 25.1 

Gtnfertch1* estimates the heat of sublimation as 203.1 
t 10 kcaVmole. or M« 1 42 kJ/moie. Venard and 
SpruieU1' esiimaie the standard free energy o< forma­
tion to be 51.1 kcsl/mok, or 214 kJ/mok, at 
I000*C 

S. Chanpr of State 

Thorium mononitride melts congruently under suffi-
cient nitrogen pressure. Repotted melting points are 
2820 t MfC under 2 aim (2 X 10 s N m 2)N, by Ben/ 
ef J..' > : u i .5 undei 2.6 aim N, by Ben/,* and 
:>'H) 1 3d*C at slightly under 1 aim N 3 by Olson and 
Mulford.7 The melting pom? is lowered by impurities, 
particularly oxide.1•' which is aunost always present in 
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ThN. Blum and Gui«er : demonstrated eutectic for­
mation between ThN am! ThOj. and B e n / 1 1 showed 
that under at least 100 torr S j the eutectic occurs at 19 
mole •* ThOj and SboOV. Also, melting under too 
little nitrogen lowers the melting point with loss 01 
nitrogen.' ChioU!* foond melting at 2o30"C under 
helium. 

Sobd-fai euuilibm arc given under "System Informa­
tion." 

6. Elcctficftt 4K«4 Magnetic noptrties 

Auskern and Aronson'* measured several electrical 
properties of ThN specimens pressed in vacuum at 5000 
pst (35 MN/m 1 ) and 1275*1 and then annealed in 
vacuum 13 hi at I800"C to a density oi <*.**$ g/cm ; 

The resuits are shown «n Fig. 5. Th; second llafl effect 
specimen was annealed only 4 hr at 1S0J"C but reached 
a density o( 10.6 g/cm4 

Weaver" reports two sets of electrical resistivity 
measurements on a specimen o 1 /one-melted ThN 
Figure 6 show* hts low-temperature results. His tugh-

( i r ~i r T I T 

w f̂ t m m m * 
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I • « 
• t 

I 

• •MO* 

I I »• i -\ 1-

: I-T-+-. T » H •*.•©« 

temperature results ovet the ran}: 300 to 1300°K arc 
fitted by 0.347 • 0.0581447**! Urn. In the range of 
overlap these remits itc about I t * below those in Fig. 
5. Weaver'' also measured the absolute thermoelectric 
power o( both arc<ast and /onc-mcitcd ThN from X0 
to 400*K The variation about zero was slight, less than 
i«V/*K. over the range meajured. 

Aronson and Auskcrn2 4 measured the magnetic 
susccpttbtltty of three ThN specimens ai 1^0. 7o. 
and 22*C values ranged from 1.65 to 1.84 X 10"" 
emu if. and the decrease wi>h increasing tempera turc 
was less than the difference among women* . Raphael 
and de Novion :* found a susceptibility of 1.42 X 10 " 
emu/g. consUnt over the range 4 to 300*K. However. 
Didchcnko and Gortscma1* found ThN dtamagnetic 

Measuring the nuclear magnetic resonance of ' * N in 
ThN. Ku /mc i / : T found a posilrve Knight shift of (10 7 
t |.51 A 10* 4 Ciorgi et « / . J " found ThN super­
conducting up to 3.2*K 

7. H a t and Ma» Trawpuct 

Owfmiow. Beru* has interpreted the growth f»« of 
ThN scales on liquid thorium in nitrogen in terms ->f an 
average inierdiffusion coefficient in the ThN phase His 
coefficients average 2 3 X I 0 " 1 cm*/sec at 190d"C\ 17 
X 10"* cm1/sec at 2100*C. and 1.83 X 1 0 * em'/sec 
at 2400* C The temperature dependence corresponds to 
an activation energy of 99.4 * . 0 kcai/mote. or 416 t 
l25kJ/moie. 

Thenml Conductivity. Measurements by Weaver'' 
on /one-melted specimens are shown in Fig. 7. From 
these data, electrical resistivity data, and a separation of 
thermal conductivity into lattice and electronic com­
ponents. Weaver extrapolated hts results to obtain the 
high'tempcrature estimate given in Fig. 8. 

riwawiiifj Kusakabe and lmoto , s report the 
following values for emtssivity at the wavelength 0.65 
um. 

n*o •TW« 

1501 0.900 
1564 0145 
1425 0414 
1410 0.790 
1740 0.754 
iv!5 0.499 

r)g> 5. Han CbsfFicaMt* TharaaMlsetfic 
Buktliltj of TnN at FMCOOM of 
wfta pvminkm from A. B. A«Hft«ro and 
copyright by Pirgamon. 

llepmmd 
AroAftM. 1 4 

B. atccaMMeai r n p v w i 

No information is available yet. 



67 

SAMPLE Th-t€ 
• <Th-5%y}N-$AMPL£ Th-«5 
• { Tfc-5*U)*-SAMPLE T*-2f 

50 tOO t50 200 250 
TEMPCRATuRE (K : 

50C 350 400 

Fig.fc F-tecfhcil R « « m t y olTkN.<Tfc.l')N.a*4 t N . f-row W«wi 1 1 

•. I M M C S rroperacs 

(JlwK! and Mull.xd* report that ThN UM>#» exposed 
to air acquire a bbck film within minutes and that the 
powder reacts readiy with air to form THOj. Cbiotii' 
reports that «rw powder can be readily handled in air 
but dtfmttf/ates in a short time in moist air and burns 
vigorously when United. Abo, ThN reacts with water 

and is readiy attacks by nitric acid.' Arortson ?/«/.'J 

found that above I300*C, ThN reacted with the 
residta) vapors in a vacuum system at 5 X 10"* ton 
(0D7 N/m J). apparently with gradual substitution of 
carbon to fonn ThC and ultimately ThCj. 

Sahara and Invito 2* measures? the hydrolysis of 
rhN powder Their rcaciKm curves shown in Fig. *>can 
be fined b\ hrsiofdcr kiuriics with an activation 
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Fig. 10. Gas EvoaaOoa 
From Sophara and Imoio.2* 

ThN M Waftv Vapor. 

energy of (5 kcal/moie (63 kJ/mo*>). The producu are 
hydrogen gas, dissolved ammonia, and ThOj When 
ThN was exposed to water vapor at a heating rate of 
5*C/min, ammonia, and hydrogen were evolved as 
shown in Fig. 10. 

Ozaki €1 ml** found little difTerenr.e in the oxidation 
of ThN powder in 0.2 and 1.0 aim O, The reaction 
was about 15% complete m 4 hr at J9S°C and 75% jt 
4JT/C. The conversion ratio C followed the expression 
1 - (I - Q',M • kt with an activation energy ranging 
from 16 to 20 kcai/mole (65 to 80 kJ/moie). The 
powder ignited at 52<fC. 

10. 

No information is available. 

1. 

Thorium and uranium mononitridts form a con­
tinuous series of solid solutions. Equdibria between the 
mixed nitride phase and the component metals at 
1000*C were determined by Vtnard and SpruieU.2' 
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Fuj 11. f**m ruBJHwiii m theTb-C-N Sjrsarai at 1006* C. From Venara and SprmeB J ' Copyright by Nortb-HoUand hibashhw; 
Compan;1 «nd reproduced with petmwon. Lattice parameters arc shown for «Th.U|N for several overall compositions. Computer's 
note: The parameters for ikt two highest uranium contents at 40 at. 1 S atx quite low for the (Th.LT)N compositions that would 
have to be m eqwfcbrium with metallic uranium lo p*e the overall composition mdkated. Very hk<4> these values reflect incomplete 
cquabbraiion. 

Their equilibrium diagram is Fig. 11. The greatest 
hypostoichiometry was for the compotitkM 
^o.»44 U ©.o$* N o.a»*' ***<* e * i m a l *°00*C in 
equilibrium with both metals. No information 
obtained on the nitrogen-rich composition limits. 

3. Crystal Properties 

Lattice parameters for (Th.U)N were determined by 
Venard n at'5 and sre shown in Table 2. "Agreement 
w.th Vegard** bw is quite good. • i > 

Coarse (Th,U)N powders were prepared from arc-
n*2Jted thorium-uranium alloys by two hydride-
deltyoVide cydes, reaction with flowing nitrogen at 400 
to 800*C, and decomposition to (Th U)N at 1450 to 
ISOCTC under vacuum.2 1 To avoid the heterogeneous 
fhonum-uran'um alloys as starting materials, de 
Novion' 7 pressed and sintered mixed l&iim ThN and 
UN powdct s. Despite three evetes of crushing, pressing, 
and sintering «! 16U0'C. the specimens were not 
homogenous as determined by x-ray diffraction. 

Weaver'' prepared ThN specimens containing up to 
yi UN by /one melting thorium-uranium alloys under 
1.3 aim Nj. tiranrunvrich specimens were difficult to 
obtain this way because o( thrtr lower melting points 
and concomitant slower diffusion Material prepared by 
arc melting the metallic alloys under nitrogen contained 
porosity that was loo gteat and loo irregular to per cut 
transport properly measurements tha: could be cor­
rected for porosity 

Table 2. Utface 

I r»n VVoird rt a! 

of(Th.t)N 
i s 

stole •: ThN Latbee Parameter (A) 

0 4J9034 ± 040923 
10.24 4.91561 £0.00015 
20.40 4.95712104001* 
30.54 4.97434 ±0.00079 
4O.60 5 DOM* 10.00105 
5OJ&0 5J032 19 ±0.00043 
60.64 51*339 ±0.00115 
70 M 5.01531 ±0.000*0 
tojn 5.10*26 ±0.0001* 
90.24 5.134*1 £0.0004* 

500.00 5.16190 ±0j000| 5 

4. TThCTWaodyaanwi: Properties 

Nci information i* v aiiabfc 
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TaMe 3. Saootiked Valves of Abnftate Thernoetecthc 
PowaoffTk.U)N 

From Weaner1' 

Thermoelectric Power OiV/°K) 
Temperature Arc Melted Zone Melted Temperature 

<Th-l%U)N (Th-5«* U)N ( T h - M U ) N (Til - 5 * U)N 

80 3.8 5.3 
90 1.4 5.9 4 J 5.6 

100 1J 6.0 4.6 5.8 
110 1.6 6.3 4.9 6 : 
120 1.8 6 6 5.3 65 
130 1.9 7.0 5.6 6.8 
140 2.0 7.4 6.0 7.2 
150 2.1 7.9 6.3 75 
160 2.2 8-S 6.6 7.9 
no 2.3 8.9 6.9 8 3 
180 2.4 9.4 7.2 8.8 
190 2J 9.8 75 9.2 
200 2.6 102 7.7 9.6 
210 2.7 10.5 7.9 9.9 
220 27 10 J) 8.2 10.2 
230 2 8 11.1 8.4 105 
240 28 11.3 85 10.C 
250 28 11.4 8.6 10.8 
260 27 11.5 8.7 •0.9 
270 2.7 11.6 8.7 11.0 
280 25 11.5 8.7 10.9 
290 2.3 11.4 8.6 10 8 
300 1.9 l i . l 8_S 10.6 
310 1.7 111 8.4 105 
320 1.7 l i -4 83 10.7 
330 1J 11.7 8.8 10.9 
340 2.1 11.9 9.1 11.1 
350 2.4 12.0 9.4 11.2 
360 2.6 12.1 9.7 • 1 •» 

370 2.7 12.2 9.9 11.4 
310 28 123 10 i 11.4 
3*J 2.8 12.4 10.3 11.4 
4410 2.7 12.4 10 6 11.4 

No information is available. 

temperatures. A truutormation was observed in 
The.jUo.gN at 32°K: none was observed at 60 mole % 
UN or lest. 

Electrical resistivity measurements by Weaver1' on 
uomt rarlted specuneos are given n Fig. 6. His absolute 
dwnaoekctric power measurements are listed in Table 
3. Dettovioii 1 7 measured the magnetic susceptibility 
from a few degrees Kelvin to room temperature for 
imperfectly homogenized (Th.UjN. The susceptibility 
increases regularly with uranium content, except 
uraiuunvrich specimens show magnetic ordering at low 

7. Heat and 

Thermal conductivity measured by Weaver" is 
shown in Fig. 12. His extrapolated values for higher 
temperatures are shown in Fig. 8. 

S. 

No information is available. 
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fif. 12. Thermal 
Weaver 1 ' 

CuafcilUHy of (Tfc,U)N. Measured by 

Weaver1' found that samples of porous arc-cast 
(Th.U)N left exposed to the air were completely 
converted to oxide in about two days. 

10. 

No information is available. 

C. 

Pardueetof.31 prepared a mononrtride from Pu—20% 
Th, isostatkafly pressed it at 1S40°C and 1OJD0O psi 
(70 MN/m3), and heated it 48 hr in flowing nitrogen at 
1720CC. Its lattice parameter was 4.980 ± 0.001 A, and 
its evaporaticr loo was 0D296 g/cm3 in 5 hr at 
1550°C. 

D. Binary System with Ifcmrud Nitrides 

Benz and Zachariasen33 prepared and determined the 
crystal structure of the orthorhombic compounds 
Th}MnN3 and ThjCrNj. They have respective decom­
position pressures of 11 torr N 2 at I300°C and I ton at 
1600°C. 

E. Ternary and Move Cbaolex Sy: 
with Other 

No information is available. 

F. Tfcorfe« CarooMtrides 

I. ConposftioB 

Street and Waters33 found complete solid solubility 
between ThC and ThN. As carbon is substituted for 

nitrogen in ThN. the tolerance of nornnetal vacancies 
by the lattice increases, permitting an increasing range 
of hypostoichiometric compositions. This is shown E» 
the ternary phase diagrams of Fig. 13. taken from Ben/ 
and Troxel.* The lowest temperature of these diagrams 
(I500°C) is in the range of complete irascibility of ThC 
ind a-thorium. but a small nitrogen content produces a 
n ŝcibifaty gap. Also Fig. 13 shows that inclusion of 
carbon at very high temperatures permits hyperstoichi-
ometry as the range of irascibility of ThC and y-ThC; is 
approached. 

2. ftfuaufion 

Carbonttrides have been made by heating cold-pressed 
pellets of the mixed carbide and nitride at ?600°C (ref. 
33) or 2000CC (ref. 5). Hypostoichiorneiric soUd 
solutions have been made 2 4 • , 4 by heading mixtures >f 
ThN, thorium, and carbon in vacuum at 1700 to 
!800°C. Samples lor electric?l mesaiieiTients34 were 
hot pressed at 1300°C and 5000 psi (35 MN/m2) in 
vacuum and then annealed in vacuum at 180GCC for 5 
to 17 hr. Sugthara and Imcto 2 9 prepared Th(C.N) 
samples by cold pressing a mixture of ThN and carbon 
powders and then heUing 4 hr in vacuum at 1700 to 
1750°C. Benz and Trcxel* reported that mixtures of 
ThC and ThN were not completely homogenized in 0.5 
hr at 2200°C. Benz and Balog's hoi.̂ ogenized in 
vacuum for I min at 2I00°C, but to achieve uniformity 
they crushed, pressed, and homogenized three times. 

3. Crystal Properties 

Street and Waters33 found linear variation of the 
lattice parameter with composition from 5J38 A for 
ThC to 5.158 A for ThN. Benz5 found parameters in 
agreement with those of Street and Waters; both 
worked with material dose to stoichiometric. For 
hypostoichiometric materials Auskem and At nson 3 4 

found agreement with measured parameters and : near 
interpolation between values for ThN and ThC,, with x 
chosen to fit the composition. Their values are: 

T h C 0 . 7 7 S N 0 . 1 0 e 5.320 A 

T h C 0 i * 2 S N 0 . 2 7 5 5.2*8 A 

T h C 0 . S 3 7 N © . 3 8 9 5.266 A 

T l l C a * 6 l N © . A S 9 5.246 A 
1 1 , C 0 . 2 0 3 N 0 . 7 3 g 5.197 A 
T h C C < W 9 N 0 . 9 3 7 5.165 A 

High-temperature lattice parameter* for ThC-ThN 
compositions reported by Benz and Balog'5 are shown 
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16 Fig. 14. Lattice Constants of TtKCfN) Compositions. From Benz and Balog. Copyright by Academic Press and reproduced 
with permission. 

in Fig. 14. Their results show agreement with Vegard's 
law at 1800°C. 

4. Thermodynamic Properties 

Benz5 gives the following for the relative internal free 
energies of mixing of ThC and ThN in the solid and 
liquid states: 

AGM<*> = 7.2[X%lH(T- 3090)+ X%lc(T- 2770)] 

• RT\X$n In 4 > N • 4*> c In * ? > c ] 

- (13,000 ± 7,000)^> N ^ T '> C cal/mole 

= 30[^> N (T - 3090) + Xi&c(T - 2770)] 

+ /?r[^) Nln4') N +4) cln^) c] -

- (54,000 ± 29^)00)4,JN^<T,hC J / m o l c ; 

AGM<0 - U r p c f t M In A?> M • X & . In *&,.)] 

-(6,600±7jOOO)4 />N^< r

/ )

hC cal/mole 

- / ? 7 ' l4 / ) hN I" 4°hN + *ftC ^ *ScM 

- (28,000 ± 29^00)4^^0 I f m < A t > 

the A"s are mole fractions. 

5. Change of Stat 

Melting points and equilibrium nitrogen pressures 
given by Benz5 for carbonitride solid solutions are 
listed in Table 4. Note the maximum. 
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Tabfc4. MettingPoiatsofTh(C/0SolidSoftatioas 

From Benz5 

Gomposttion 
Lattice 

Parameter 

T l l C a 9 7 

T 1 , C O . 7 O N 0 L 2 ^ 

T b C 0 . 4 8 N 0 . 4 9 
T h C 0 . 4 7 N 0 . 4 7 
T b C 0 . 3 4 N 0 . 5 6 
T 0 C O ^ 8 N O . 6 3 
ThCo^No^ 
ThN 1.00 

Meteng 
Point 
<°Q* 

Nitrogen Pressure 

(atm) (N/m 1) 

S.346 
5.310 
5.305 
5.276 
5.262 
5.241 
5.225 
5.220 
S.188 
5.158 

2500 
2670 
2720 
2810 
2850 
2910 
2910 
2920 
2875 
2820 

0 J 0 1 ± 0 J J U S 

0.05 ±0.01 
0J8±0 .0^ 
030 ±0.04 

(2JOf 
(2.0)* 

2.6 ±0.6 

X10* 

0.01 

0.30 

cutr 

2.6 

•IOJOOIA. 
*±35°C 
^Probably below true equiibrium pressure, since the 

composition, measured after melting, shows loss of nitrogen. 
^Nominal. 

2 0 0 -

T * c ^ " . , 

200 400 GOO 
TEMPERATURE. *K 

800 

Fig, IS. Electrical Resistivity of Thorns* Carboaitrides. 
Values have been corrected to zero porosity by multiplying by 
(1 - f)/(l + JY2), where Pis the pore fraction. Copied from A. 
B. Auskern and S. Aronson 
American Institute of Physics. 

34 with permission; copyright by 

6. Electrical and Magoetic Properties 

Several electrical properties of hypostoichiometric 
carbonitrides were measured by Auskern and 
Aronson.3 4 The resistivity, Hall coefficient, and ther­
moelectric power are given in Figs. IS-17respectively. 
The same authors' magnetic susceptibility values2 4 are 
listed in Table 5. 

Giorgi ct aL2* found thorium carbonitrides super­
conducting, with die transition temperature a maxi­
mum of 5.8°K at 78% ThC, dropping off sharply with 
increasing carbide content, and dropping off gradually 
to about 3°K at 50% ThC. 

7. Heat and Mass Transport 

Benz9 has interpreted the growth rates of (Th,U)N 
scales on thorium-carbon alloys in nitrogen in terms of 
a composition-average interdiffusion coefficient in the 
ThN phase. His coefficients average 5.6 X 10" 1 ' 
cm2/sec at i400°C, 1.0 X 10"'° cm2/sec at 1500°C, 
6.7 X 1 0 _ , ° cm2/sec at 1600°C, 2.9 X 1 0 - 9 cm2/sec 
at 1700°C, 4.9 X 10"9 cm2/sec at 1750°C, and 6.9 X 
10" 9 cm 2 /sec at 1800°C. These values are fitted quite 
well by an Arrhenius extrapolation of the higher 
temperature values for ThN cited from the same work 
in Section A7. 

-16 

-14 -

It 
hi O 
O 

< X 

. / 7 » N . I O t 

ThC .3S7N.J#0 

oT*1 C.4M N .4S» 
T h C J O S N . 7 s e 

° T h Cjoat N.»jr 

J_ 1 
0 200 4 0 0 

TEMPERATURE, *K 

Fig. 16. Hall Coefficient of Thorium Carbontrides. Values 
have been corrected to zero porosity by multiplying by 1 - P, 
where P is the pore fraction. Copied from A. B. Auskern and S. 
Aronson 
Physics. 

34 with permission; copyright by American Institute of 
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TableS. of Thornim Carboaitridas 
From Aronson and Auskem 24 

Lattice Susceptibility (emu/g) at -
Composition Parameter 

(A) 
22°C -76°C -190°C 

X 10"* X 10"* X I 0 " " 

T h C 0 . 7 7 5 N 0 . l l 3 5.320 14.6 14.6 15.2 
T n C 0 . 6 2 S N 0 . 2 7 S 5.288 13.5 13.6 13.9 
T h C 0 . 4 S 9 N 0 . 4 8 9 5.246 14.2 14.2 14.5 
T n C 0 . 2 0 2 N 0 . 7 3 4 5.197 15.6 15.9 16.0 
T n C 0 . 2 0 6 N 0 . 7 4 9 5.199 14.6 14.7 14.8 
T h C 0 . 2 5 1 N 0 . 9 3 6 f l 5.164 18.3 18.6 18.8 

"Compiler's note: This composition appears to be in enor; a 
carbon subscript of 0.03 to 0.06 would be more consistent with 
other information in the paper. 

8. Mechanical Properties 

No information is available. 

9. Chemical Properties 

Benz5 melted carbon-rich carbonitrides on tantalum 
and other carbonitrides on tungsten without evidence 

WOr 

Fig. IS. Rate of 
Siajibara and l.moto. a* 

TimeCmirv) 

of ThCe.as^o.sa* Copitd from 

of interaction. Auskem and Aronson'4 found no 
interaction with molybdenum dies during hot pressing 
with 30 min contact at l30CfC 

Rate curves reported by Sugihara and imoto 2 9 for 
the hydrolysis of T h C 0 . 4 j N a J g are given in Fig. 18. 
One curve for ThN is included to show the accelerating 
effect of carbon. The reaction products were dissolved 
ammonia and gaseous H 2 , C H 4 , and C 2 H 4 . Heating 
carbonitrides with a range of compositions in water 
vapor gave principally ammonia, methane, and hydro­
gen, with small amounts of ethane and mcthylamine 
and a carbonaceous residue. 

10. Surface Properties 

No information is available. 

G. TnN-Oxide System 

Two investigations have sought the limiting compo­
sition T h N j ^ O j by measuring the simultaneous 
solubility of thorium and T h 0 3 in ThN. with con­
flicting results. Benz 3 3 found the limiting x in the 
formula to be 0.04 at I600°C. increasing to 0.12 at 
2100°C and then decreasing to zero at 260T/C. 
Kusakabe and Imoto 3 5 report a limiting x of about 0.2 
at I6G./C and 0.3 at I800°C. Benz 3 3 also found that 
the solubility of ThN in T h 0 2 becomes detectable 
(about 0.S mole %) at 2550°C and increases to 10 mole 
% under 100 ton N } at the eutectic temperature of 
2660°C. The ThO,-ThN eutectic is described in Sect'on 
AS. Selected equilibrium diagrams given by Benz 3 3 for 
the Th-N-0 system arc shown in Fig. 19. 
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Tli.N, SYSTEMS 

Systems with ether mtrides (parts B thiough K) have 
nut been studied, except thai Palwnr and Ju/a J* ftave 
prepared and crysialiographically characterized the 
compounds Li :ThN 2 and BeThN :. Compounds be­
tween TlijN4 and other thenum compounds arc briefly 
described in parts F. Ci. II. and I. 

A. Th,N 4 

1. Composition 

Below 1000°C Benz ei ai.1 report Th,N 4 stoichio­
metric; at higher temperatures they found the following 
metal-rich limits on the nilrogen-to-thorium atom ratio: 

1603°C 1.33 * 0.03 under 33 lorr N2 (4400 N/m2) 
17M°C 1.31 under 255 ion N2 (34.UOO N/mJ) 
I960°< 1.28 un^er 920 lorr N2 i 123.000 N/m2>. 

2. Preparation 

The first ThjN 4 characterized'17 , % was synthesized 
from the dements, and this is still the usua; 
method."*1* Conditions can vary widdy. &enz et al.x 

obtained Th J N 4 from the hydride and nitrogen at 200 
to 900*C. Benz and Zachariasen4 reacted ThN with 
0.1 3 aim (1.3 X 10* N,*V) N2 at 1320T. Dusing and 
Hunigcr3* precipitated ThjN 4 from thorium vapor and 
nitrogen. Specimens for electrical me-Mi'rcincnis1* have 
been hot pressed at 1340 to I400°C in I ,»tm (I X 10* 
N7m J)N 2 . 

3. Crystal Properties 

Benz and Zachariascn4 find (or ThiN 4 a rhom-
bohedral structure, space group Rim. with parameters 
a 0 * 9.398 A and a * 23.7X°, with the corrc;ponding 
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t*. NfcjVTa 
ofTfc,**. ) • • • • «4fc>»Mt«* l Mac ' s 

Ttmetrtiwtt * J ' * • 
tA> 

«"# 
« " 0 l lOf f ) ikHtm1) 

* • 
tA> (A) 

2> 
?«0 

10!* 
123* 
144* 
1512 
1555 
IttQ 
17*5 
1905 

»̂c. 
10 
10 
JO 

570 
570 
570 
;7o 
•00 

13 
1.3 
4 

7t 
7* 
7ft 
74 

•0 

3J7« 27.392 

349, 27.5, 
3.90, 27.7, 
3.9| 7 27J, 
3-92* 27.9, 
391 . 21.0, 
3.92, 2»J0» 
3.92* 21.0) 

3.9 V 21.14 

hexagonal ccB having * e • 3871 A. r # =27.385 A Using 
neutron difTraciion to permit location of the nitrogen 
atoms. Bowman and Arnold4* confirmed this structure 
and gave hexagonal parameters «« * 3.8?5 A. c 0 « 
27.39 A. High-tempcraiurc hexagonal parameters re­
ported by Benz and Batog*s *n given in Table 6. A 
me testable monoclinic form is reported by Juza arc* 
Gerke4 * wilh « t • 6.95. b0 - 3.83. c 0 " 6.20 A. and ^ 
•90.7*. 

The color of ThjN 4 has been described as yellow-
maroon. 4 7' > t maroon * dart maroon,1* dark brown, 
almost black.4' and black." Chiotti* describes his 
higher nitride as reddish brown, but he called it Th 2 N s 

and may have had Th 2 N,0 

4. 

Heat of Formation. - By direct measurement 
Neumann etat.4* obtained A/V?,, - -308.4 kcal/mole 
• -1290 kJ/mole. From a heat of combustion of 564.8 
kcal/mole (2363 J/moie) Neumann et al.4i found 
A//%, * 312.4 kcal/mole « -1307 kJ/mole. Brewer 
et at44 give A / / j \ g = -310.4 kcal/mole * -1299 
U/mole. 

give Free Energy of Formation. - Brewer et al 
AG?*, « -283.6 kcal/mole * -1187 kJ/mole. 

Entropy of Formation). - Brewer et al. give A$l» 8 = 
-39.6 cal mole-1 fK)" 1 * -375 J mole-1 (°K)-'. 

Heat Capacity. - Sato4 5 gives for 0 to 503°C 

c p -0.04895 • 4.436 X 10'*/ 

-I.1384X lO^/'calg-' (°C)-' 

» 0.2048 •» -856 X I0" 4/ 

4.763 X I0"V J g _ l CC)-'. 

Free Eacify Fi 
tion, Voitovkh4* 
- ^taVr: 

1«-pe»t«c.°C 
KwKttoa.caimok 

5. 

Informafjon.** 

From a Roman compia-
the following values for (C 

299 
43.2 

500 
45.1 

1000 
593 

1500 2000 
71.7 123 

180.7 191.6 248.9 30&0 345J 

sst ssssase • » » g|V«M "System 

6. Qactricai and Magnetic Properties 

Awkern and Aronson1* found the resistivity of 
ThjN4 to be very sensitive to heat treatment and to 
range from 10 s to 10* ohm-cm at room temperature. 
Aionson and Auskem*4 found values of the magnetic 
sutceptiblity ranging from 0 3 to 0.6 X 10"* emu/g 
over the range -190 to 22°C. 

7. HeMaadlftw Transport 

No information is available yet. 

8 aa^«k^a2M^ ft in ..it . mecanaucai i Mipciucf 

No information is available yet. 

9. Caemtcal PiopeiUes 

Early investigations37'18 showed that Th 3N 4 hy-
drolyzes slowly in cold water and immediately on 
boiling and that it burns in oxygen, less luminously 
than thorium. Quantitative measurements of the hy­
drolysis by Sugihara and Imoto 2 9 are shown in Fig. 20. 
The products -re TbO} and dissolved ammonia. Ozaki 
et al.*° found that the reaction of Th 3N 4 powder with 
0.2 atm O, was roughly fitted by I - (I - O l / 3 ~kt, 
where C is the conversion ratio. The reaction was 25% 
complete in 7 hr at 340°C and 0.5 hr at 480°C. The 
activation energy over this range was 15.2 ± 1.7 
kcal/mole (64 kJ/mole). Over the temperature range 
1400 to I800°C. the nitrogen decomposition pressure 
of ThjN 4 in the presence of ThCN and Th(C,N) as 
measured by Benz9 can be fitted by 

logp (atm) =7.95 1.69XI0*/r, 

logp(N/m 2)= 12.96 1.69 X \<f/T. 
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v-iv 

o <o 80 
Time(min.) 

Ft* 20. Hydra*/* t u n of Th*N4 aM Tk2N20. GyM 
flora SMkm wd Iraoto." 

10. 

No information is available. 

F. TfcjNjO 

Benz47 obtained equilibrium between T h 3 N 4 , 
Th}N 2 0, and Th0 2 by beating mixtures of thorium, 
ThN, and Th0 2 in the range 1550 to 2000°C. At 
equilibrium the phases present were Th 3 N 4 and 
Th.NjO, only T h 2 N 2 0 , or T h 2 N 2 0 and Th0 2 , 
depending on whether the initial mixture contained less 
than, dote to, or more than 25 mole % Th0 2 

respectively. The T h 2 N 2 0 phase ranged in composition 
from ThN,.22°o.20 t o T h N l > 0 0 D i S at 1600 ± 40°C 
and ThN, , 8 0 0 l 0 to ThN, ' 0 O 0 , at 2000 ± 48°C. 
The Th0 2 phase' showed no variability at 1600'C but 
extended to approximately ThN 0 , 0 , g 5 at 2000DC. 
On cooling, precipitation removed nonstoichiometry 
from these phases. No solubility of oxygen ir. Th 3 N 4 

could be detected. The oxynitride was gray to maroon, 
depending on gain size. Benz and Zachariasen' give the 
crystal structure of T h 2 N 2 0 as hexagonal tnlh a0 -
3.8833 ± 0.0002 A and cQ = 6.1870 ± 0J00Q3 A. 

Equilibrium between T h 2 N 2 0 and othe solids has 
been investigated by Benz;32 selected equilibrium 
diagrams are given in Fig. 19. The decomposition 
pressure, presumably according to the equation 

2 Th 2 N 2 0 * 3ThN + Th0 2 + % N 2 , 

reported by Kwafcabe and Imoto' * over the 
1690 to 1985*C to be filled by 

fagp*. (aim)• 13344 3.095 X 10*JT 

log Pn 2 (N/m 2 >« 1*550 3 0 9 5 X 1 0 a / 7 

From this decomposition ptcswre they calculated the 
enthalpy and entropy of formation cf TfcjNjO to be 
4#3«s * -32!.? fcca!/«ete - 1346 k i /mU* « u 
A S 2 f , » -76.2 cat mote - 1 <**)** * 319 J mote"' 
(*K)~'. They also report the following emisMvitie* at 
die wavelength 0.65 pm: 

TCO *Tk jN,0 

1577 0.331 
16*7 0 343 
1725 0.344 
ISIS 0.34$ 
1925 0.347 

Rates of hydrolysis to Th0 2 and dissolved ammonia, 
measured by Sugihara and Imoto.2 • are shown in Fig. 
20. 

. i MMIWB nnuiue—rtasMes 

Juza and Sievers4* have prepared and characterized a 
series of compounds ThNX, where X is F, CI, Br, or I. 
All arise from reaction of the appropriate thorium 
tetrahalide with ammonia or Th jN 4 . The fluoride is 
insoluble and stable to aqueous reagents; it decomposes 
in 3 hr at 1320°C or in 15 min at I550°C. The other 
compounds have reactivities that increase with the 
atomic weight of the halogen. The fluoride can dissolve 
up to 10%ThO2. 

The crystal structures have been worked out in 
detail. 4 8 The fluoride is rhombohedral, and the others 
are tetragonal. Two intermediate nitride fluorides, 
T h N x F 4 _ 3 j r , w e f t a , s o observed, tetragonal with x 
from 0.88 to 0.94 and orthorhomhic with x from 0.79 
tc 0.87. 

H. ThCN 

In an investigation of phase equilibria in the Th-N-C 
system, Benz and Troxel6 four.d the compound ThCN 
with little if any variation in composition near stoichi­
ometric. Figure 13 shows solid-phase relationships 
involving this compound. The crystal structure was 
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•rncN. 

Ittmptntwn l*M-CEt«NmUK 

«© » • 

•*<A) 4 
(4kfJ 

W 2 f 
<Y> 

l*M-CEt«NmUK 

«© » • 

•*<A) 4 
(4kfJ (ton) <kK/«2) 

25 7A2j 3.94, 7.27, 95.7 vac. 
7*0 7.02* 4JOO, 7.30, 94.1 o c 
990 7 02 , 4 00 , 7 30. t3.7 5 0.7 

1100 7.01, 4J» , 7.33, 93.* 200 27 
12*0 7.0 h 4 0 1 , 7 3 4 , 93.9 570 7* 
1400 7 03 , 400* 7.37, 94.1 570 7* 
1500 7.0*, 4.01 j 7.3*, 94.7 *O0 • 0 
1*20 7 0 1 . 

- -— - * 
4 n>. 94.7 •00 ad 

determined by Benz el a£ 4 * to be C-centered mono-
clinic, space group Clfm (CjA). with lattice parameters 
U * 7.0249 i 0.0006 A. ft, » 3.946110.0002 A. c, « 
7 2763 t 0.0009 A, aasd 0 * 9S.67 t 0.01*. Neutron 
diffraction showed die carbon atoms to be in triply 
bonded pairs, showing die compound to be a mixed 
nitride-acetylide. High-temperature parameters meas­
ured by Benz and BaJog" are given in Table 7. 
Decomposition pressure measurements by Benz* ewer 
the range 1500 to I900*C »n the presence of the phases 
ThCj and Th((\N) can be represented by 

logp (aim)« 7 .82- 1.76 X I0*/T. 

logp(N/m 2)= 12.825 1.76 X l(f/T. 

I. Complex Thorium Nitrides 

Several complex nitrides not separately described 
have been reported by Benz and Zachariasen.50,51 

Some 5 0 have the hexagonal CejOjS-type crystal struc­

ture, space group find Other*5• are tetragonal, space 
group /4/iwwun. The x-ray diffraction characterization 
is summarized in Table 8. 

TaMtt. 

Compoond 
Lattice Parameter (A) Theoretical 

Density 

»• 

Th2NOAs 4.041 t 0001 6.979 * 0.002 9.58 
Th 2N 2Se 4.0287 t 0.0002 7.156 t 0.001 9.43 
ThjNOP 4.0285 t 0.0003 6.835 t 0.001 9.08 
ThjNjS 4.008 t.0.001 6.920 t 0.002 9.04 

Tetragonal*1 

ThjNjSb 4.049 t 0.001 13.57 ±0.01 9.17 
TluNjOSbj 4.C45 i 0.00. 13.18± 0.04 9.47 
ThjNOSb 4.041 t 0.001 12.84 ±0.01 9.76 
Th 2N 2Tc 4.0939 l 0.0004 13.014 * 0.001 9.44 
Th 3 NjBi 4.075 t 0.001 I3.6?0±0.01 10.30 
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