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Volume I1I.

Nitrides

ABSTRACT

Physical, chemical, 21:d 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 characterization of ThN has confirmed its high
metallic conductivity, furnished detail on hydrolysis and oxidation, and expanded the knowiledge of

the (Th,U)N and Th(C,N) systems.

This volume will include the fillowing divisions:
svstem information, thorium mononitride systems, and
Th; N4 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; N4 systems.

SYSTEM INFORMATION

The thorium-nitrogen phase diagram, taken from
Benz er al,' is shown in Fig. 1. The only stable
compounds shown are ThN and Th;N,. The re-
ported?*? Th,N; has been identified* as the oxynitride
Tk,;N,0. This compound is formed from heating ThN
and ThO, 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
laboratory®-® has narrowed the range: the thorium-rich
limit is at least 0.975, and the nitrogen-rich limit is
stoichiometric. The nitrogen pressure in equilibrium
with both liquid thorium and ThN is reported by Olson
and Mulford” over the range 2416 to 2790°C to be

log p (atm) = 8.086 — 33,224/T + 0.958 X 107! 'T$

or
log p (N/m?) = 13.092 — 33,224/T +0.958X 107" ' T* |

where T is in °K. Oxygen contamination greatly in-
crcases this pressure. The equilibrium nitrogen pressure
over ThN and Th; N4, measured by several investigators,
is shown in Fig. 2. The disagreement is likely due to
carbon contamination, as expected from dissolvad

63

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

Th;N, = 3TN + %N, .

q v1 1 1
oompesiugag 1
o Tapme oresis
o Lgntn
/ ‘.m" -
© Seseus, extedvind
/ * D Setwen, ovuioted
- . —
O By W =
/‘ f )
1
mun-u? ’l
T 1
? T
; | ;
[~
ig., ™™ sbaeTa | -
. E 3
[

k4
]
)
1
]
i
L]
-
t
|

| . i
—t—t7 b Y
! R
| 1 l l 1 i
] uL ‘1‘ as [ 1] -'o [ 2T ] 1)
» e Taghy
”n ™ RATIO

Fig. 1. The Thorium-Nitrogen Phase Diagram. From R. Benz,
C. G. Hoffman, and G. N. Rupert.! Copyright by the American
Chemical Society and reprinted with permilssion,
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The increase in dissociation pressure in the presence of
carbon has been verified experimentally by Benz.®

THORIUM MONONITRIDE SYSTEMS
A. Therium Menonitride

1. Compesition

The thoriume-rich bousdary of the ThN phase was
found by Benz® at a nitrogen-to-thorium atom ratio of
0975 £ 0.01 st 2000 and 2100°C. Benz snd Troxet®
regard that ratio as a lower bound and indicate that the
nitrogen-rich lisit is the stoiciriometric ratio.

2. Progaration

Thorium mononitride is generally made as powder
from the hydride or metsl (wsuslly powdered by
wum«mnmmuuwa

from the hydride and ammonis. Synthesis below
1000°C gives ThyN,: this is decomposed 10 ThN
higher temperatures. Benz ¢r ol' prepered wpecimens

by cold and hot pressing. Otson and Mulford® induction
melted thorium under 2 atm N, at 2000°C 10 get TAN
ingots. Weaver'' preparcd dense ThN specunens by
zone meltung thotium rods m 1.3 atm N, . He found the
porosity was oo great in pressed and sintered amples
and oo nonuniform in arc<ast samples for measure-
ment of thermal and ¢lectincal conductivily .

3. Crystal Properties

Swuctwre. - Faceronicicd culwe NaCltype.

Lattice Pasumeter and Thermu! Exposion.  Valucs
of the room-temperature kallice parameh s of carcfully
prepared TN range from $.055 to S5.162 A Mout
investigntors® *7-'2-' 2 report close W0 5.159. The value
most precisely reported is 5.16190 2 0.00015 by
Venard ¢f ol'* Mcasuremcats to 900°C by Strect and
Waters'? are shown in Fig. 3. they derive 2 mxan
coeflicient of expansion of 17.39 2 0.042) % 107 °C
over the range measured. Araason of ol '? msde x-ray
diffraction messurements over the range 800 (o
1300°C. Fig. 4 compares dweiv expansior. vakucs fog
ThN and some other thoricm compounds studied in the
same wurk. The coefficient of expuasion of ThN
curresponding to these results is 8.2 X 107 £°C over the
range 400 10 1300°C. The data of Aromson cf o. and
Street and Waters agree ressonably well in the region of
overlep. Lattice parameters measured up to 23J00°C in 2
study’? of the TR-N-C system are presenied with thow
o4 TR{C.N) in Section £3.
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4. Thermodysamic Properties
The spevific heat from 3 1o 9°K was found by de
Novion and Costa' * ' * 1o be given by
CoTn312¢00847T mimoke ™ (*K)"° .

Values by Dananef o' * 10 300°K are given in Tadle 1.
From these specife heat mwasutements Danan of of.
calkculated the Tullowing standad fumctions for ThN at
29K 15°K.

525010 male” (K"

13320 2calmole ! (K)

N M =x45012 150 ) mokc
e 2040 ¢ 37 cal'mole .

W MHo)=382502 150 ) mole
= 1976 ¢ 35 ¢calimole .
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Toble §. Heat Cagacity of Thorium Mowoniteide
From Danon cr el '
Temperatuse L Cp. Heat Capuerty
K Smate™ "k"Y) tcal molke ! °K 7Y
10 0.1)8 003}
15 0488 o
o 1.38 ol
2 2 0.7
o 4.60 .10
40 828 1.97
so 1ns 218
(¥ i4.35 Je&l
10 1693 408
50 194 4.64
0 n? s.19
100 239 in
1lo s 6.63
140 n2 146
160 M 8%
10 ¥ | B
b)) i %) .28
hd i) L i B 968
M0 420 100}
2e0 432 10.32
%0 4475 1058
0o 451 10.18

From their measurements of the decomposition prey
sute of ThyN,. Aronson and Auskern® and Kusakabe
nd Imoto'® have detived the following functions of
fosmatian 3t 298 15°K:

Aand A® Kandt'®
.w;. &)/ smwolc 7)) 3%
kel muale 9.6 931
.\S;.J maoke ! K) ! 9s.) 108
al meke ™! °K)7! 3K} 280

Gingerich®® esumates the heat of sublimation as 203.1
¢ 10 keal/mole, or 849 ¢ 42 ki/mole. Venard and
Spruscll? ' estimate the standard free energy of forma-

tion 1o be  S1.1 kezl/mole, or -214 k)/mole, at
1000°C.
S. Change of State

Thonum mononstride melts congruenily under suffi-
ciernt nitrogen pressure. Repurted melting points are
2820 ¢ 30°C under 2 atm (2 X 10° N:m?)N; by Benz
er .. 282U t 35 under 2.6 atm Ny by Bens? and
2590 ¢ 30°C at sdightly under | atm Ny by Olson and
Mulford.” The meliing point is lowered by impurities,
particularly oxide.'*? which is atinost always present in
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ThN. Bium and Suinet’® demonstrated eutectic for-
mation between ThN a2l ThO,. and Benz!? showed
that under at feast 100 tosr Ny the cutectc occurs at 19
mole % ThO,; and 2660°C. Also, melting under too
littke nmitrogen lowers the mening point with loss of
nittogen.' Chiottt® forind melung at 2030°C under
helam.

Solid-gas cquihdria arc given under Sy stem [nforma-
ton.”

6. Electricai «nd Magnetic Properties

Auskern and Aronson’ S measuted several clevtsical
propettics of ThN speamens pressed in vacuum at 5000
ps (35 MN/m?) and 1275°C and then anncaked m
vacuum 13 ke at 1800°C to 3 density of 995 gicn”.
The resuits are shown in Fig 5. Th: sccond Hall effect
specunen was anncabed only 4 hr at 1800°C but rcached
» density of 10.6 gicm? .

Weaver'' repocts two seis of clectrwal reststivily
meassrements on 3 specimen of zonc-melied ThN.
Figure 6 shows his low-iemperature results. His high-
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Fig. 5. Hall Coeflicient, Thermoslectric Power, and Electrical
Resistivity cf ThiN ss Fusctions of Temperature. Reprinied
with permission from A. B. Auskern and S. Aroasm,'*
cupyright by Pergamon.

temperature results over the rang: 300 to 1300°K are
fitted by 0.347 + 0.0581447 ufl<m. In the range of
uveriap these results arc about 1% below those in Fig
S. Weaver'! also measured the absolute thermoclectrw
power of both arc<ast and zonc-meited ThN from 80
to 400°K. The vanation abuut zero was shight, fexs than
I8V K. oves the range measured.

Aronson and Auskern!® measured the magneta
susceplibshty of three ThN specimens at 190, 7o,
and 2Y'C. values ranged from 165 to 1.84 X 1077
cmu/g, and the devrcase waith ancreasing temperatusc
was bess than the difference among specimens. Ranhoael
and de Nowion®*? found 3 susceptibsity of 142X 1077
cmu/g. constant over the range 4 10 300°K. However,
Drdchenko and Gortsema® ® found ThN diamagnetn:.

Mcasuring the nuclear magnetic tesonance of '*Nn
ThN. Kuznxiz®? found a positive Kmght shaft of ¢(10.7
t 1.5 2 107 Gip eof ol " found ThN super-
conducting up to 3.2°K.

7. Hest and Mass Transpuct

Diffusion.  Bens® has interpecied the ggowth iate of
ThN scabes on hiquid thatium n nitrogen n terms o an
average interdiffusion coefficrent in the ThN phase. ilis
coeflicients sverage 2.3 X 107° cm?/sec 3t 1900°C, 1.7
X 1077 cm?/sec at 2100°C, and 1.83 X 10™ cm?/sx
al 2400°C. The temperature dependence concsponds to
an activation cncrgy of 99.4 £ _0 kcal/mole, o1 416 ¢
125 kJ/molke.

Thermal Conductivity. Messurements by Weaver' '
on sonc-melied specimens are shown in Fig 7. From
these dats, clectrical resistivity data, and 3 separation of
thermal conductivity into lattice and eleclronk com-
ponents, Weaver extrapolated his results to oblain the
high-temperature cstimate given in Fig 8.

Emissivity. Kusskabe and Imoto’® report the
following values for emissivity at the wavelength 0.65
pm.

no Equn
1508 0.900
1566 0.865
1625 0.814
1680 0.79%
1740 0.7%6
ivns 0.699
8. Mechanical Properties
No information is available yet.
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9. Chemical Properties

Glson and Mulford’ report that ThN iaguts expased
to air acquire a black filin within miautes and that the
powder reacts readdly with air to form ThO,. Chéotti’
reports that the powder can be readily handied in air
but disinicgrates 1n 3 short time in moist ait and burns
vigorously when ignited. Also, ThN reacts with water

and is readily attacke:: bv nitric acid.> Aronson eral '’
found that above 1300°C, ThN reacted with the
residual vapors in a vacuum system at S X 107 tomr
(007 N/m?), apparently with gradual substitution of
carbon o fonn ThC and uitimatdy ThC,.

Shghara and Imuoto?® measured the hydrolysis of
ThN powder Thewr reaciton curves shownin Fig. 9 can
be fitted by Nhist-order Kinstics wath an aclivation
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energy of 15 kcal/mole (63 kJ/mole). The products are
hydrogen gas, dissolved ammonia, and ThO;. When
ThN was exposed to water vapor at 2 heating rate of
$°C/min, ammonia and hydsogeu were evolved as
shown in Fig 10.

Ozaki 7 8l.2® found litte difference in the oxidation
of ThN powder in 0.2 and 1.0 atm O,. The reaction
was about 15% complete in 4 hr at 395°C and 75% at
480"C. The conversion ratio C followed the expressicn
1 - (1 - O3 = ki with an aclivation energy nnging
from 16 to 20 kcal/mole (65 to 80 kJ/mole). The
powder ignited at 520°C.

Y-119430

Qo
o

m
o

Amount of NH, (%)
8 8

o

Time(min.)

Fig. 9. Hydeolysis of ThN at Various Temperatwres. From
Sugikera and Imor: 2*

Y- 119429

9)

m-mol/
o

NH,, Hy(

YAVARY
| / \&1
T 20 400
Jemperature ("C)

Fig- 10. Ges Evolstion during Hesting ThN ia Water Vagor.
From Sugihara and Imoto.2?

10. Susface Properties

No information is available.

B. Therium-Uraninm Mencanitrides

1. Compesition

Thorium and uranium mononitrides form a com-
tinuous series of solid solutions. Equilibria between the
mixed nitride phese and the component metals at
1000°C were determined by Vensid and Spruiell ®’
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Fig. 1 1. 7hase Equilibria ia the Th-U-N System at 1000°C. From Venard and Sprucll.}' Copynght by North-Holland Publishing
Compan; «nd reproduced with permasson. Lattice parameters arc shown fof sTh,L)N for several overall compositions. Comgpiter's
note: The parameters for ihe two highest uranium coateats at 40 3t. @ N are quote low for the (Th.U)N compositivas that would
have to be m equiltbnum with mxtallic vraamm (o gve the overall composition mdicated. Very likel, thew values reflect mcomplete

equilibration.

Their equilibrium diagram is Fig. 11. The greatest
hypostoichiometry was for the compositioa
Tho.sasUs.0seNo.aee: Which exists at 1000°C in
equilibrium with both metals. No informetior. was

obtained on the nitrogen-rich composition limits.
2. Preparation

i Coarse (Th UN powders were prepared from arc-
ilted thorium-uranium  ailoys by two hydnde-

obtain ths way because of thry lower melting posnts
and conconuiant slowsr diffusion. Matenal preparcd by
arc mejing the metalle allovs under nurogen contamnzd
puorosity that was too gicat and too uregular Lo perrat
transpart properly ineasurements tha: cuuid be cor-
rected for purosity

3. Crystal Properties

Lattice parameters for {Th.U)N were determined by
Venard ef al'® and are shown in Table 2. “Agreement
with Vegard's law s quite goud. ™"’

Table 2. Lattice Parameters of (Th.U)N

trom Venored c1 of bs

Lattice Parameter (A)

deliydiide cydes, reaction with flowing nitrogen at 400 stole ‘- TAN

to 800°C, and decomposition to (Th UIN at 1450 10
500°C unde T d the he 0o 4 39034 2 0.0002S
l under vacuum. 0 avoud the helcrogencous 10.24 491561 £0.00015
thonumruran'um  allovs as staring matenals. dJe 2040 495712 £ 0.90086
Nowvior:! 7 rrcssed and sintered mixed 1Oum ThN and 30.54 4.97434 £0.00079
UN powders. t¢ thres cvdles of crushing. pressan 40.60 $.00608 t 0.00105
: w Y , ) ”x, v $0.00 $.03219 2 0.00043

and sinicnng 3t 1600°C. the speaimens werz not
60.64 SNe339 2900115
homwge cuas as determuned by x-ray diffraction. 70.56 S.08531 £ 0.00080
Weaver'' prepared ThN specimens contaning up to 2038 5.10826 ¢ 0.0001%
5t UN by zone meliing thorium-uranium alloys undes 90.24 5.13461 £ 0.00046
1.3 atm N;. liranlumrich spramens were difficult 1o i00.00 5.16190 2 0.0001 5

4. Thermodymamic Properties

Noanformation i 3 alable

A

ar S s P P poftas 100 2T oo
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Table 3. Smoothed Valwes of Absolute Thermoelectric
Powex of (Th,UN

From Weaver''

Thermoelectne Power (uV/°K)

transformation was observed mn

T""(E’,‘E'“" Arc Melted Zone Melted
(Th- 1% U)N (Th-5% U)N {Th-2% U)N (Th-5% U)N
80 38 53
%0 14 59 42 56
100 15 6.0 4.6 58
110 1.6 6.3 49 6.1
120 1.8 66 3 &S
130 1.9 7.0 56 6.8
140 20 7.4 6.0 7.2
150 21 79 6.3 75
160 2.2 85 6.6 79
170 23 89 69 83
180 24 94 72 88
190 25 98 15 92
200 2.6 102 17 96
210 27 105 79 99
220 27 10.8 8.2 10.2
230 28 1.1 84 105
240 <8 11.3 8s 106
250 23 11.4 86 10.8
260 27 115 8.7 10.9
270 2.7 11.6 8.7 110
280 25 115 8.7 109
290 23 11.4 86 108
300 19 1.1 55 10.6
310 1.7 11.1 84 105
320 1.7 114 .33 10.7
3% 18 11.7 88 109
340 2.1 119 9.1 11.1
350 24 120 94 11.2
360 2.6 12.1 $7 W2
30 2.7 12.2 99 14
380 28 12.3 10. 114
g 28 12.4 10.3 114
40 2.7 124 106 11.4
S. Change of State temperatures. A
The ;Ug sN a1 32°K: none was observed at 60 moke %
No information is available.

6. Electrical snd Magnetic Progerties

Electrical resistivity measurements by Weaver'' on
zone-meeited specimers are gven in Fig 6. His absolute
thermoelectric power measurements are listed in Table
3. De Novior'’ saeasured the magnetic suscepuibility
from a few degrees Kein to room lemperature for
imperfectly homogenized (Th.U)N. The susceptibiity
increases regularly with uranum content. except
ursnumrich specimens show magnetic ordering at low

UN or less.

7. Heat and Mass Tramsport

Thermal - onductivity measured by Weaver'!

is

shown in Fig 12. His extrapolated values for higher
temperatures are shown in Fig. 8.

8. Mechanical Properties

Noinformation s ava..able.
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9. (hemical Progerties

Weaver'! found that samples of porous arccast
(Th.UN left exposed to the air were completely
converted to oxide in about two days.

10. Swsface Properties
No information is available.

C. Thorium Plutonimm Mononitrides

Pardue et dl.>! prepared 2 mononitride from Pu—20%
Th, isostatically pressed it at 1540°C and 10,000 psi
(70 MN/m?), and heated it 48 hr in flowing nitrogen at
1720°C. Its lattice parameter was 4.980 ¢ 0.001 A,and
its evaporaticr loss was 0.0296 g/cm® in 5 hr at
1550°C.

D. Bimary Systems with Nonfuel Nitrides

Benz and Zachariasen®? prepared and determined the
crystal structure of the orthorhombic compounds
Th,MnN; and Th,CrN;. They have respective decom-
position pressures of 11 tosr N at 1300°C and 1 torr at
1600°C.

E. Ternary a3 More Complex Systems
with Other Nitrides

No information is available.
F. Thorimun Carbonitrides

1. Composition

Street and Waters®? found complete solid solubslity
between ThC and ThN. As carbon is substituted for

nitrogen in ThN. the tolerance of nunmetal vacancies
hy the fattice increases. permitling an increasing range
of hypostoichiometric compositions. This s shown in
the ternary phase diagrams of Fig. 13, taken from Benz
and Troxel.® The lowest temperature of tnese diagrams
(1500°C) is in the range of complete miscibility of ThC
and a-thoriam. but a small nitrogen content produces a
niscibility gap Also Fig. 13 shows that inclusion of
carbon at very high temperatures permits hyperstoichi-
omeiry 2s the range of miscibility of ThC and y-Th(,; is
approached.

2. Preparation

Carbeni’rides have been made by heating coki-pressed
pellets of the mixed carbide and nitride at 1500°C (ref.
33) or 2000°C (ref. 5). Hypostoichiomeiric solid
solutions have been made?*-** by heaing mixtures »f
ThN, thorium. and carbon in vacuum at 1700 to
18G0°C. Samples for electriczl meaaniements®® were
hot pressed at 1300°C snd 5000 psi (35 MN/m?) in
vacuum and then annealed in vacuum at 180G6°C for 5
to 17 hr. Sugihara and Imcto?? prepaed THC.N)
samples by cold pressing a2 mixture of ThN ard carbon
powders and then necting 4 hr in vacuum at 1700 to
1730°C. Benz and Trcxel® reported that mixtures of
ThC and ThN were not completely homogenized ir 0.5
hr at 2200°C. Benz and Balog'® howcogenized ir
vacuum for 1 min at 2100°<, but to achieve uniformity
they crushed, press2d, and homogenized three tirnes.

3. Crystal Properties

Street and Waters®? found linear variation of the
lattice parameter with composition from 5.338 A for
ThC to 5.158 A for ThN. Benz® found parameters in
agreement with those of Street and Waters; both
worked with material cdose to stoichiometric. For
hypostoichiometric materials Auskem and Ar ason’*
found agreement with measured parameters ana . near
interpolation between values for ThN and ThC, , with x
chosen to fit the composition. Their values are:

ThCo 778N0.108 5320A
T™Co ¢25No.275 5288 A
ThCo 537No.389 5266 A
ThCy 461NoA39 5246 A
™Co 203N0.738 5.197A
ThCe 029N0.937 s.165 A

High-temperature lattice parameters for ThC-ThN

compositions reported by Benz and Balog'® are shown
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Fig. 14. Lattice Constants of TNC,N) Compositions. From Benz and Balog.'® Copyright by Academic Press and reproduced
with permission.

in Fig. 14. Their results show agreement with Vegard’s — (54,000 £ 29,000)X¥2.NX¥,).C J/mole;
law at 1800°C.

AGM® =RT(XP, \ In Xy + Xhc 0 XD, )]

ThN
4. Thermodynamic Properties _ (6,600 £ 7000)xD XD _ calfmole
Benz® gives the following for the relative internal free
energies of mixing of ThC and ThN in the solid and =RT[X¥LN In Xgr?m + X!rq\c ‘"Xﬂ.c)l
liquid states:

~ (28,000 £ 29 000)XD _xD _3/mole ;
AGM®) =72(x§) (T~ 3090) + X§) (T - 2770)] ThNZThC

+RTIXE) In XE) + XF)c n XD ]
~ (13,000 £ 7,000)X%)  X¢) . cal/mole

the X’s are mole fractions.

5. Change of Stat

= 30[X$|?,N(T—' 3090) + X(T")'C(T - 2770)] Melting points and equilibrium nitrogen pressures

- 5 - . . .
%) 5) %) N 1 given by Benz® for carbonitride solid soluticns are
+ RT[X(n.N In X(ThN + X!rhc In X(ThC] listed in Table 4. Note the maximum.
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Table 4. Melting Points of TR{C,N) Solid Solutioas
From Benz®
Lattice  Melting Nitrogen Pressure

Composition Pamameter Point 2
A& Cop Gm  Om)

x 10°

ThCq o9 5.346 2500

TCqy goNa 21 5.310 2670 001 0.5 0.01
ThCq 9oNo.24 5.305 2720 0.05x0.01 0.05
ThCq 59Ng 3y 5.276 2810 0.18 £0.0° 0.18

ThCq4gNo4o 5262 2850 0303004 030

ThCo 4oNo ey 5241 2910 .5y sy
ThCq 34Ngse 5225 2910 .0r Q.0
ThCq 2gNo 63 5220 2920 (2.0¢ oy
ThCq ¢Ng_o? 5.188 2875
ThN; o0 5158 2820 2606 26
“10.001 A
b435°C.

“Probebly below tme equiibrium pressure, since the
composition, measured after melting, shows loss of nitrogen,
9Nominal.

6. Electrical and Magnetic Properties

Several electrical properties of hypostoichiometric
carbonitrides were measured by Auskern and
Aronson.3* The resistivity, Hall coefficient, and ther-
moeleciric power are given in Figs. 15—17 respectively.
The same authors’ magnetic susceptibility values?* are
listed in Table S.

Giorgi ¢t al.?® found thorium carbonitrides super-
conducting, with the 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

Benz’® has interpreted the growth rates of (Th,UN
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 107!
cm?/sec at 1400°C, 1.0 X 107'° cm?/sec at 1500°C,
6.7 X 1077° ¢cm?/sec a1 1600°C, 2.9 X 107° cm?/sec
at 1700°C, 4.9 X 10™° cm?/sec at 1750°C, and 6.9 X
10™° cm?/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.
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Fig. 15. Electrical Resistivity of Thorium Carbonitrides.
Values have been corrected to zero porosity by multiplying by
(1 - P)/(1 + P[2), where P is the pore fraction. Copied from A.
B. Auskern and S. Aronson®*® with permission; copyright by
American Institute of Physics.
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Table 5. Magnetic Susceptibilities of Thotium Carbonitrides

From Aronson and Auskemu
c . h:‘““ Susceptibility (emu/g) at -
omposinon A T %% _716°C  -190°C
(

x10® x10® xi107®
ThCg7sNgggs 5320 146 146 152
ThCg ¢3sNo27s 5288 135 136 139
ThCq 4soNg.ag9 5246 142 142 145
ThCpo02No73e 5197 156 159 160
ThCg 206No.7a9 5199 146 147 148
ThCy 25, No.o3s” 5164 183 186 1838

9Compiler’s note: This composition appears to be in esror; a
carbon subscript of 0.03 to 0.06 would be more consistent with
other information in the paper.

8. Mechanical Properties
No infcrmation is available.

9. Chemical Properties

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

74a

Y- 119724
. . .~ ) . - N
0 100 20
Time(min)
Fig. 18. Rate of Hydrolysis of ThCq ¢3N¢ 33. Copied from
Sugibara and 'moto 2?

of interaction. Auskern and Asunson’® found no
interaction with molybdenum dies during hot pressing
with 30 min contact at 1300°C.

Rate curves reported by Sugihara and Imoto?® for
the hydrolysis of ThC, ¢, Ng ;4 arc 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,, CH,, and C;H,. Healing
carbonitrides with a range of compositions in water
vapor gave principally ammonia, metkane, and hydro-
gen, with small amounts of cthane and methylamine
and a carbonaceous residue.

10. Surface Properties

No information is available.

G. ThN-Oxide System

Two investigations have sought the limiting compo-
sition ThN, .0, by measuring the simultaneous
solubility of thorium and ThO, in ThN, with con-
flicting results. Benz?? found the limiting x in the
formula to be 0.04 at 1600°C. increasing to 0.12 at
2100°C and then decreasing to zero at 2600°C.
Kusakabe and Imoto®* report a limiting x of about 0.2
at 166, C and 0.3 at 1800°C. Benz??® also found that
the solubility of ThN in ThO, becomes detectable
(about 0.5 mole %) at 2550°C and increases to 10 mole
% under 100 toi« N, at the eutectic temperature of
2660°C. The ThO, -ThN eutectic is described in Seciion
AS. Selected equilibrium diagrams given by Benz?? tor
the Th-N-O system are shown in Fig. 19.
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Th.N, SYSTEMS

Systems with ctivr mitrides (pants B through E) have
not been studied. xcept that Palisawr and Juza’®® nave
prepared and crystaliographically  chasactenzed the
compounds Li; ThN; and BeThN,. Cumpounds be-
tween Thy N, and other thaium compounds are brictly
described inpartis F, G, H, and I

A. ThyN,
1. Compasition

Below 1000°C Benz ef al.' repost ThyN, stoichio-
metric: at higher temperaturzs they found the following
metal -rich limits on the nitrogen-to-thorium atom ratio:

1603:(" 1.33 £ 0.03 under 33 torr N, (4400 N/m?)
176a°C 1.31 under 255 torr Ny (34,000 Nfm?)
1960°¢ 1.28 under 920 toer Ng (123,000 N/m?).

2. Preparation

The first ThyN, chatacierized® "> * was synthesized
from the clements, and this s still the wsual
method "¢ Conditions can vary widdy. Benz et ol
obtained Th; N, from the hydride aid nitrogen at 200
to 900°C. Benz and Zachariasen® reacted ThN with
0.13atm (1.3 X 10* N/m?) N, at 13207C. Dising and
Huniger®® precipitated ThyN, from thorium vapor and
nitrogen. Specimens for electrical meaarcments'® have
been hot pressed at 1340 to 1400°C in ) atm (1 x 10°
N/m?)N;.

s

3. Crystal Properties

Benz and Zachariasen® find for Th,Ng a rhom-
bohedral siructure, space group R3Im. with patameters
dp = 9.398 A and a = 23.78°, with the corresponding




Toble 6. Migh-Temposatuse flexagoaal Lattice Pasameters
d“)”c.“h‘h“*”

Tempetature N3 Premur e

Co
O ttaer) iXN/m2) (A) (A)
> . 387, 21.39;

Te0 “3¢. 389, 27.5¢
10t 10 1.3 390, 211,
123 10 1.3 39, 278,
1448 g 1) 4 392, 279,
1512 ™ 7¢ 39, 28.09
135S s 76 392 2R Oy
1680 s 76 392, 28.0,
1768 270 Ta 10, 22,
1905 00 0 39% 28.1,

hexagonal cell having 4o = 3871 A, co =27.385 A. Using
neulron diffraction 1o permit location of the nitrogen
atoms. Bowman and Amold*® confirmed this structar
and gave hexagonal purameters ¢g = 3875 A o =
27.39 A. High-temperaiure hexagonal parameters re-
puticd by Benz and Balog'® are given in Table 6. A
metasiable monockinic form is reported by Juza and
Gerke®® with aq = 6.95. bo = 3.83. co = 6.20 A, and
= 90.7°.

The color of ThyN, has been described as yellow-
maroon.’”>* marvon * dark maroon,'® dark brown,
almost black.*? and black.’® Chiotti® describes his
higher nitride as reddish brown, but he called it ThyN,
and may have had Th;N,O

4. Thermodymamic Properties

Heat of Formstion. - By direct measurement
Neumann ctal*? obuined NG’; = _-3084 kﬂ"m@
= 1290 kJ/mole. From a heat of combustion of 564 8
keal/mole (2363 J/mole) Neumann et al.*® found
AH3e3 = 3124 keal/mole = —1307 kJ/mole. Brewer
el al*t give AH34s = -310.4 kcal/mole = —1299
kJ/mole.

Free Energy of Formation. — Brewer er al give
AG3ys = —283.6 keal/mole = ~1187 ki/mole.

Eatropy of Formetion. — Brewer ef al. give AS344 =
—89.6 cal mole ™ (°K)~*! = 375 I mole ™ (°K)"!.

Heat Capacity. — Sato*® gives for 0 to 503°C

cp =0.04895+4.436 X 107*¢
~1.1384X 1072 cal g™ (°C)!
=0.2048 + 1 856 X 107/
- 4763X 1072 Jg* CO)'.

T4¢

Free Energy Fumction. — From a Russian compils-
tion, Voitovich** calculates the following values for (G
- lﬂ..yT:

Tempenatore. °C 298 S00 1000 1500 2000
Feaction.cal mole ™’ 432 458 95 710 828
)
F-.u‘d_t:-.lnoh" 1807 1916 2489 3020 3452
K)

S. Change of State

Decomnosition pressure dats 3¢ ghwen under “Sysiem
Information.”

6. Elsctrical and Magnetic Properties

Awkern and Aronson'® found the -esistivity of
ThyN, to be very semsitive to heat treatment and to
nange from 10° to 10° ohm-cm at room temperature.
Asonson and Auskem®® found walues of the magnetic
suceptibiity ranging from 0.3 to 0.6 X 10”* emu/g
over the nange —190 to 22°C.

7. Hest and Mass Transport

No information is available yet.

8. Mechanical Propertis

No information is availanle yet.

9. Chemical Properties

Early investigations®7**® showed that ThyN, hy-
drolyzes dowly 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?? are shown in Fig. 20.
The products .re ThO, and dissolved ammonia. Ozaki
et al.*® found that the reaction of ThyN, powder with
0.2 atm O, was roughly fitted by 1 — (1 - O)'/3 =k,
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 t 1.7
kcal/mole (64 ki/mole). Over the temperature range
1400 1o 1800°C. the nitrogen decomposition pressure
of ThyN4 in the presence of ThCN and Th(C,N) as
measured by Benz’ can be fitted by

logp (atm)=795 1.69 Y 10*/T,

logp (N'm?)=1296  1.69 X 10*/T.
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10. Swurface Properties
No information is available.
F. T,;N;0

Benz*’ obtained equilibrium between Th,N,,
Ty N,0, and ThO, by heating mixtures of thorium,
ThN, and ThO, in the range 1550 to 2000°C. At
equilibium the phases present were Th;N, and
'l'h-.N,O, only Th,N;O, or Th;N,O and m;,
depending on whether the initial mixture contained less
than, close to, or more than 25 mole % ThO,
respectively. The Th, N, O phase ranged in composition
from ThN, ,,0, .0 to ThN, (O, ¢ at 1600 £ 40°C
and ThN, ,,0, ,0 to ThN, ;O, ; at 2000 & 48°C.
The ThO, phase showed no variabiity at 1600°C but
extended to approximately ThN, ,0, 45 at 2000°C.
On cooling, precipitation removed nonstoich.ometry
from these phases. No solubility of oxygen ir. ThyN,
could be detected. The oxynitride was gray to maroon,
depending on grain size. Benz and Zachariasen’ give the
aystal structure of Th,N,O as hexagonal with a, =
3.8833 £ 0.0002 A and co = 6.1870 £ 00003 A.

Equilibrium between Th,N,O 2nd othe solids has
been investigated by Benz;*? selected equilibrium
diagrams are given in Fig. 19. The decomposition
pressure, presumably according to the equition

2Th,N,0 = 3ThN + ThO, + 4 N, ,

14d

was reported by Kusakabe and Imoto’ ® over the range
1590 10 1985°C 1o be fitted by

logPn, (atm) = 13.544 3095 X 10°/T

log Pn, (Njm?) = 18550 3.09S X 19'/T.

From this decompusition picssure they calculated the
enthalpy and entropy of formation of ThyN;O 10 be

AHsoz = -3217 koalimote = 1345 k3wl and

AS3es * ~76.2 cal mole™' ‘.K)-‘ = -319 § maole ™!
(°K)~". They also report the fofowing emissivities at
the wavelength 0.65 um:

7¢O ETD; N3O
15N 8.331
1667 0.343
1728 0.346
1815 0.343
1925 0.367

Rates of hydrolysis to ThO; and dissolved ammonia.
measured by Sughara and Imo10,2? are shown in Fig.
20.

G. Thorium Nitride —-Halides

Juza and Sievers** have prepared and characterized a
series of compounds ThNX, where X is F, Cl, Br, or 1.
All arise from reaction of the appropriate thorium
tetrahalide with ammonia or Th;N,. The fluoride is
insoluble and stable to aqueous reagents; it decomposes
in 3 hr at 1320°C or in 15 min at 1550°C. The other
compounds have reactivities that increase with the
atomic weight of the halogen. The fluoride can dissolve
up to 10% ThO;.

The crystal structures have been worked out in
detail.*® The fluoride is rhombohedral, and tie others
are tetragonal. Two intermediate nitride fluorides,
ThN,F,_,,. were aiso observed, tetragonal with x
from 0.88 to 0.94 and orthorhombic with x from 0.79
tc 0.87.

H. ThCN

In an investigation of phase equilibria in the Th-N-C
system, Benz and Troxel® found the compound ThCN
with little if any variation in composition near stoichi-
ometric. Figure 13 shows solid-phase relationships
involving this compound. The ciystal structure was

v A avevaRts BN
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Tabie 7. High-Tempesstuye Lastice Pasameters of TAON.

Measured by Bens and Balng’ *
Temperaterc Uast-arfl aasces (A) é N Pressmge
L )
O ' 73 by o tdeg) (torr) (kN/m?)
25 102, 394, 127, 957 vac.

160 1029 400, 130, 94l wc.

990 102, 400, 130, 937 $ 0.7
1100 102, 4.00, 7.3)4 3.6 200 27
1260 103; 401, 71.34¢ 939 5% 76
1400 703, 400, 137, %4l TN 76
1500 106; 4013 1365 947 €00 20
1620 107, a0y, 1M, 337 00 0

determined by Benz ef ¢.*® 10 be C-ceniered mono-
clinic, space group C2/m (C3, ). with lattice parameters
ge =7.0249 £ 0.0006 A by = 3.9461 £ 0.0002 A, ¢, =
7.2763 £ 0.0009 A, aid § = 95.67 £ 0.01°. Neutron
diffraction showed the cardbon atoms to be in triply
bonded pairs, showing the compound to be a mixed
nitside-acetylide. High-temperature parameters meas-
ured by Benz and Balog'® are given in Table 7.
Decomposition pressure measurements by Benz® cver
the range 1500 to 1900°C in the presence of the phases
ThC; and TC.N) can be represented by

logp(atm) = 7.82 - 1.76 X 10°/T .

logp (Nfm?)= 12825 - 1.76 X 10%/T .

1. Complex Thorium Nitrides

Several complex nitrides not separately described
have been reported by Benz and Zachariasen.$'%'
Some*® have the hexagonal Ce,0,S-type crystal struc-

ture. space group P3mil. Others®' are tetragonal, space
group /4/mmm. The x-ray difiraction characterization
is summarized in Tsbie 8.

Tabie 8. Some Complex Thosinm Nitrides

from Benz snd Zachesisssn
Lattice Parameter (A) Theoretical
Compound Denasity
a9 Co (‘IC“')
m"
ThyNOAs 4.041 £ 000! 6.979 ¢ 0.002 958
ThaN,Se 40287+ 0.0002 7.156:0.001 943
ThyNOP 4.0285: 00003 6.83520.00! v.08
Tk3N;S 4.008 : 0.001 6.920 2 0.002 9.04
Twﬂ"
ThyN;Sb 4.049 2 0.001 13.57 £ 0.01 9.17
TheN3;OSb; 4.C35: 0.00. 13.182 0.04 947
Th,NOSb 4.041 £ 0.001 12.84 £ 0.0! 9.76
Th;N;Te 4.0939: 00004 13.014+0.001 944
ThyN3Bi 4.075 : 0.001 13670+ 001 10.30
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