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DEVELOPHEHT OF NMIXED-RITRIVE FUEL MATERIALS
OCTAINED BY CARBOTHERIIC REDUCTION OF OXIDES

E. T, lleber, Y. 0. Grecnhalgh, and R, L. Gikby

lononitrides of uranium and plutonium are recognized as possessing '
many of the properties which are desirable for fast reactor fuel applications.
The vell known attributes of nitrides,including high metal atom density,
wigh thermal conductivity, and refractoriness relative to other ceramig/fue]
systens, have establisied a high level of interest in documenting the per-
formance and cconomic potential of these materials. A monocarbide and a
mononitride fuel systen have a close geneé%c relationship and their known
nroperties point tq_genera]]y similar performance potentia?. In rore
detajled comparisoﬁs of the two fuel systems for fast reactor use, the
quastion of relative economics nas often appeared. In a recent study on
fuel cycle considerations for a similar carbide and nitrice fueled fast
breeder, Fletcher and Greenborg (of BIW) have concluded that the nitride
fuel cycle is competitive with the carbide only if an alternative to synthesis
of nitrides from pure U and Pu metals is available.. An increcase of approx-
jmately 25% in fuel fabrication costs between the case of metal compared
with oxide starting material for conversion to nitride wds shown by their
analysis. Thus, in the light of é&éggg%ffuel cycle technology, the only

vealistic nitride fuel material is onc_obtained from the ¢xide, lie are
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veparting here on matorials studies and laboratory-scale dovelornent work
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whichprovides 3 basis for evaluation of a realistic mixc. _itride fuel system.
Jn purswing a carbothermic reduction scheme for nitrile synthesis, the

parallel between this process and the carbethermic synchesis of carbides is




irmediately obvious., At this point, we conceive of the conversion and

faurication requirements for carbides and nitrides as involving virtually
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cquivalent processes, equipment andA;cale-upiprqg}emsA/i;
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SAAGOTHERLIC SYNTHESIS

The general reactions used for syntihesis of nitrides, both from &
h S

retal and from oxide, are shown in-TatTe I, !ajor differences in the two

scheres, aside from starting material, are the higher tennaratures and the
necessity for rapid removal of the CO reaction product in the case of the -
carbotuernic method,

’revious studies and develon ent work on tae carvotnermic synthesis

2,

”
. . C , . Ly~
of uranium nitride have boen carvic. out Ly several investipators. Hyégfs
H -

Jroup at harwell made an extensive study of carbothernmic rcduction of UC)
to yield nitrice or carhonitride, using hoth hydrocavbon and solid forms
of caruon. A reasonahle conversion to uraniurm nitride was achicved in a
sropaite fluidized-bed reactor. The Lest nitride composition achieved was
U<”O.96CO.O4) from an oxide-carbon mixture. The oxide-butanc reaction
Jroduced considerably higher carbon levels if high oxide gonversion was
aciiieved.,

Our approach to the synthesis of mixed nitride from the oxide is patterncd
w
&fter the British work with several basic changes in the technique., These

basjc differences involve the use of a refractory metal rather than a graphite

reactor and tih2 aucition of composition control reactions following the primary

Canversion.
Tn a veaction of this kind, the efficiency «v gas-solid contact and
removak of gaseous reaction products (i.e., €O - CH4) is very important. The

rgtor vessal Which we have developed is shown in the schematic draving,

Figure]. Tungsten was chosen as the reactor natcrial for 1ts compatibility
——_—r, PPNl —

with the reactants, products and atmospheres invelved in our reaction sequences.

In this systen, gascs f\@wW vertically through the narticle bed, which is
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sunported on a porous tungsten nlate. Flow conditions are maintained such
_that the bed does not reach a truly fluidized condition. The reactor vessel
o — L riaized
" nov in use is approxinately 2 incnes 0.D. and 5 inches Tong.

Figure% depicts the physical arranacoment of the reactor and supnorting
systeins. A graphite resistance furnace is uszd witn the rcactor, with a -
planket of pdre helium gas imsidethe furnacc. Dasctive gases flouing toward
the reactor are purified to peduce oxygen anw .Jaicr content to less than 1 ppm
and monitoved for pUrty. After passine t.cc | .2 reactor, effluent gases
are sonitored For carbon momaxide ov metihanc cencenc. T.e Turnace temperature
is programmable and automatically comtrolled; reactor temperature is measured

independentiy by taeruocounie,

We begin our conversion sequence by charging the reactor with 50 grams of

apnroximately 1/2 mn narticles comprised of an intimate oxide-carhon mixture.

. , consSES . . N
The synthesis process is—eermrised essentially of the following three simplified

3 ) .
reactions.

o, + 2C + 1/2 N2(g) To0°C I+ 200 | m(ch);c (m

it = Uy,Pu or U+Pu
o ()
C 3ot Yag) (2)

H,, \ —
W) mrr T TTEE #orott W)

Tn €he reaction (})*ﬁhe. primary conversion to yield the mononitride plus carton
monoxide s showm.. f S [$hE cxcess of carbon (4-8 ‘mole‘Z) is used in the

s{m’timg materiak to obtafn riorg cornlete conversion of tno oxide. This excess
s retained im the product as both uncombined (free) carion and combined carbon

in solution in a Carbomitride phase. Reaction (2) is uscd o remove the
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‘ uncombined (free) carhon. Following this reaction, a nitrecen flow is
established and reaction (3) occurs, in which combined carlen is quplavnd
from the carbonitride solid scluticn, primarily by fornation of higher
nitrides vith low carbon solubility. ~In the final stage, reaction (2) is
reneated to remove the carbon reoleased in reaction (3) and decomnosition
of higher nitrides is achieved in nelium ac 1500°C Lefore gooling.

Theg product oubtained from this nrocess is a singie pliasc uranium or
(UyPu) nitride (or carbonitride) in tne form of porcus friable marticles
of approximately the same size as the oxide-carLon particles. Chemical

i

compositions for three successive standard runs of rixed nitride arc given
s [

in Table IE; the comnos1t1on of a uranium nitride synthesized under the

sane conditions is also shown. ‘le feel that the uniformity in anion content
(vithin 0.05 - 0.1 wt% betucen batches) represents cood reproducibility for a
fuel preparation precess. The effectiveness of the hydregen-nitrogen-hydrogen

sequence for rerioval of both free and combined carbon has been confivrmed by
analyzing the chemical compocsition of material after each step in the sequence.

observiac] .
l.e havegcarbon contents to be reduced from 1.3 wti after primary conversion to

0.3 ut% after the complete sequence, vith an accompanying decrease in’TE%tice

parameter of 0.010 E.

TASLE Iz

COMPOSITIONS OF HITRIDES OBTAIMED DY CARBOTHER:IC REDUCTION

Lattice

U/0a —iiﬁ- 0, L Perarzior

UPCN-4 4.0 5.22 0.10  0.17 4,893

urch-6 4.0 5.30 0.0 0.18 4.893

tPON-7 4.0 5,33 0.19  0.22 4.593

VUPCN-8 L0 5.32 0.14  0.28 4,894

. UCN-Z~  Uenly  4.34%  0.04 0,25 4,890
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SILTERING BCiAVICR

Our initial vork vith miked nitride Tuel materials involvad synthesis
of cae individual nitricdes (Wi and Pull) from tie resnective retals using
the standard metai-tydrice-nitride mothods. Typically, the UN and Pul

thus obtained contained 100 tTo 230 pp carian aa! lass than 530 ppm oxygen.
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In developing tn2 curiouc oo ic syncuesis of 570 .ucs e vere inwerested
in the effect or o..zaring Johavior ¢F the T ohoncas t.Lae teo materials,
especially differences in caric. cu.tent. Lo bave oolly anlied the

saric sintering procedures develonow Tor recai-aerived nitsices to carbothermic

—————r e gt e AEAST ATETIR = B i — &_
aicrides ©e o.cain & gualicative cvaiuation of retative sinterability.
—

In order co sinter mixed nitrides to hicw densities, ve have found that
ic is neczssary to hall will the naterial ¥or periods of up to 100 hours. In
<. case of metal-derived nitrides tiis operation serves to yield a homogencous
physical mixture of Ud and Pull particles; since the carbothermic nitrides are
alreawy in the form of a (U,Pu)ll solid soluticn, only minor homogenization is
obtained by milling. In both cases, however, ball nilling and pressing
coeracions increase oxygen content by 1000 to 2000 ppu,

Sintering atmospheres of argon, heliun, and nitrogen nave been used vith
no significant differences noted batween sintering rasults in the various
atnespheres., A truly quanticative evaluation of si.tering kinetics has not
wocn obtained for these systens duc to the ... iculty of ranrocucible
oL euTic, and storage of active powder:s. ouever, ous rosules iandicate

S censitias .ctheen 85 - 248 TD -ay be ¢ .ained by sintoring Tor 3 to 6
- S

RS R —
S N 2 o

P

LL.vs 2T tCoreracures botuee. 1700 ana 19uC°C. For a pouder of given activity,
Wm

2.a siorter tires anc lover oo poratures yield densities in the mic-82's (% TD)

+

neurs at 1.00°C is required to achieve densities uetveen 22
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ns speciftic exannles of results obtained in sinterine rixed nitrides
L¢ oy refer to the data in Table [Id. For the tue sinwerins runs uith
curiothermic naterial and tae cue run with netal-derived matcria],thez////
sitdlarity in densities achieved vith sintoriag wvetueen 1270 and 1900°C
for 4 to & hours is readily aprarenc. ote cisc that tne carbothermic
material (UPCH-2) vin relavively ioh car.on © o o en content shows no
siaificant deviaticn fron the ather compositions in its sintering Lehaviar,
A change in coiposition during sintering of carbothermic material Mas beai
;BEéFVEE:‘5§/?;E?E§EEZ‘Eg'tht.change.in carbom and oxygan conc..c shovn in
Table I1f. We nypothesize that -this phepomenon results from a fyrtser
reaccion of corion and oxygen in t.c pelicts during tic vacuum offgas period
at 1250° to 1400°C in 10'5 torr uscu in the heatup pertion of the sintering
cycle. Tac reuuction in carbon and oxygen content dur%ng sintering brings
the compositcion ofssintered carbothernic nitrides into close correspondence

wicth compositions of sintereu metal-derived material.

Figure - shous nicrostructures of sintered mixed nitrides obtained

from hoth syathesis routes. Accounting for the density difference, virtually
the same microstructure is obtained with either material. Hote that both

. On . . . . .
containjfike, randomly dispersed oxide phases; differences in shading of

nitride grains is due to staining by the etchant.

R
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LPCii=2
(Carbothermnic)

UPCH-%
(Carhothermic)

{iP~39
(lletal=Nerived)

TAPLE IT%

DATA Of STITERIDG oF HIXCS MITIRES

Sintaring
Conditione

Helium
4 hr - 1300°C

Nitroven
4 hr - 1800°C

Helium
6 hr - 13850°C

(Patio U:Pu = 4:1)

Comrnsition

Beforg Sinfeving

Averace Sintercd -
Pensity M, O, ¢
g7% TD 4,24 0.89 0.60
"I4% TD 5.27 0.30 0.11
\39% TD 5,25 0,24 0.00

Y
H

0

C




e e 3 e o b A

FfeYSICAL ALID CHE, ICAL PROPERTIES

In evaluating the physical anu ¢

. ! : LRI T co AT
coond=derivoe piuride Tush acestal oad oL

ritrices, This actioald
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of composition (especially
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Soowsties, citier in torws of coancera with

TovsWdation of carbonitride or carLoxynitride,
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el orties

of cartothernic mixed

oro.at fucl charace
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evaiuation of

rith respect to carbon and oxvgen) on
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Thermal Conductivity

The thermal conductivity of the uranium-plutonium nitride samples was
determined indirectly by measuring taermal diffiusivity and calculating thermal
conductivity from the relationship

.\—OL;;C)

.

sensity oo

{~

2 = heav capzcity. This

F

wherc o = thermal diffusivity, o
method was employed instead of cirecc stcacy-scate metnods because: (1) it
required only small test specimens aau (2) a large temperaturc range could

be covered in a relatively short period of time. DMoreover, since the primary
goal of these measurgments was to compare samples produced from differcnt
processes and with different oxygen and carbon impurity levels, the relative
thermal conduction was established from direct comparisons of thermal dif-
fusivity, ’

Thermal diffusivity was measured from 200-1600°C using the 'flash"
method developed by Parker,f;;_;E’;;—;;; U. S. Naval Radiological Defense
Laboratory. Instead of a flash lamp, our apparatus employs a ruby laser
to transiently heat one surface of a small sample, 0.25" cia. by 0.030-
0.040" thick. The subsequent tempcrature increase on the rcar s.rface of

tie sample was measured with an indium antir.onide infrared detccior and

thermal diffusivity was calculated from the rclationship

O]

=

L
2/2

ct

where L = sample thiclness, A - a va.uc which varies with heat loss and -

t.,~ = the .ir. ¢ ¢ne-half maximum temperature rise measured at the rear

i/

P
-~

sur.ace. Values for A were determined using Cowan's method. Ambient sample
temperature was established in moly-rhenium wound tube furnace which was
enclosed and continuously purged with either helium or argon - 8% hydrogen

to prevent oxidation of the sample.

(f




The thermal diffusivity data determined in this study is shown in
Figure ;:Z: Unlike the thermal diffusivity of dielectic materials which
decreases with temperature, the thermal diffusivity of the nitride increases
because of electronic contributions to the zo....coilon process. In this
respect, the therﬁal conductivity of the mi .. ...crido is very similar to

- R A
eLeurc.

that of the mixed carbide which va-ics litt.. . .

-t

The thermal diffusivitics . ... threc .. s agree. carnrisingly

well in spite of the . . ..fio ... .71 G, ... .l Cleww.. Cowtents. This

.
v
.

4

result was somowiinT ..o, L.C0tC 2Ce ACYC..S Ln irduriiy conce.t normally
result in decroases in thermal conduction. 3ates, at our laboratory, has
obscrved an atpreciable decrcasc in the thermal diffusivity of uwranium oxy-
carbides with incrcases in oxygen content within the oxygen solubility range.
Although we are unable presently to explain our results, the data do show
taat the thermal diffusivity of carbothermic nitrides is comparable or

petter than that of nitrides produced from metals.

Calculated thermal conductivity is shown as a function of temperature
-

-

in Figure /' . We psed the heat capacity of UN reported by - -.

since no data are currently available for the mixed nitride. However, EEQ/

NN -
PR A

heat capacity of the mixed nitride should not be too different from that
of UN because of the similarities of uranium and plutonium and their
compounds.

The data were corrected to theoretical density using Lianchurias( )
equation., Although a larce varicty of densities have not been used in

thermal diffusivity rcasarements, Biancherias correction appears to work

rcasonably well.

(2>




Since the thermal conductivily of the mixed nitride has not been

measured directly we cannot comparc our calculated results with steady- -
/

-

state data. ilowever, our rosulcl ol agree TO oo acly well in magnitude

with the thernal conu.ciivicy cece Tonorted 7 at

for uranium-plutonium carv:i.ss,
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A~IBT605 Suduive 1GVE LEGH Cuiuaducd T, - pseucoigary svstem
TvoVInT 1l arose pressaras fres oW 1 W "33, i nrassure,
¢cuic vall Tursace ¢ mioyiac o csTsoce L. Lo o Voo lhoment was

usce,  Temneraturces were measuvad with a o~ o ctical nyroneter signted

on the filanent anu Tiguia vor acicn s ¢ soerve. visually. Calibration
of e systen was based on knowa nlieine soancs of i puricy refractory

Tae results of melting deterininations on several nicride materials are

saovg in Figure 7, Jote that vith Ul and Pull, a slope to the left is

observed in the plot of log P versus 1/T. This indicates the pressure —

"2

P e

M
depeadence of thc decomnosition rcaction

4 Y1ia) F Poedy .
?ul(s) hd (l(]]q) 1/2 ‘2(9)

An iaflection to a vertical on tnis curve indicates the pressure recuired to

yield congruent nelting of the nitride according to the reaction

As expected, the curve for the mixed nitride Talls hetween that of Uil and Pull,
\/\

Curves for other high purity (U,Pu)ii compositions (uusintered) follewed the
saqae rattern, iacluding the definite slope to tae left.

Unexnectedly, tha data frow licuid fornation of sintered mixced nitrides
Coes noc it this pacturn., The points from all ccmpositions (See Table . )
scleied apnear o . indepenuent of nitrogen pressure above onc atrosphere and
Cobuithida o o L. serature range of 27862 - 2800°C. In the oressure range

SOV 0L, wii- woo wecowposition behavier as observed with Ul and Pul does

/f




Loy cppear to occur in t o.sc siatercu waterials. Tae explanation is probably
invelved wich the effect of carbon anc oxygen in the fuel naterial relative

to a ith nurity nitrice. reossire denendence over o . Lo

in the range below one acrostiare is nrese.ntly vnder study and should lead

to a rove cowprchensive iatarprotacion. It is anparent that carbon and oxygen . :

1o Moourities” in e fBieriue Tuldl raterials have no sicnificant effect on

<

Uit dviag conreratuce, at least for concencrations up to G000 ppm C and

b hla) I's
323 pom O,
o




Cot suibility

The caapatilility of ooth ~.ziai-derivad ane carbothermic nitrid: fuel
o
raecrials uich sowit: and 334 scainiess has Leen ovaluated at typical fast
e R IS L

(@]

wracder condicicns.,  in tiais uosi, Twoicst inch dianeter fuel pellets

o-ﬁ

were placed in sactions of 2,022 ineh 0.5, <37 staialass steal tubing and *

soeium beonded in e sane loop used Tor boadiar pin secticas for irradiation.

e,

s—

I3 several cases, the sawe assciwy with heliun rather than sodium bond was
used as a ccatrol sample. Pin sections uere doubly encapsulated and sealed
in argon filied ampules for heat treatment.

Conditions used for the tests were standardized on two time periods

(109 and 1000 hours) and two temperatures (650 and 1000°C). The 100-hour

T2sts were used to obtain preliminary information to support irradiation
srojects.  The 1000-hour tests were assumed adequate to provide indication

of c¢hemical interaction under isctaermal conditions. Examination was by

.taliographic techniques, including a special technique for viewing Sodium jn 2

rne v}‘t.l. S

Tests vere run under the above conditions of time and temperature with

recal-derived nitrides with coupositions typical of those previously discussed

e ——

-

and deasities between 85 and 30% TO. lio changes in interfaces of cither fuel
PR PN "o

or ¢ladding vere observed after 1000 haurs at 650 and 1000°C; nor were any

caecical or mass transport effects noted.

Similar tests uere conducted with two carbothermic nitrides, including

. o
- - mle cetining 6000 pow carbon and 9000 ppm oxide., The results with the

BRYcHeN terial with a sodium bend were equivalent to the case with
ar Jiride,  Figure _;; shows fuel and claddins {..tnvfaces from
SS0n L Lo eonnatioiiity capsule ceontaining the hich ¢ on and oxyqgen
soiaz. Tag Tuoh suctace s completely unchanged, as s taz oL .iding surface.

(6




The only noticeanle chance in clawdine microstructure is an increasz in
arain size due to tho tine-tenperature concitiors.

L.e conclude Trom tizse resuits that, urder isothermal conditicns, no
incorpatibiiity exists betueen hixed nitrivas and 304 staialess steel in
the presence oF sodiun.,  Tals s:iebiiity 1. omchanoed uhen the nitride
contains carbon and oxygen Iove.s considesn By oigher than corpositions

Say am oy v o, . - Ea PR
VWHICH Can BE FONVLLdCiony Lol T JCav. LA el G,

/17
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SYNTHESIS REACTIONS FOR URANIUM-PLUTONIUM NITRIDES

Metal Derived:

26-300 °C 300 OC 300-800 °c
u + 1.5H2 > UH3 » 31 + 2N2 —> UN + U2N3
1 atm. 10-5 torr 1 atm.
(Static)
1200 °¢C
U2N3 — 2UN + 1/2N2/
1072 torr
. 26 OC 100-800 OC y
PU+(1.—2—)H2-—————--—>PUH2X+N2 >PuN+(l.0-§)H2
1 atm. ‘ 1 atm.
(Flowing)

Carbothermic Reduction:

1200-2000 °C

MO, + 2C + /2N, > MN + 2C0 /"

2

M = U, Pu

Fie.
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PARTICLE BED REACTOR SYSTEM FOR CARBOTHERMIC
SYNTHESIS OF URANIUM — PLUTONIUM NITRIDES
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SINTERED CARBOTHERMIC NITRIDE
UPCN-4S
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FUEL ANNULUS CLAD ETCHED 304 SS CLADDING (150X)
(Na REMOVED)
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