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DEVELOP!EIIT OF HIXED-IJITRIDE FUEL flATERIALS 

ODTAINED BY CARBOTliERIilC REDUCTION OF OXIDES 

E. T. lieber. U. 0. Greonhalnh, and R. L. Gibby 

ilononitridos of uranium and plutonium are recognized as possessing 

many of the properties \;hich arc desirable for fast reactor fuel applications. 

Tiie './ell known attributes of nitrides^;including high rr.etal atom density, 

;.igh tiiernal conductivity, and refractoriness relative to other ceramic fuel 

sysceMS; liave established a liigli level of interest in documenting the per­

formance and economic potential of these materials. A monocarbide and a 

inononitride fuel system have a close geneiic relationship and their known 

properties point to generally similar performance potential. In more 

detailed comparisons of the two fuel systems for fast reactor use, the 

question of relative economics has often appeared. In a recent study on 

fuel cycle considerations for a similar carbide and nitrid^ fueled fast 

breeder, Fletcher and Greenborg (of BKW) have concluded that the nitride 

fuel cycle is competitive with the carbide only if an alternative to synthesis 

©f Tsltrides from pure U and Pu metals is available.. An increase of approx-

Itiiately 25% in fuel fabrication costs between the case of metal compared 

with O^ide starting material for conversion to nitride was sliown by their 

w a W s i s . Thus, in the light of p̂ pesewt''fuel cycle technology, the only 

ycaV^stic nitride fuel material is one obtained from the oxide, lie are 

repofrtins t)er€ on materials studies and laboratory-scale development v/ork 

whrcKproM\d(es % batsis for evaluation of a realistic mixcJ ..itride fuel system. 

3ti pursuinj n carbothcrmic reduction scheme for r.itriJe synthesis, the 

paralleX betweetK this process and the carbcti.ermic synthesis of carbides is 

J2^ 



2 

immediately obvious. At this point, \/e conceive of the conversion and 

fabrication requirements for carbides and nitrides as involving virtually 

equivalent processes, equipment and scale-up, problems,^/'? 
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C/.,la)Ti!ERhIC SYFiTHESIS 

The general reactions used for synthesis of nitrides, both from Hzi 

metal and from oxide, are shown in-Table I. f!ajor differences in the two 

schemes, aside from starting material, are the higher temperatures and the 

necessity for rapid removal of the CO reaction product in the case of the ^ 

carbotliermic method. 

Previous studies and develo'\,orit work on tne carbothermic synthesis 

of uranium nitride have been carrij.: out •;•/ several investigators. Hyde's-

^roup at Harwell n;adc an extensive study of carbot.hermic reduction of UO2 

to yield nitride or carbonitride, using botn hydrocarbon and solid forms 

of carbon. A reasonable conversion to uranium nitride was achieved in a 

;!raphite fluidized-bod reactor. The best nitride composition achieved v;as 

--'(''O ofCn Q/i) from an oxide-carbon mixture. The oxide-butane reaction 

.Produced considerably higher carbon levels if high oxide qonversion was 

acaieved. 

Our approach to the synthesis of mixed nitride from the oxide is patterned 

itftier thcBritish work with several basic changes in the technique. These 

W / c differences involve the use of a refractory metal rather than a graphite 

p'ciictor and t!-.e addition of composition control reactions following the primary 

canv«r»s^on-

liJi •El Ye«i&t{<M? of this kind, the efficiency of gas-solid contact and 

r-e'WoVat of gaaeyous reaction products ( i . e . , CO - Ci!̂ ) is N^irj important. The 

y-g^toy VfeS;^ W41tc!h***fcsye developed is ĥovw? jn the scliematic drawing, 

P l / u r e l . Tvos^eh was chosen as the reactor .material for i t s compatibil ity 

vith"tiwL r^actants^ prxsductj and atmospheres involved in our reaction sequences. 

In ciiis systeia, gases-fVw vertically through the particle bed, which is 
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supported on a porous tungsten plate, rlow conditions are maintained such 

^that the bed does not reach a t ru ly fluidizecl condition. The reactor vessel 

no\.' in use is approximately 2 inches O.D. and 5 inches lonn. 

Figure"^ depicts the physical arranocment of the reactor and supporting 

systems. A graphite resistance furnace is used witn the reactor, \nth a 

blanket of fmre heXiwn gas ms«*ote.-the. furnace. Reactive gases flo\;ing toward 

the reactor are fiUfifi^jd "to Yeducs. oxyQcr. a:;u ./atcr contenw to less than 1 ppm 

and monitorodl-fiir puHty. Af tc f /oassino t.h-o . c ,a reactor, eff luent gases 

are monitored-foir cwbuna tnotro^He or metlianc ccnccnc. T-.c furnace temiperature 

is pfograwwatU anrf awtortaticall^ coirtrol led; reactor temperature is measured 

indeponderi t ly by tiieriaocoupl e. 

Wte bes/n our conversion sequence by charging the reactor with GO grams of 

approxim.ately 1/2 mm particles comprised of an intimate oxide-carbon mixture. 

The synthesis process vs comprised essentially of the following three sim.plified 

reactions; 

1102 -t- 2C + 1/2 fJg/g) )QQQ^c * '"^ + 2C0 I M(CN);C (1) 

l\ = U,Pu or U-i-Pu 

ITJ "tije ireactloii 0)Tdfiepn»i»ry conversion t o ^ i e W "the >wy?o;)itri<fe plus carbon 

iTjOTiox/de lssh.cMf»u. f\ ^{(.^ift excess of <cafbon (4-3 7np\e^ is used in the 

8-(av̂ fc»_3 i»«t«>rja\ "to oWa/7» morp complete conversion of L.:I oxide. Tin's excess 

IS retained i n th^ product as both uncombined (free) carbon and combined carbon 

11} soXution in A Carbemitr^ek fhftse. Reaction (2) is used to remove the 



uncombined (free) carbon. Following this reaction, a nitrcron flow is 

established and reaction (3) occurs, in v-.'hich con^bined carbon is displayed 

from the carbonitride solid solution, nrim,arily by fomation of higher 

nitrides \nth low carbon solubility. "In the final stage, reaction (2) is 

repeated to rem.ove the carbon released in reaction (3) and decomposition 

of higiser nitrides is achieved in helium ac 1500°C before cooling. 

T!iQ product obtained from tbiis process is a single phase uranium or 

(LJ.Pu) nitride (or carbonitride) in tne form of porous friable particles 

of approximately the same size as tbio oxide-carbon particles. Chemical 

compositions for three successive standard runs of mixed nitride arc given 

in Table Ig; the composition of a uranium nitride synthesized under the 

same conditions is also shovm. lie feel that the uniformity in anion content 

(\.'ithin 0.05 - 0.1 v/t% bet\/een batches) represents good reproducibility for a 

fuel preparation process. The effectiveness of the hydrogen-nitrogen-hydrogen 

sequence for removal of both free and combined carbon has been confirmed by 

analyzing the chemical composition of m.aterial after each step in the sequence, 

l.'e liavo/carbon contents to be reduced from 1.3 wt« after primary conversion to 

0.3 wt̂ ^ after the comiplete sequence, v/ith an accompanying decrease in'lattice 
o 

paramietcr of 0.010 A. 

TA3LE I | 

C0:iP0SITI0f!S OF [ilTRIDES OBTAINED BY CARBOTiiEPJ'.IC REDUCTION 

uPcW-4-
upcK-s 

«PcM-7 

VPCN-fi 

OCK-2-

U 

17 Pd 

4.0 

4.0 
r r̂  

U^y\\y 

^ 

5.22 

5.30 

5.30 

5.32 

4.34* 

0.5( i'̂ -̂.v̂ '̂ 

Jk 
0.10 

0.03 

0.19 

0.14 

0.04 

C 

0.17 

0.18 

0.22 

0.28 

0.25 

Lattice 
Pc-rar.cter 

4,893 

4.893 

4.^93 
4 . 8 9 t 

4.a50 
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SLJL'^IUG CEliAVICR 

Our initial i;ork with mixed nitride fuel materials involved synthesis 

of cac individual nitrides (Uii and Pu:!) from tiie respective rotals using 

zhQ Standard rietal-hydridc-nitricie methods. Typically, tlie UH and PuU 

tiius obtained contained 100 to ^00 ijpiii carl on and loss than 500 ppm oxygen. 

In developing t̂ ie Curluc ^r ic syncicsis of .-.": .^cs ',.c \,'cre inuerestod 

in the effect or s...tcr1n'̂  ^c\o.v',or cf tne " voices i. i.iC fc.'o materials, 

especially di-fferenoas iiq carbc. cu .tent. '..̂  ba/^ -"-"iy a; plied the 

same sintorina procedures davelon^u for rocal-derived ni./ioGS to carbothermic 

nicridos to o^cain a qualitative evaluation cf relative sinterability. 

In o'cdi^r CO sinter mixed nitrides to hie-,, densities, we have found that 

ic is nec3ssary to hall mill the material for periods of yp to 100 hours. In 

V .c case of metal-derived nitrides tliis operation serves to yield a homogeneous 

physical mixture of Ui'i and Puil particles; since the carbothermic nitrides are 

ulrcuay in the form of a (U,Pu)fl solid solution, only minor iiomogenization is 

obtained by milling. In both cases, however, ball milling and pressing 

cporutions increase oxygen content by 1000 to 2000 ppm. 

Sintering atm.ospheros of argon, helium, and nitrogen nave been used \nth 

no significant differences noted beti.'con sintering results in the various 

atmospheres. A truly quantitative evaluation of si,/caring kinetics has not 

been obtained for these systems due to the ....".'iculty of r.rM^oduciblo 

CO'"u..ic..tia,i and storai,e of active powder:, lloi/ever, ou,̂  results indicate 

Ci.i, censitics .at,.een 85 - 3^^% TD -ay be t „ainad by sintering for 3 to 5 

.L.'iZ at tc7oruCures bctuê -.. 1703 and li;v.C°C. For a po'>,'dor of given "activity, 

t u: s lortcr tiires and lov;er ^~. peratures yield densities in the mid-CD's {% TD) 

v'liile the full C hours at 1^00°C is required to achieve densities betu'een Q2 

and t>5« TD. 
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As specific exa;:.ples of results obtained in sintering rn'xed nitrides 

..0 may refer to tl:e aata in Table IlC'. For tlic t'..'o sintering runs with 

Curbotheriiiic r-,aterial and t.ie one ruu \;it!i mctal-dorived material^ t h e - ^ 

similarity in densities achieve^ i;ith sintcri.i- uct\;ecn lOO and 1900°C 

for 4 to 6 i'.ours is readily apparent, bote also tliat tne carbctb,ermic 

material (UPCd-2) \:i :U relatively '.',:/.•) car.-;.n : - r/"- sn content shows no 

si'^./sificant deviation frcr̂ . "the otlver cennpositio)is in Hs sirttcring behavior. 

A change in composition durins siTctering of carbortheVTriic /n^nteri^l îĴ s been 

observed, as ir.dicatod bg/-the chamsî  in carbonii and oxygen conc...'c shoi.'n in 

Table I if. Vfe-h^pothesfzft-fch«t-this pbejionjenon results from M f^rt^.ur 

reaccion of carl on and oxygen in ti.e pellets during the vacuum off gas period 

at 1250 to 1400°C in 10 torr used in the heatup portion of the sintering 

cycle. Ti)e reduction in carbon and oxygen content during sintering brings 

the composition of'sintered carbothermic nitrides into close correspondence 

v.'i th compositions of sinterea mietal-derived material. 

Figure T show? microstructures of sintered mixed nitrides obtained 

from both synthesis routes. Accounting for the density difference, virtually 

the same microstructure is obtained with either material. Hote that both 

containAfi'j^e^ randomly dispersed oxide phases; differences in shading of 

nitride grains is due to staining by the etchant. 
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TAi'LL irC 

DATA OH SlfTERH'b OF WIAU) niT-JlPES 

(Ratio U:Ru = 4:1) 

Cnn'^osi [•>•!! f 
S inter ing Average Si]]terc:--! _ " B&fot̂ e ^fn-fertng 

Run Cojidi bion'^ Density Ĥ __ Op """" C 0^ C 

UPCil-2 fielium 'V'875'. TD 4.24 0.89 0.60 -" 0.81 
(Carbotiiermic) 4 hr - 1800°C 

UPCIl-4 Hitrocen 'v.94% TD 5.27 0.30 0.11 0.40 0.18 
(Carbothermic) 4 hr - 1900°C 

[lriP-39 Helium ^39% TD 5.25 0.24 O.OC 
(Metal-Derived) G hr - 1050°C 



?;:YSICAL A:iD C:!E. ICAL PROPERTIES 

In evaluating tlie pliysica'i anu c/.omica" ; ropcr t ios of carbctiicnr.ic mixed 

n i t r i des v.e b.ave thus fa r co.iccivc"": .',v. c. •> -.:: \ „ r y i x r c . ' i t fuel Ciharac-

tu r ' l sc ics : t!.er'-al cor.di : : ; . , ; , , c l t i n ' " •"..•.. ."..'".-cladding 

CO ; „ ; ; i b i l " i t y . 7.,.j a-prv.,..c • ..i j . ^ i , , , tc -'.,1.. u* ..re r r o \ . ' t 1 a s of a typ ica l 

. .:C'J-der1v'>(. : : i tr1de fuc". . acu,"";?.' ?.\l ^.' 'czziire tb.e same -properties on 

^ . \ :}errr:c n i t r i t j e s . Tin's acti a";ly co . r i ses a prcl i i . i inary evaluation of 

c! - : f f e c ; of coiaposition (especial ly wi th respect to carbon and oxygen) on 

/ - -..."ties, e i ther in ten.is of concern wi t i i " i i . i ru r i t y " levels or in tent ional 

fyr, . . la t ion of carboni t r ide or carboxyni t r i d e . 
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Thermal Conductivity 

The thermal conductivity of the uranium-plutonium nitride samples v\;as 

determined indirectly by measuring taerraal dif fusivity and calculating thermal 

conductivity from the relationship 

K = a f. C 
•) 

v;herc a = thermal diffusivity, p = d-nsit/ . r.c J = hca-c capacity. This 

method was employed instead of direcc stcauy-scato raetuods because: (1) it 

required only small test specimens aac (2) a large temperature range could 

be covered in a relatively short period of time. Moreover, since the primary 

goal of these measurements was to compare samples produced from different 

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, et al at the 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 temperature increase on the rear Sv.rface of 

the sample was measured with an indium antir.onide infrared detccLor and 

thermal diffusivity was calculated from the relationship 

A V-a ^ 

"1/2 

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

t- ,̂  - the îr V- -̂c cne-iialf maximum temperature rise measured at the rear 

surracc. Values for A were determdned using Cowan's method. Ambient sample 

temperature was established in moly-rhenium wound tube furnace which was 

enclosed and continuously purged v\?ith either helium or argon - S% hydrogen 

to prevent oxidation of the sample. 
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The thermal diffusivity data determined in this study is shown in 

Figure Cj__' Unlike the thermal diffusivity of dieloctic materials which 

decreases with temperature, tlie thermal diffusivity of the nitride increases 

because of electronic contributions to the zz.....^cziori process. In this 

respect, the thermal conductivity of the mi .- ,.:.crico is very similar to 

that of the mixed carbide which va-ios litt.„ . . .'. i - irr.turc. 

The thermal diffusivit; oi ^ . . . three ,̂. cs agri-i-_ j^rprisingly 

well in spite of tî e 1 ,, .̂ r.i„ ..... ...n o;... ... .J zi.....^.. cciitents. This 

result was soir.cKĥ -; . ..„. ,^cted i^.?.cc .icre>.„...s in innuri'cy con'cc-̂ t normally 

result in dccrc-jse^ in thermal conduction. 3ates, at our laboratory, has 

observed an a^.preciable decrease in the thermal diffusivity of urcnium oxy-

cirbides with increases in oxygen content within the oxygen solubility range. 

Although we are unable presently to explain our results, the data do show 

that the thermal diffusivity of carbothermic nitrides is comparable or 

better than that of nitrides produced from metals. 

Calculated thermal conductivity is shown as a function of temperature 

in Figure jj_. We w§ed the heat capacity of UN reported by - '- -

since no data are currently available for the mixed nitride. However, the^-

heat capacity of the mixed nitride should not be too different from that 

of UN because of the similarities of uranium and plutoniurn and their 

compounds. 

The data were corrected to theoretical density usiiij i^iancherias 

equation. Although a lar;3,e variety of densities have not been used in 

thermal diffusivity measurements, Biancherias correction appears to work 

reasonably well. 
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Since the thermal conductivity of the mixed nitride has not been 

measured directly we cannot compare our calculated results with steady-

state data. lio'Aever, our rcsulcc uo agree re .... auly v.'cll in magnitude 

with the thermal con^,,^civic/ ̂ -̂̂ u ivoortea •-; at 

for uranium-nlutonium carbi-es. 
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'̂1 d n ^ '̂ e .vI-yT 

Acting s^j^iw.^ lave leau Cv. iu_,aû d i, - pseudcbi.iary system 

i,.Vo'.ving nî ro:,>-i pressjras fro. " .j 1_ .v "es. /"' ^l^ , pressure, 

cole wall furuacc t '"1 V''"'!- - .'~->'̂ :. see . . . .. -seen Vsc i'c-̂ ont was 

UGcv . Temoeraturos were measured v/ith a . icr '--jical '̂ yrorieti-r sinntod 

on ti'.e filament ariu liquie for'a^ic", -as c'servc„ visually. Calibration 

of cne system, u'as based on kno./n m^King poincs uf hini puricy refractory 

metals ana cor^pcjnes. 

Lie results of melting determinations on several nitride materials are 

sno\,.i in Figure _ 2 _ . .vote tSiat with 'Jii and Pull, a slope to the left is 

observed in the plot of log P,; versus 1/T. This indicates the pressurg^-^ 

dependence of the decomposition reaction 

An inflection to a vertical on tnis curve indicates the pressure required to 

yield congruent melting of the nitride according to the reaction 

'=''(s)"'''^(liq) • 

As expected, the curve for tne mixed nitride falls between that of UIi and PuR. 

Curves for other high purity (U,Pu)R compositions (unsintered) followed the 

sa,.ie pattern, including the definite slope to tlie left. 

Unexpectedly, the data from liquid formation of sintered mixed nitrides 

docs not fit this pactum. The points from all compositions (See Table .- ) 

scLLiv^d appear co ..c independent of nitrogen pressure above one atmosphere and 

.',.i i.ithin . w .. wrature ra.igo of 2760 - 2000°C. In the ^rossure range 

cGy^red, .,,- -̂ a". accohjposition behavior as observed v/ith UK and Pu.l does 
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not appear to occur m t -se sintereu if.atcnals. Tne explanation is probably 

involved \nch the effect of carbon anc oxygen in the fuel material relative 

to a high purity nitricc. 1'rv.ssjro dependence over ' ' .'>-.= 

in the range belov.' one acmospl.ore is oresctly under study and should lead 

to a rorc coii.prohcnsive intcrprattvion. It is anparent that carbon and oxygen „ 

i . "il jurities" in c.c niwriue fo.̂ 1 materials have no significant effect on 

t'iC mv.lti.;g cc'Ysrature, at least for concoucrations up to GOOD ppm C and 

/ • / 



Co! :;'mtibilitv 
• • i i - i • • • — it- •• 

The ccipatibility of both metal-derived ana carbothermic nitrid: fuel 

Materials \;i ch SO^'IL.: and 3J<- scainless î as been evaluated at typical fast 

urouder conditions. In tb.is wc.^c, typical 0.021 inch dian.eter fuel pellets 

\,^:n. placed in SGCtien.> of O.J2i inch Q.d. .̂i-' .stainless steel tui>ing and *-

sodium bor^dod in ti.e same loop used for bonding j'j'ln sections for irradiation. 

In several casoSs the same asscmb'.y m'th Iielium ratlier than sodium bond v.'as 

used as a control sample. Pin sections ucre doubly encapsulated and sealed 

in aroon filled ahipules for heat treatment. 

Conditions used for the tests were standardized on tv/o time periods 

(100 and 1000 feaurs) and two tem.peratures (650''and lOOO'^C). The 10Q-!iour 

J1, 

tests were used to obtain preliminary information to support irradiation 

projects. Tne 1000-hour tests were assumed adequate to provide indication 

of chemical interaction under isothermal conditions. Examination was by 

..etallograpln'c techniques, including a special technique for v/ê u.̂ 'g s^^^hu^^ m 

Tests were run under the above conditions of time and temperature v/ith 

j^c.-.al-derived nitrides \;ith compositions typical of those previously discussed 

and densities betvi/een 85 and 00/^ TD. flo changes in interfaces of either fuel 

Of cladding were observed after 1000 hours at 650 and 1000°C; nor v/ere any 

ciiemical or mass transport effects noted. 

Similar tests i/ere conducted with u/o carbothermic nitrides, including 

- :.- n l e ccr/.ning 6000 pp:;i carbon and 9000 ppm oxide. The results with the 

.•;er„ terial i/ith a sodium bond v/ere equivalent to the case with 

.2." .itride. Figure shov/s fuel and cladding i.'C'irfaces from 

_.-.on . „ .c v.oi.;pati...ility capsule containing the high c. on and oxygen 

s::\>'>2. ~f.o. -fuSi surface is completely unchanged, as is the c". ,ddinn surface. 
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The only noticeable chance in cladding microstructure is an increase in 

grai ; . size due to the time-temperature condi t ions. 

be conclude from tiiese resul ts t h a t , under isotiierm?! condi t ions, no 

i i ; co i "pa t ib i l i t y ex is ts betv/oen r.ixed n i t r i des and 304 stainless steel in 

t!ie presence of sodium. Tim's s c o b i l i t y i , 'jnchangad v/hen tlia n i t r i d e 

contains carbon and oxygen lcv..'.£ consider-. ''.;; .rigiior tiian cor:positions 

\/iric.i can be rc;vro..aci^".y t — i . ' , y car. „..er. .ic reduct ion. 

/7 



SYNTHESIS REACTIONS FOR URANIUM-PLUTONIUM NITRIDES 

Metal Derived: 

26-300 OC 300 OC 300-800 °C 
U + 1.5H, -• UH. > 3U + 2 

1 atm. 10"^ torr 1 atm. 
(Static) 

•> UN + U^N^ 

1200 °C 
U2N3 #• 2UN + I/2N2 / 

10"^ torr 

26 Oc 100-800 oc 
Pu + (1. I ) H2 • PuH^ X ^ 1̂2 ^ ^ " ^ ^ ^^-^ \ ^ ^2 

1 atm. 1 atm. 
(Flowing) 

Carbothermic Reduction; 

MO2 + 2C + I/2N2 
1200-2000 °C 

• MN + 2C0 / 

M = U. Pu 

fUr. / 
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PARTICLE BED REACTOR SYSTEM FOR CARBOTHERMIC 
SYNTHESIS OF URANIUM - PLUTONIUM NITRIPES 

DEOXO 
UNIT 

FURNACE CONTROL 
THERMOCOUPLE 

GLOVE BOX-

GRAPHITE 
FURNACE 

POTENTIOMETER 

RECORDER 

CO MONITOR 

MONITOR 

HgO MONITOR 

BUBBLER ^ PROGRAMMER 

GAS OUTLET-

INSULATION-

GRAPHITE HEATER-

CONTROL THERMOCOUPLE 

GRAPHITE HEARTH, 

•H« 

GAS FLOW 
Ng OR Hg, 

MOLECULAR SIEVE 
COLUMN 
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SINTERED CARBOTHERMIC NITRIDE 
UPCN-4S 

TT \ .' • 

• . • . . 
' • • . * • * . 

• • » " • . < - . 

A^ ^ •;•' : 

^^91 * * 

S H B ^ « r'.-'-
^H •• \; >\ 

• s. -

. ' > • • ;• 
-. . . * ' 

^ ' • 

' • > . , » • • . . - ^« 
•. "i • • . , • / ' 

' c * , • 

" • • ' . ^ ^ , . • • , . . , ' 

• . .^ t »..^w^«« * « 

• 
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