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CERMET HIGH LEVEL WASTE FORMS 

A Progress Report 

W. S. Aaron, T. C. Quinby, and E.  H. Kobisk 

ABSTRACT 

The fixation of high level radioactive was te  from both 

commercial and DOE defense  sources  a s  cermets is currently 

under study. 

n i c k e l  b a s e  metal  matrix containing small  particles of f i ss ion  

product oxides .  Preliminary evaluat ions of cermets fabrica- 

ted  from a var ie ty  of simulated w a s t e s  ind ica te  they possess 

This was te  form c o n s i s t s  of a continuous iron- 

properties providing advantages  over other was te  forms 

present ly  being considered,  namely thermal conductivity,  

was t e  loading leve ls ,  and l e a c h  res i s tance .  This report 

desc r ibes  the  progress of t h i s  effort, to da te ,  since i t s  

init iation in  1977. 

INTRODUCTION 

Inves t iga t ions  have shown posi t ive indicat ions that  cermets may 

provide a su i tab le  and advantageous solid form for high level  radioactive 

was te  fixation. The cermet process  involves  the  i so la t ion  of f i s s ion  

product was te  as oxides  in  a corrosion res i s tan t ,  thermally conductive 

metal  matrix, The cermet produced by th i s  process  is defined a s  a 

continuous metal phase containing small  particles (-1 p m )  of was te  

oxide.  W a s t e s  being considered for fixation as  cermets are those  of 

commercial fac i l i t i es  such  as  Nuclear Fuel Services;  however, since 

t h e s e  w a s t e s  a re  similar, a s  far as  the  cermet process  is concerned, to  
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w a s t e s  stored at Savannah River and Hanford, the  cermet process  is 

also appl icable  to DOE defense  wastes, 

PROCESS PROCEUIJRES 

A chemical coprecipitation of was te  and addi t ives  from molten urea is 

the  primary process  s t e p  by which the unique chwac te r i s t i c s  of the  cermet 

was te  form a re  obtained. 

desired addi t ives  (d iscussed  below) a re  evaporated to form a concentrated 

solution (or slurry) to which is added urea ( m .  p. 132OC), and the  tempera- 

ture is increased  gradually to  180OC. A t  t h i s  point all of the so l ids  (was te  

and addi t ives)  have been taken into solution with the  molten urea. 

approximately one  hour, a precipitate is obtained from the  then molten urea 

solvent  (see page 16  for a n  al ternate  process) ;  the  precipitate appears  to 

be  a water  insoluble  mixture  of hydrated oxides  and amides.  I t  should be 

noted tha t  zeol i te  13X (appearing in  some was te  t anks )  is also soluble  i n  

molten mea and would be homogenized with other was te  components. A s  

precipitation cont inues,  gaseous  reaction products,  primarily ammonia and 

carbon dioxide,  a r e  evolved a s  shown i n  the process  f lowsheet  i n  Figure 1. 

The precipitate of intimately mixed components is calcined in a i r  at  80O0c; 

to remove residual  urea and to convert the precipitate 'to its component 

oxides .  Decomposition products a re  volati l ized during the  calcination 

process .  Calcined oxides  are, at th i s  point, a loose aggregate  of f ine 

par t ic les  of up  to 1-2 brrn i n  s ize ;  particle s i z e  is dependent to some degree 

upon the amount of urea originally added in  the precipitation s t e p - l a r g e r  

ini t ia l  amounts of urea resul t  i n  smaller particle s i z e  precipitates.  

thoughL tha t  t h i s  occurs  because when urea is added i n  grea t  excess to the 

amount required to decompose the  ni t ra tes ,  the  precipitation reaction 

k ine t ics  are slowed, allowing the  nucleation of a large number of small.er 

par t ic les .  

1 Liquid was te  and/or sludge together with 

After 

I t  is 

A s  the amount of added urea is decreased ,  the  precipitation 
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Materials  
In 

Was te  + Additives 
( N i ,  Cu, Mo, Al ,  Si) 

H N 0 3  

Urea- 

H2 - 

Products 
0 ut 

HZO, HN03 Solution 

Precipitation from Molten 
NH3, COZ, HZO, N2O 

Calcinat ion t o  Oxides 
N2, ( 3 0 2 ,  (CN), 

J, 

H Reduction at 800°C I H20 
Mixing With Organic Wax A 

I Extrusion to Form Rods I 

Binder Volatiles Sintering in Non-Oxidizing 

Figure 1 .  Flowsheet: Laboratory Sca le  Operations Used to Produce 
Cermet Storage Forms From High Level Waste  
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reaction proceeds more rapidly producing larger particle s i z e s ,  

entire original solution of was te  and addi t ives  is preci.pitated arid calcined 

yielding calcined solid and gaseous  reaction products,  the  process  is 

quantitative.  

Since the 

Calcined oxide powders at th i s  point can be densif ied by standard 

techniques such  as  sintering or hot pressing to form monolithic ceramic 

forms. However, m o s t  exis t ing w a s t e s  contain large amoimts of metal 

s p e c i e s ,  primarily iron, which when heated in a reducing atmosphere, such 

a s  hydrogen, convert from a n  oxide to a metal l ic  form. 

t h i s  reduced metal-oxide mixture appears  to hold many advantages  over  the 

formation of ceramic compacts. Densification of reduced material  by ei ther  

hot pressing or extrusion with a binder followed by sintering yields  a cermet 

with low porosity, purportedly low leachabi l i ty ,  and high thermal con- 

ductivity,  a s  compared vvith ceramic or  vitreous was te  forms, 

leve l  was t e s  containing large quant i t ies  of reducible metal ca t ions ,  

together with some metal addi t ives  from DOE s tockpi les  of contaminated 

metals, such  a s  nickel ( l ) ,  a rc  formed into cermets ,  l i t t l e ,  i f  any  addi t ions 

of pure materials need be made. 

Densification of 

When high 

CERMET COMPOSITIONS ANI:, PKOPEKriES 

Evaluation of cermet properties a s  a function of the process  by which 

it is formed, and chemical corltent is i n  progress.  A variety of cermets 

h a s  been made from synthet ic  f ission product w a s t e s  sirniilating typical  

was tes  a t  National k’uel Services ,  S3va i n a h  River, and Hanford. The final 

metal matrix composition of the cermet is tailored through addi t ions of 

hydroy-n-reducible metal ions  and other ca t ions  to  the was te  a t  the 

( 1 )  For example, approximately 7 2 0  tons of contaminated nickel metal 
w a s t e s  from gaseous  diffusion plants a re  currently i n  storage.  
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head-end of the  process .  

quant i t ies  of reducible  m e t a l  i ons  a l ready  present  i n  the was te  a r e  ad jus ted  

to  yield a l loys  having predictable thermal conductivity and corrosion 

r e s i s t an t  properties. To  d a t e  pure nickel, a 50 wt. % re - 50 wt. 5, N i  

alloy, and a 7 0  wt. % F e  - 20 wt. yo N i  - 5 wt. yo Cu - 5 wt. q0 Mo metal 

matr ices  have been invest igated.  The l a s t  matrix is s imilar  to a Wastelloy 

s e r i e s  a l loy  and  provides the  bes t  corrosion r e s i s t ance  and thermal con- 

d u ct ivity y e t  produced . 

These component addi t ions together  with the  

A range of loading rat ios  of compound oxides  in t h e  cermet metal matrix 

have a l s o  been invest igated.  

oxide: 80 wt. % metal to 40 wt, yo oxide: 60 wt. % metal. It should be 

noted that  actual was te  loadings fa r  exceed  the  was te  oxide loading ranges 

of 20 wt. % t o  40 wt. yo because  of the  high content of reducible m e t a l  

s p e c i e s  in  the  was te ,  such  as  iron, which a re  incorporated i n  the  m e t a l  

matrix phase .  

ult imately depend on t h e  des i red  cermet physical  and l each  rate properties 

as  wel l  a s  on the  maximum decay  hea t  concentrat ions allowed in  the  s torage 

repository. 

oxide component in  the  cermet,  thermal conductivity dec reases .  The degree 

of oxide loading has  l i t t le  o r  no effect upon the  processing of was te s  t o  

form cermets s ince  nearly any  oxide-to-metal ratio can  be produced by th i s  

process .  

Loadings were varied from 20 wt. yo 

Select ion of the  appropriate oxide loading level will 

A s  would be expected,  with increasing weight percent of the  

Processing various was te  types  into compactible cermets h a s  been 

studied. Initially, experiments were done with a simulated was te  solution, 

t h e  composition of which is shown in  Table 1 ,  This composition s imulates  

a was te  resul t ing from a burnup to 30, 000 MW days/ton with the  was te  a t  

a concentration equivalent  of 150 gal/ton U, 

With addi t ions of appropriate amounts of nickel  and appropriate amounts 

of A1(N03) 

from cesium),  a s e r i e s  of cermets  were formed with varying oxide-to-metal 

9 H 2 0  and SiOz x H 2 0  ( the la t te r  addi t ives  t o  form pollucite 
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Table 1. Simulated Was te  Composition 

-.-I___ E 1 e m  e n  t '" Molarity 

La 0. 104 

C e  0 . 0 1 5 9  

CS 0 .0205  

Sr 0.017 

R U  0 . 0 2 0 3  

Z r 0 . 0 3 5 5  

E le m e nt " _______ 

U 

Fe  

N i  

Cr 

N a  

MolariQ 

0 .041  

0.0315 

0.012 

0 .074 

0.0038 

.I, -a. 

A s  n i t ra tes ,  

ratio.  Following precipitation, calcination, and hydrogen reduction, 

pe l le t s  of 2. 5-cm diam were hot pressed at 4000 psi and llOO°C and the 

product measured for densi.ty aiid thermal conductivity; resu l t s  are shown 

i n  Figure 2,  

Simulated Savannah River was te  w a s  compounded; the  dis t inguishing 

feature  of th i s  was te  is its high iron content  which can be  used  i n  the  

formation of a l loys  in  t h e  m e t a l  phase of the cermet. 

of simulated SRP was te  is shown in  Table 2 (based  on ac tua l  was t e  

ana lyses ) .  

s i t i ons  were made f rom th i s  was te  formulation. 

F e  - 50 wt. q0 N i  metal  phase, and 20. 8 wt. oxide phase  had a 

measured dens i ty  of 7. 35 y/cc af te r  hot pressing at 1050-1 100°C for one 

hour a t  4000 psi ,  The cermet having a 7 0  we. % F e  - 20  wt. % N i  - 5 wt. % 
N i  - 5 wt. yo Cu - 5 wt. yo Mo m e t a l  phase and 27 .  5 wt. yo oxide phase  had 

a measured dens i ty  of 7 .  41 g/ce af ter  hot pressing (under the  same con- 

di t ions) .  

cermet is shown in  Table 3 :  thermal conductivity for the  "Hastel loy" matrix 

material is s l ight ly  higher than tha t  of a correspcsrndirig oxide/metal cermet 

as indicated in  Figure 2 .  I t  is interest ing to note tha t  t h e  thermal con- 

duct ivi ty  of t h i s  cermet is very close to tha t  of a Has te l loy  se r i e s  a l loy 

A typical  composition 

2 Hot pressed cermets  with two different m e t a l  matrix campo- 

A cermet having a 50 wt. yo 

Experimentally determined thermal conductivity of th i s  lattei- 
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'Table 2.  Was te  Composition and Additives for Cermet Preparation 
Having a "Hastel loy" Matrix 

Element Mo 1 a rit y 

W a s t e  F e  

Mn 

A 1. 

C e  

ZK 

Sr 

U 

Ru (for Kh and Pd) 

cs 

Srn (for ac t in ides  and 
all rare ear ths  
except  Ce)  

N a  

1.4 

0.4 

0 . 0 2  

1. 6 x lom5 

1 . 2 8  x 1 0 - ~  

1 . 3 2  x 10-3 

4.3  x 

6 .6  x 

1 .  38 x l o e 4  

4.76 x loe4  

2 x lom4 

Additives Sic& 0. 0 2  (mol, equivalent of A l )  

c u  Ni 1 
Mo 1 

Variable to  achieve desired metal  
component alloy composition 

Table 3 .  Thermal Conductivity of ' I O  wt. % Fe - 20 wt. % N i  - 
5 wt. yo Cu - 5 wt. Yo Mo - 27. 5 Oxide Cermet 

2 32 

320 

502 

6 54 

0 .046  

0 .  037 

0 . 0 3 4  

0 . 0 3 3  
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containing no oxides;  t h i s  a l loy  composition seems preferable to  the  

50 wt. % F e  - 50 wt. % N i  a l loy  because  it requires less nickel addi t ive 

( the  a l loy  is iron rich, as  is the  was te  from which it is  formed). 

same reason,  higher was te  loading per unit weight of cermet can  be 

For the  

achieved.  Again, it should be remembered that  actual was te  loadinq, 

which inc ludes  the  iron content, amounts to-75 wt. "i: of the  cermet 

solid. 

100: 1 or a volume reduction of 200: 1. 

This represents  a weight concentration of sludge into cermet of 

Only about 10 wt. yo of the  total  

cermet m a s s  is noncontaminated added material. 

is made up from DOE s tockpi les  of contaminated metals.  

on the  thermal conductivity of th i s  material, its densif icat ion by extrusion, 

and sintering is underway. 

The m o s t  recent  was te  studied for isolat ion a s  a cermet is the  NFS 

The remaining 15  wt. yo 
Further work 

ac id  thorium was te .  Simulated was te  and addi t ives  required to  yield a 
cermet with a 30 wt. g, oxide phase  and a 7 0  wt. % metal phase of the  

7 0  wt. yo F e  -. 20 wt. 7" N i  - 5 wt. yo Cu - 5 wt. 70 Mo al loy was  prepared, 

The oxide phase  of the  simulated cermet is almost entirely Thoz s ince  only 

small  amounts of other  s p e c i e s  exist in  the  was te  relative to thorium. 

was te ,  along with addi t ives ,  has been precipitated from molten urea, 

calcined,  hydrogen reduced, and densif ied by hot pressing to  yield a 

pellet  su i tab le  for thermal conductivity determinations. 

from thermal conductivity tests show that  t h i s  type of cermet h a s  a con- 

duct ivi ty  comparable to other cermets containing a 30 wt, yo oxide loading. 

This 

Preliminary da ta  

CESIUM AND RUTHENIUM VOLATILITY 

A s tudy  to determine how cesium is fixed in  the  cermet is in  progress.  

Pollucite, a cesium-bearing aluminosi l icate ,  is expected t o  form, with the  

proper addi t ives ,  from the  cesium contained in  the  was te .  

t ion of a solution containing only cesium ion and spec i f ic  pollucite-forming 

A urea precipita- 
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addi t ives  ( so luble  aluminum and silica s a l t s )  w a s  performed followed by 

calcinat ion of the  precipitate at 500°C and 800OC. The presence of cesium 

as  cesium cyanate  i n  the  material  calcined at 5OO0C was  observed by x-ray 

diffraction. 

pattern typical  of a n  amorphous state, I t  is postulated that  the  particle s i z e  

of the  800°C ca lc ine  is too s m a l l  for its structure to he de tec ted  using x-ray 

diffraction. 

probably would not occur  for t h i s  material below approximately 12OO0C. I t  

appears  tha t  between 500°C and 800°C the  cesium cyanate  decomposes and  

a s t ab le  cesium-containing phase  (probably pollueite) forms s ince  the  

retention of cesium i n  the material calcined at 80OOC h a s  been proven b y  

x-ray f luorescence.  Recently completed x-ray diffraction s tudies  on the  

hot pressed ceramic at 1 20OoC co:ifirmed the  formation of pollucite; however, 

further invest igat ion of the  mechanism by which cesium is rendered 

insoluble  and in  a low vapor pressure state is required. 

volat i l i ty  problem a l s o  exists with any  elevated temperature processing of 

ruthenium. However, as  d i scussed  in  more de ta i l  l a te r ,  i t  is felt tha t  

charac te r i s t ics  of the  cermet process  eliminate the ruthenium volati l i ty 

problem. 

The s a m e  material calcined at 8OO0C yielded a n  x-ray diffraction 

Crystal l i te  growth to a de tee tab le  and identifiable level 

An a s soc ia t ed  

STUDY OF DENSIFICA'1'1ON METHODS 

Densification by extriision with a binder and subsequent  sintering was 

performed suecessfu l ly  using 50 wt. yo N i  - 50 wt. yo F e  a l loy material .  

After the  precipitated material had been hydrogen reduced, 15 g of the  

product was  mixed with 4. 5 g o€ cerecin wax as  a binder and extruded 

through a 6. 25-rnm diarn orifice,  

temperature was  -3000 psi .  

some surface c racks  which have s ince  been eliminated by a change i n  the 

des ign  of the  extrusion orifice.  Sintering of th i s  6. 25-rnm extruded rod at 

Extrusion pressure required a t  room 

Ini t ia l  extrusions yielded "green" rods with 
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1200°C for s i x  hours yielded a cermet rod with a dens i ty  of 6. 2 1  g/cc a s  

compared t o  7 .  35 g /cc  for  the  s a m e  material  af ter  hot pressing. 

resul ted i n  a 25% dimensional shrinkage of the  rod. 

Sintering 

Preliminary s tud ie s  show that reduction of the  binder content used  for 

extrusion r e su l t s  i n  the  formation of s intered cermets having dens i t i e s  

approaching tha t  of hot pressed pel le ts  without a significant increase  i n  

the  pressure required for extrusion. Not only is less material added to  

the  was te ,  but also less binder h a s  to be volat i l ized and a f a s t e r  ra te  of 

sintering resul ts .  

which will inject wax binder simultaneously with the  was te  material. 

thin surface layer  of binder will result a s  compared with binder d ispersed  

throughout the  total  volume of the  extruded rod. 

quant i ty  than currently being used ,  t h i s  co-extruded binder should still 

facilitate extrusion and hold the "green" compact together unt i l  i t  is 

sintered, 

A unique extrusion d i e  h a s  been designed (Figure 3 )  

A 

Although much smaller i n  

This procedure should a l s o  yield comparatively higher "green" 

d e n s i t i e s  and ult imately higher f inal  s intered dens i t ies ,  better thermal 

conductivity,  and lower porosity. 

LEACH RATE STUDIES 

Samples of both SRP simulated waste, hot-pressed cermet pellets and 

extruded-sintered rod were boiled i n  saturated NaCl solut ions for 168 

hours a t  a tmospheric  pressure.  

l eachant  showed no de tec tab le  inc rease  in  ion content of the  leachant ,  

except  for s i l i con  and boron which apparently leached from the  Pyrex test 

v e s s e l s .  

rod sample after testing, 

the  hot-pressed pellet  samples;  however, t h i s  was  caused  by carbides  

tha t  had formed on the  surface during hot pressing in the  graphite die .  

M a s s  spectrographic a n a l y s e s  of the  

N o  etching or corrosive a t tack  was observed on the  extruded 

Spotty surface discolorat ions were observed on 

No 

discolorat ion of the  extruded rod was observed,  No other indication of 



1 2  

ORNL-DWG 78-7683 

Figure 3.  Conceptual Design of Hirider Injection Extrusion Die Assembly 
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a t tack  by the  leachant  was  observed. Although th is  type of l each  test is 

not definit ive (radiotracer s tud ies  a re  being ini t ia ted) ,  it does  provide a 

preliminary indication that  the cermet form will  have sat isfactory leach  

res i s tance .  

e levated temperature and pressure conditions which a re  being 'adopted for 

l each  tes t ing  of was te  forms tha t  may be sen t  to  the  Waste  Isolation Pilot  

Plant ( W P P )  i n  the  future. 

Future leach  tests will include brine compositions and 

4 

RADIOTRACER STUDIES 

Ancillary s tud ies  on the cermet process  a re  for the  most part i n  their  

ear ly  s tages .  Design work and preparation for products ana lys i s  of the 

entire cermet process  is underway. 

process  need to be experimentally identified for  a process material balance 

to be used in  the  total  system des ign  ( u s e  of scrubbers ,  for example). U s e  

of radiotracers to analyze the cermet formation process  and the  result ing 

The off-gas spec ie s  generated in the 

cermet itself is required. Such s tudies  a re  presently beginning. 

Ruthenium, cesium, and strontium a re  the  species present in  f i s s ion  

was te  tha t  are considered m o s t  troublesome from the  standpoint of 

volati l i ty during processing and/or a re  probably most ea s i ly  leached from 

the  f inal  solid was te  composite, be it cermet or  vitreous m a s s  or  some 

other agglomerate. Tracer experiments with e a c h  o€ t hese  nucl ides  will be 

performed and off-gases and l each  solut ions will  be analyzed for t hese  

spec ie s .  Because of the bas i c ,  reducing chemical system i n  which the  

cermet powder is produced (precipitation from molten urea),  ruthenium 

would be expected to be in  the  elemental  or dioxide state (non-volatile). 

Using se lec t ive  addi t ives  to the  was te ,  cesium is to  be compounded a s  

the  insolu5le  mineral pollucite (cesium aluminosil icate) while strontium 

has an unknown (at present)  chemical form. 

encapsulat ion" occurring as the  resul t  of m e t a l  coating of the oxides  or 

In any  case, the  "micro- 
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other  compound crys ta l l i t es  i n  the  cermet should result i n  very low l each  

rates. 

with other  was te  forms can be made, 

containing samples  i n  ac tua l  salt repository material  under expected 

temperature, pressure,  and humidity conditions will be performed to 

s imulate  t h e  ac tua l  storage environment. 

A variety of l each  solut ions will  be  employed so that  comparison 

Finally, placement of cermet tracer- 

PROCESS I M PROVE ME N T CON SI DE FLAT1 0 N S 

A scanning electron microscope f i t ted with a n  x-ray energy d ispers ive  

ana lyzer  h a s  recent ly  been obtained which will permit detai led structure 

s tud ie s  of the  cermet was te  forms as  a function of preparative method, 

Effects of process  parameters such  a s  the  volume of urea from which the  

precipitate is formed, types  and quant i t ies  of addi t ives ,  and sintering 

t i m e s  and temperatures can  bc  evaluated with th i s  analyt ical  equipment in  

relation to f inal  cermet properties. 

standard metallography, x-ray diffraction for  compound identification, and 

poss ib ly  determination of radiation effects on  the cermets.  

m i c  roprobe s tud ie s  for the  distribution of cermet const i tuents  a re  also 

planned. 

throughout the course of developmental study. 

This  work will  be complemented by 

Electron 

Thermal conductivity determinations wil l  be made on cermets  

Consideration is also being given to pilot level and production level 

t ranslat ion of the  above-described laboratory experimental methods. 

Methods a r e  evaluated,  whenever f eas ib l e ,  in  our current effort to 

acce lera te  full  development of large scale processing. 

t he  quant i ty  of additives to the  process  without compromising structural  

o r  physical  property charac te r i s t ics  are being rnadc. 

urea at the head end of the process ,  metal  alloying addi t ives ,  and t h e  

wax binder required for extrusion. 

geous  to eombinc the  urea precipitation and calcinat ion steps by inject ion 

Efforts to  minimize 

Additives include 

I t  is believed poss ib le  and advanta-  
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of the  molten urea with its dissolved components into a rotary or spray 

calciner  wherein "precipitation" and calcination will occur almost 

simultaneously.  

reduction in  quant i ty  of urea required i n  the  process.  

I t  is qui te  l ikely that  t h i s  would also permit significant 

The feasibi l i ty  of combining two or  more process  s t eps  into a single 

s t e p  is also being evaluated,  see Figure 4 (compare with Figure l ) ,  

Although not shown in  Figure 4 ,  tests are currently underway which may 

ultimately eliminate the  cation dissolut ion and solution concentration 

s t e p s  from t h i s  "improved" flowsheet.  

simulated SRO feed s tock with ammonium hydroxide) has  been successfu l ly  

Sludge (precipitated from 

disso lved  in  molten urea. Molten urea is an  extremely effective solvent 

so t h e  initial cermet formulation c a n  possibly be made without the u s e  of 

the  nitric acid s t e p  at the  head end and subsequent  removal of nitric acid 

in  the  solution concentration step.  Simultaneous reduction and sintering 

of calcined material has been successfu l ly  performed and may improve 

cermet properties as a bonus,  

SUMMARY 

A variety of simulated radioactive was te s  have been successfu l ly  

processed into cermet was te  forms. Fiss ion product was te ,  as  oxides  

or  metals ,  a r e  i so la ted  i n  a corrosion res i s tan t  thermally conductive 

al loy metal matrix to form the cermet where the metal is the continuous 

phase.  

cermet may provide a n  improved radioactive was te  form a s  compared with 

vitreous or  ceramic forms. Quantification and more intensive invest iga-  

Structure and property determinations to  da te  indicate  that  the  

t ion of the cermet and t h e  process  by which i t  is formed are  i n  progress 

including s tudies  from which continuous processing methods may be 

derived. 
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Materials  
J n -  

Products 
0 u t  ~ _ . . _  

W a s t e  + Additives ---+ 
HN03 

! Solution 1 

TJrea -- Urea Solution, 180°C NI-13, COZ, 1 1 2 0 ,  NZO 

Spray 01- Rotary 
Calcinat ion in  Air Nz, CO,, (CN),  

Hinder Volatiles, Simultaneous Sintering 
and H2 Reduction at 

i-y2ste Germ& R O ~ S  I 

Figure 4. Conceptual Production Oriented Flowsheet: Combination 
Processes  for Cermet Storage Forms From I-Iigh T,evel W a s t e s  
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