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PROPERTIES OF CARBONIZED AND CONVERTED URANIUM-LOADED 
WEAK-ACID RESINS 

O W Weber. R L totty.audV J Tenncry 

ABSiUCT 
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tvrioournoN 

The reference fuel kernel for recycle of :,tV in rugh-temprrafure gas-cooled m e l o n fHTGRsi n a 
rwtawi carbon maim containing finely dispersed VO: and or IX": drnvej from weak-actd ton-exchange 
m m ' The process development of inn material was begun at ORM m 1°** and has been m progress strict 
thai innr : '• The wcenttvo for pursuing ihc mn-exchxagr rc«m route were to lake advantage of ihe 
commercial)) availabW rrwrofpheres which could be ungraded lo acceptable ranges at tut and shape before 
contact with : " f in a remot. ^fabrication facility, and to develop a fettle kernel having irradiation 
performance superior «o that of other fuels available 

Development of reun-bavrd fuel has included ihe evaluation of several resin types, effects of varying 
carbonisation cycle*, control of conversion (reduction to carbide), plus atmospheric requirements for 
handbng. coating, and process optimuation Both strong- ISAR) and weak-acid (WAR) resins were 
evaluated for performance and rsst c ' "»*» nation. The SAR-dcrtved material las potential as an advanced 
fuel because ri its excellent thermal *uhiJt!> Sut » of secondary mteresi for immedaie HTGR application 
due to the sulfu. content * * Development effort has thus been concentrated on the WAR-based fuel 
employing acrylic acid-dmnyrberuene resins. Ambrrltie IRC-72. manufactured by Rohm A Haas, and 
Ojofite f 464. ftuaufacSttfcd by DUHWJAJ StMAWM.k. The ovenHi process f-ivniicri is shown m Ftg I. This 
report will address the development of the carboni/aiion and conversion (carbothermK reduction) steps 
startmg from Ihe dried uranmm-toaded resins 

The I wo pnntary process heat-treatment steps are thermal decomposition of ihe resin, called 
r*rb>*tK4tkm. which yields UO. in an etcrss of carbon, and carbmherrrwc reduction of the resultant U 0 : 

to \X:. called rtmrtnkm The material is then coated *ilh appropriale p>rt4ytic carbon and silicon 
carbide layers designed for optimum irradiation performance ' r * , 0 

The as-rect ved material n normally a Ni' •r'jrm resin in a hydraied bead supplied in the Hit range 20 
to 30 meth Tin resin was developed as a carboxyuc cathm exchange resin bated on a copolymer of 
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metbacrylic acid and divinyl benzene.1' By current flowsheets, the material a first converted to a H* form, 
then loaded with uranyl mm by contacting the resin with a uranyl nitrate sortition which is acid deficient/ 

This material is then dried at I IO*C to remove some water and yield resin •UOj * * The resultant 
molecular arrangement is shown (Fig. 2l. The approximate IRC-72 kernel diameter at tnis stage is typically 
550 srm with a density of 1.6 g/cm 1. with 4 7 $ uranium at a loading of 63 ug/ particle. 

The carbonization process completes the removal of HjO and thermally decomposes the resin structure 
to carbon This process occurs from drying temperatures up to approximately 900*C. producing UO, very 
finery dispersed in a porous carbon matrix. The man properties at this stage vary considerably, depending 
upon the method of carbenoatiua with carbon to uranium ratios of from 4 to 6. a sue of approximaf eiy 
375 PHI with a density of 2.4 to 3.7 g/cm1 and weight percent uranium of 67 to 75 t . 

The conversion process involves carbothermk reduction of the UOj in the carbon matrix to U C ( 0 ( , 
and Uf . by the reacfior 

U ) , » J . « f - *~ , , 4 *2CO 

and 

UO, O C - U C . O , . *<2 OCO 
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0PNL-0W6 7 4 - 2 3 8 8 R 

H H 

I I 
C—CH- C—CK I I ' 
coo \uG2*:coo 

« t c — C H 2 — C : H — C H 2 — t t c 

Although VC: B the aoaaaal coHcpaation. a HMMC correct formula s apprauamtely IK, s « Sandarty. 
three is sonic questwn as to whether UC, , 0 , beconsci W as reduction proceeds. The rusting 
Thermodynamic data are for the 0 0 j -* VC and UOj - VC: reactions however The degree and manner m 
which these reactHms are carried to completion at 1500 to 1800 C determine the relative proportions of 
the UO : . UC : . and U C , 0 , , phases- The percent oxygen u n w e d f r«s the carbonized material is defined 
as the percent conversson I U 0 2 » 0 T . U C : >- I 0 0 * i . The calcubted varatiun df the partial pressure of the 
ca«bon n»>«<>\iii: «Fig, 3) for the two principal conversion reactions controls the extent and rate to which 
conversion is carried ou t . 1 2 This B true because of the ve*y high surface areas present in the carbonized 
maierir' (100 m*'gm> and the avaabbility of an excess of finely dispersed carbon. Thus, at a given 
temperature, the reduction rate is controlled by the specific argon flow rate (system at I atml. Calculated 
reduction rales at various temperatures are shr'an I Fig. 4) normalized to 0.0S Irter/min of sweep gas per 
gram unnrum: the argon flow rate is directly proportional to the reduction rate. Of course, selection of 
flow rate it limited to a range suitable for frusduaiion. Essentially complete reduction can be effected in a 
few minutes at I M O V . and controlled partial reduction may conveniently be done in the 1600 to I70Q*C 
range I Fig 4). However, it should be emphasized that the linear reduction data (Fig. 4 | apply only as long 
as the material has sufficient open porosity I i.e.. dors wt sinter appreciably). 

The flnal weight percent uranism ranges from 72 to W*. depending upon the conversion process. Final 
demity ranges from 3.2 to 6 g/cm*. with an averagr microspherf diameter of 360 urn for Amberlite 
IRC 72 

The prepared fuel kernels are then given a low-density pyrolytic carbon (FyCl buffer coating, a 
higfcdcnsity PyC noiropK coding, a siih.uA carbide coating, and another high-density PyC isotropic coating 
to yield a finished TRKO HTGR frame particle. 

The current work examines four aspects of carbonization and conversion: 

1. the effe».t of heating rate a; vi iWm stages of the carbonization cyde on the final carbon-to-uranium 
ratio, weight loss, volume loss, surface area, and subsequent conversion benavior; 

2. the variation during Ihe carbonization and conversion cycles of the density, pore size distribution, 
surface area, weight loss, volume low, and carbon-to-uranhim ratio; 

3. the effect of different conversion temperatures and atmospheres on the proporf ions of U 0 2 . U C , 0 , , 
and UC] in the final material; and 

H H 

I I 
CH CHP C CM- C 

| | 
COO (U0t*i COO" 
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F * 4. H M * M 4 M CflNMtiiDN <rf liMiM»4JMtft4W«a*A<*»Ww» l i » 0 \ i * » toCarfc^ tAtwmcd Muihtwwnt 
r, ,,<"« RCHIMH t<>; * H -if • H O Kwmaksrtf l» 005 I K«r/Mm <>T S«wcp <;» prr « of I'raMMM. 

4 ihe correlation between the observed conversion rate and the behavior predicted from classical bulk 
thermodynamic* 

EXTEIUMENTAL PROCEDURE 

The carbonization, conversion and coating steps were done in vertical graphite resistance furnaces (Fig. 
5). The graphite coatine chamber consists <>f a cone with an included angle of 3ft or ft(/ nxed m 
machined to a cylindrical graphite piece The nominal coaling chamber diameter is ? 1/2 in., with diame'ers 
of 3/4. I. I 3/8. and I 3/4 in. also available with appropriate adapters. Two methods of temperature 
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measurement are avadabie •' theathed Cbromel-P Aiume) thermocoupie is inserted directly mto the bed 
through the furnace top for measurement of temperatures from room to approximately 7 0 0 X A sight port 
is provided f»r i>ptical p. rometer sighting on the furnace side The heating element and graphite felt 
insubtmn are spitt :o permit direc. viewing of the iluMfazmg chamber wall Two sight holes are avadaMe 
wuh the !<)•*.- .me situated just above the cone-cylinder junction The lower sight port was used 
through* tut this st jd> tot measuring temperatures from WW to 18Q03C 

Required tluiJi/ing and reactant gases are supplied through calibrated flowmeters which monitor and 
control flows t r im tens of centimeters per minute to tens of liters per minute. Unless otherwise specified, 
the rluroVmg yts used in the carbonization and conversion experiments was high-punty argon 

Program control of furnace operation to 600 T was effected with either a cam-operated Trendtrac 
controikr using leedback from a Chiumel-P Alumel thtnuocouple or a nonfeedback pulse interval timer 
controlling the power supply Furnace control above 6 0 0 T was accomplished manually. 

The r.kiu-tuil studied »*» Amherlite IRC-~2 rrsm inuJe hy Kohm & Haas. Philadelphia. Pennsylvania! 
and Uiiotite t '-*i*4 trrude h\ Diamond Shamrock. Chemical Company. Redwood City. California) Both 
res n> are p^wNe alternate vuirce* an J +tr< c-nnpared directly when appropriate 

Thumugw iwt trie Anh/vs 

As thermal decomposition and water removal from the resin are accompanied by substantial weight 
loss, thermogravimetrk: analyses (TGA I identified critical carbonization temperatures. Different heating 
rates were used in the TGA work to determine the effect oi different carbonization rates on the 
decomposition of the resin Dried resin was analyzed with a Metller Recording Vacuum The.inoanaJyzer 
using 150 mg samples in a flowing argon atmosphere. Temperatures were measured with a platinum vs 
Pi SO"? Rh thermocouple The sample holder »js an * '" 20-mm-piaiinum crucihie with a platinum lid 

Differential Thermal Analysis 

Since resin de-urn position is accompanied by significant thermal effects.3 4 differential thermal analysis 
tDTAl measurements were conducted to better define critical reactiui; steps. These measurements were 
made with the Mettler thermoanaly/er simidianeously with the TGA measurements The reference material 
was A l 2 0 i powder with a sample weight equal lo that of the diied resin sample. The sensitivity and time 
response of the DTA instrument were such that optimum DTA traces weie obtained only at a heating rate 
of 5 7'C ram. 

An experiment determined the species tha: evolved at different temperatures Fifty grams of resin were 
healed ai 5"T, mm in a l-in-diam coaling lube with a 2 liters/mm argon flow. The off-gas was collected at 
150. 250. 355. 425. 475. and 600 C in a series of parallel sampling bottles by sequential bottle isolation at 
each staled resin temperature. The contents of these bottles were then analyzed by gas chromatography. An 
inline wsier-cooled trap was installed to monitor evolution of condensables. 

Effect of Heating Rate During Carbonization 

The TGA and DTA results showed the special importance of rhe range from room temperature to 
500°f as regards weight loss and thermal behavior in the carbonization cycle. To determine the effect of 
heating rate on critical process parameters. LMoaJed 25 +30 mesh Amberlite IRC-72 batches were heated 
at differet'.t rates from room temperature to 500"C followed by rapid heating to I200°C Batches of 25 0 g 
were healed in I in -diam tubes with, a fluidi/ing gas (low of 3 liters nun to 500°C and then 2 liters/min to 
I 2 0 0 T . After healing at I200°C for 5 min. the samples were analyzed for weight loss, volume loss, and 
chemical composition 
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To further define the region of importance in carbonization, similar experiments were done with 
Duolite C-464 resin. Material of - 3 0 +35 mesh in batch sizes of approximately 40 g was heated in a I 3/8 
in. furnace tube. K ating rate was planned to yield various heating curves. Gas flow was regulated during 
the run at 9 liters/min from room temperature to IOO°C. 8 liters/min »o 2O0°C jnd 6 liters/min to 600°C. The 
final temperature of i 200°C was held for 30 min W» ight loss, volume loss, and chemical composition were 
determined for the carbonized material. 

Change m Properties Daring Carbonization 

The physical property variations with temperature during a typical carbonization run were determined 
with tests on Duolite and Amberlite. Batches of 70 g -were heated in a I 3/8-in-diam tube at 2°C/min to 
selected temperatures under 500°C and at 20*C/min to temperatures over 500°C and then cooled rapidly 
to room temperature. Fluidtzing gas flows were 15 liters/min from room temperature to 185°C. 9 liters/min 
from 185 to 950'C, 7 liters/min from 950 to 1200*C.and4 liters/min from 1200 to 1625*0. Weight loss, 
volume ioss. tap density, mercury density, mercury porosimetry. BET surface area, carbon-to-uranium 
ratio, and particle size were determined. Tap density a» discussed in this report is the weight of particles 
divided by the volume occupied in a graduate of appropriate size, assuming perfect packing: tap 
density/0.62 is equal to the true pens. As temperature increases, the finely distributed U 0 2 agglomerates 
into coherently diffracting re^»ns of increasing partide size. To investigate this behavior, samples were 
heated to different temperatures in the carbonization cycle, rapidly cooled to room temperature, and 
examined by x-ray diffraction. The material was ground in a Diamond Planner mortar to -325 mesh and 
sealed in 0.005-in. glass capillaries with Apiezon and household cement. The sample wa* examined with an 
11.54-cm-diam Debye-Scherrer camera wit'' monochromatic CuK a x rays for approximately 46 hr. 

Other Carbonization Procew Parameters and Uranium Loss 

Uranium loss during carbonization was determined Kith an improvised collecting scheme. Because the 
ura.iium-ccntaining species releasH during carbonization may be carried in an aerosol, collection is 
difficult. The collection method involved packing the furnace lid and initial off-^as flow path with gauze. 
After a run, the gauze and a newly constructed and therefore previously uncontaminated furnace lid were 
counted with an alpha survey meter. The tars and residue in the gauze were to function as a collection 
medium for the aerosols given off during carbonization .but how successful this was is not known. A typical 
carbonization cycle was run with 235 g of materia! at 2°C/min to 1200°C 

A second cycle was run in which a 150-g batch was heated from room temperature to 1200'C at 
approximately 170"C/min. The residue collected on the top portions of the furnace was absorbed on tissues 
and gauze and sprayed with acetone to break down the tars for alpha counting. The tissues and gauze were 
subsequently reduced to ash and the uranium content determined. 

Alternate carbonization atmospheres were investigated in an attempt to increase the resin coking yield 
(urbon-to-uranium ratio). As this process of thermally decomposing the resin is similar to pyrolysis 
reactions in other hydrocarbons, alternative approaches suggested by such work were explored. Bacon*3 

has shown that substituting hydrogen chloride for nitrogen significantly decreased the weight loss and 
widened the temperature range of reaction for the pyrolysis of rayon. Similarly, substituting oxygen for 
argon up to the critical reaction temperature decreased the weight loss observed in pyrolysis of Villwyte 
rayon. 

To investigate atmospheric effects on the HTGR resin process, air was substituted for argon to 270°C. 
the point of the Tint significant reaction, in a 1200°C carbonization process for a ̂ O-g batch of Amberiite 
IRC-72 'csin heated at 2°('/min. Carbon and uranium content were determined for the resultant material. 
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Similarly, the effect of hydrogen chloride was investigated by installing a bubbler with concentrated 
hydrogen chloride in the fluidizing gas (argon) line. Hydrogen chloride was introduced to 500*C in runs 
otherwise identical with those previously described. 

Exposure experiments on these materials were done abo to determine what effect the different 
procedures might have on the reactivity of the carbonized material. One-gram batches of the carbonized 
material were exposed to air and the resultant weight gain recorded. 

Change in Properties During Conversion 

To ascertain the property variation during the conversion process, a series of 70-g batches of Amerlite 
T . J Duolite was carbonized in a 1 3/8-in.-diam tube at 2°C/min to 500"C. 20"C/rain from 500 to 1200°C, 
and IOO'C/min from 1200 to I625*C. The fluidizing gas flows were 15 liten/min from room temperature 
to I85 8 C. 9 liten/min from 185 to950"C. 7 liters/min from 950 to 1200"C. and 4 •.rtera/mm from !2C0to 
I625°C. The percent weight loss, percent volume loss, particle size, tap density, mercury density, and 
carbon-to-uranium ratios were determined as a function of time at conversion temperature. Times from 0 
min to 1.67 of the time calculated for complete conversion of the UOj to UCj were used. 

The pore size distribution produced in partially converted weak-acid resin Duolite and Amberlite fuels 
was studied by carbonizing and converting batches containing I2C g of uranium at 1525 eC to 34 and 32% 
conversion respectively. The pore size distribution of this material was then determined by measuring the 
mercury density as a function of pressure. The diameter of the pores penetrated by mercury was 
determined from the formula: 

175 
diam (/im) = - , 

psia(Hg) 

Conversion Rate and ThennodyiMwnks 

Experiments were also conducted to directly compare observed with predicted conversion levels fov 
various specific gas flows, temperatures, and hatch sizes. Thirty-five experiments were conducted at gas 
flows from 0.295 to 7.37 liters of argon/gram of uranium at temperatures from 1500 to I690 9C and at 
conversion levels from 15 to 93%. Batch sizes varied from 28 to 486 g in furnace tubes from 3.5 to 10.8 cm 
in diameter. Five of the experiments were conducted with Duolite C-464 and the other 30 with Amberlite 
IRC-72. Additionally, particle size was varied for different batch sizes and gas flows to ascertain the effect 
on conversion level for a series of six different runs at 1575°C in a 4.44-cm-diam tube. 

To ascertain the possible temperature error between measured and actual temperature during a 
conversion run. parallel measurements were carried out with a platinum vs Pi-10% Rh thermocouple in the 
bed and an optical pyrometer sighting on the furnace tube wall (Fig. 5). The bed thermocouple and top 
sighting port were located 7.3 cm above the tube orifice. The normal measuring sight port used for 
experimental control is 3.5 cm above the tube orifice. The particle bed extended to approximately 8.6 cm. 

To investigate the effect of fluidization conditions, the platinum vs Pt-10% Rh bed thermocouple and 
control sight port were simultaneously monitored at approximately constant power level as fluidization 
conditions were varied. 

Product Phase Evaluation 

Phase identification studies were conducted by carbonizing material at 2°C/min to 600°C and then 
heating to the conversion temperature. Conversion was done at 1505 and I625°C in argon, at !625°C in 
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argon with 4% hydrogen addition and at I628°C in argon with carbon monoxide addition equal to 0.75 of 
the equilibrium partial pressure of evbon monoxide at the conversion temperature. To accomplish this iast 
addition, carbon mor.oxide was added to the fluidizing. After conversion, this material was analyzed for 
phase content by the x-ray power technique described previously of the gas in proportion to 0.75 partial 
pressure at I628 3 C. 

Urani— Loss During Conveiswn 

To identify the amount of uranium lost during the conversion process, a water-cooled aluminum 
furnace probe was fabricated to condense and ^dantitatively collect any canium released during the 
process. This probe extended downward to a point immediately above the hot zone of the furnace (Fig. 5) 
to ensure complete condensation and collection of uranium-bearing vapors. A run with 150 g of ^rbonked. 
screened, shape-separation rejected kernels was made to 71% conversion at temperature* from 1650 to 
1800°C. After the conversion the furnace probe was counted with an alpha survey meter. A 5% solution of 
nitric acid was used to remove the collected material from the probe for chemical analysis. 

A similar run was made with 150 g of shape-separated, vreencd carbonized (2*1" min) mafenal to 
approximately 9Sy? conversion at I775°C. Throughout this run, ihe furnace probe was subjected to direct 
particle impingement so that particles actually stuck to the probe. Loose particles were removed and the 
probe counted with an alpha survey meter. 

Hwduation Control During Conversion 

Investigations were made of the critical process parameter* affecting heil sticking or aggiomcratiun 
during conversion of weak-acid resin-derived fuel. A single lot of dried Ambcrlnc IRl-72 resin was 
carbonized at 2°C/min from 200 to 500*1" and then at 20°C.;min TO I200°C in two hatchts of 1000and 
730 g. The material was then converted in a 4.44-cm-diam tube at I525°C in SO g batches at argon flows 
from 4.5 to 9.0 li:ers/min. Final kernel dumeter was 450 pm with a density of approximately 3.1 g/cm J. 

Since the onset of bed sticking is not easily speci'ied. a subjective classification was established. A 
Ma^nehelic pge. installed to measure injector back-pressure, was used for the arbitrary classification. The 
bed was categorized as free if Magnehelic pressure variation was less than 5 cm of water, showing "slight 
slugging" if pressure cycling was 12.5 cm or less, "heavy slugging" if the cycling was greater than 12.5 cm. 
2nd "sticking" if the gage went full scale 1125 cm) twice or failed to recover after the first excursion. 
Slugging is a visually observable phenomena in which the material settles and is then Mown in a mass up 
into the furnace tube. The time at which this occured w-_, recorded, and assuming a constant conversion 
rate with time, the approximate conversion level at which this behavior occurred was determined. The gas 
flow for each run was divided by the total bed particle area to establish a gas flux. 

To evaluate the relative agglomeration behavior of the two candidate resins, a comparison run was nude 
in a l-in. tube at 2.5 liters/min argon with 5C-g batches of dried resin A heating rate of iTC/mm from iOO 
to 500°C and a conversion lime of 30 min at I700°C were used. The Duolitc batch was very loose 
throughout while the Amberlite nearly stuck at 12 min m:o the run and barely remained lluidi/ed for the 
remainder of the run. 

Analagous runs were made "ith 80 g of material in a I 3/8 in. tube at 2.5 iilcrs/min. The Ambcrlitc run 
was aborted after 11 min al 1700° C due to sticking and slugging of thr batch. The Diioluc run was 
completed without incident. 

Larger comparison runs were made with approximately 250 g of material in a 2 1/2 in. lube at 5.0 
litcrs/min. Conversion was done al I625°C for 33 min. The Duolitc resin was slightly sluggish the last ft min 
of the nm. However, the Amber lite became sluggish 3 min into the run and began sticking 5 min into the 
iun. 
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Abnasfkenc Reactivity 

To compare carbonized particle-atmosphere reactivities as a function of heat treatment, lots from a 
single batch of loaded IRC-72 were heated to 600. 1200. and I600 C C respectively and exposed to room 
atmosphere. The I 2 0 0 T treated particles were fully carboni/'*. with the contained uranium being 
essentially U O : . The I600°C treated particles were nominally UO- * C with about I5*r of the oxygen 
removed. Duplicate l-g samples, one each in an uncapped botrJe iniually filkd wuh argon and the other 
poured into an open beaker, wer:- expi>sed to compare reaction rales. 

In a further experiment, weight gains were recorded as functions of time foi uranium-loaded IRC-72 
treated at 500. 1200. and IMOO'C: these samples were respective!*: carbonized through the cniicil heating 
rate range, fully carbonized, and fully reduced to dicarhide. 

RESULTS 

TnenMgra»IIMLHIC Aaafyus 

The thermogravimetric analyses (TGAI showed A;nberlite IRC-72 material experiencing a gradual 
weight k»ss to 270'C for the 2°C mm heating rate (Fig. 61. The 2*C min rate then shows a larger weight 
loss to 315C followed by a large weight loss from 360 to 440" C. Above 4M>"C. little weight lo*s occurs to 
I000°C. Increasing the heating rate to 6 1 mm causes an apparent delay in the first los» to about 3 I 5 C C 
which continues to approximately 360CC. The large weight loss at 6°C min occurs from 3**5 to 4H5 C 
followed again by littk loss to 1000 C. This shift of weight loss to higher temperatures with increasinc 
heating rate may be attributed to lag in the response of the measuring apparatus. It is also apparent from 
the final weights that faster he./ing rates produce more weigh: loss. 

The Duoiite C-464 resin showed essentially no weight loss to 210°C. after which a gradual loss occurred 
for all healing rates. Faster weight losses occurred with lower heating rate to about 3l5°C above which 
weight loss accelerated. The largest weight loss occurred for the 2'T'min heating rate from 375 io460°C. 
for the 6°C.'min heating rate from 3<>0 to 480°C. and for the IO°C/min heating rate from 405 to 500°C. 
Above these maximum temperatures lit tie additional weight loss occurs to I000°C. It is apparent that, for a 
given healing rate. Duoiite C-464 resin requires higher temperatures than does Amberlitt IRC-72 to produce 
equivalent resin breakdown. That most weight loss occurs in the one narrow range from about 350 to 
450°C is apparent from all of the TGA results obtained. 

Differential 1 hernial Analysis 

The differential thermal analysis for the Duoiite C-464 and Amberlite IRC-72 shows three broad 
endotherms for both resins (Fig. 7). The Amberlite shows negative peaks at 160-220. 330, and 4<M)3C. 
Comparison of these peaks with the 6°C/min TGA results shows that the first broad peak corresponds 
closely with Ihe initial gradual weighi losv The second large endoiherm from 280°C to a peak at 330°C 
matches very closely (he accelerating * right loss shown on the TGA curve. The largest endotherm 
beginning at 4|5°C and peaking at 4°5°C nay correspond ss well to the observed weighi loss curve. The 
relative DTA peak sixes likewise arc in at:ordance with their relative weighi losses. These DTA results 
correspond in peak temperatures (o ihc remits of Pollock and Silverman4 if endotherms are tabulated. The 
two apparent exothcrms at 2°0 and 420 C may be caused by a shift in the base line since exothermic 
behavior is not expected in a destructive distillation process. The occurrence above 500°C of a steadily 
decreasing exotherm may possibly be due to evolution of hydrogen. 
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The DTA result* lot Duohie show* peak* at 240. .«*<. and 4VU t The two higher peak trmprijiurf* 
.orretpond closely it> ihuw observed lor Ambrrbte. tndR'atnig ilut tmriar processes may be <*«.uiung m 
h>Kh rem* above r o i These 1*0 prak*co .tspond closely to the t»<> largest weight lo** pmt»«i* ot the 
I t . A curves. Time t* no deflect**: in the TCA curve corresponding to the 240 i peak IIMVMCVCI. thi% 
temperature duet represent the point at which weight tou begin* to ^<:ui for the t"-4t>4 nulcrul Ih.» 
ttggests that the weight low w v u m i with the second peak may he suptnmpo*ed t»> such an extent thj i 
resolution of the discrete weight toss behavior ot the fw*t TCi A event may be iron.* \Mc under the current 
experimental conditions. Anodvr possible explanation aught br a nonvidatm/mg > *.ti»«n like a ptuw 
change. Little study of the tuture ot the specie* involved in the destructive dt*tiHat*v process r e * h 
temperature region ha* been done. PoMock M d Sdverman* healed separate sample* ol Amberliic rewi. J*MI 
putted the gaseous products through a p s chromatograph Water, -arbuo monoxide. cjrt»m ih»\idr. and 
mature* of bght unsaturated hydrocarbons « n f detected. The gas chromatographic observation ot sample* 
c>4lectcd in the current study during a cufcont/atwn tun imbca:ed that condensable* were ttHmed at 
approximately l?0 T . No real accumulation wa* observed from thrv lemperaturr until 475 t when tra*.e> 
were formed «n the trap. Abo large- amount* of trout*, Iirtt observed at .«55 ('. ctmimteu *<> evolve beastly 
to 475'C but essentially disappeared b> 500 T . Some aromatic larlike component* ctmdensed readily j i 
425 C The onh exhaust Ime temperature increase (at approximately JOOTl mdkated a large increase m 
p * c*»4ution The** ouahtative observations are in good agreement with the expected behavior lium the 
K.A The mi fH wrtfhl4o*s reaction occurring from J50 to 4 * 0 t" :«i the T(#A n accompanied b* 
considerable evolution of demc smoke and \ame condensable tar*. The conden*able formed at km 
temperatures rs probably water from die lowest temperature cndotherimc peak. 

The chromatographic analyses in the current *tud> indicated that at 425 T the off-gas cimtained Im 
mole •'<I 0.55'J CO. 0 Ti CO. . and the Mlowmg aliphatic hydr«Karbnn* ( , U.452-;. C . 0 I 6C ; . I > 

OOMt;. normal i'« 0 0 2 ^ . i*o4'4 0 . 00 * : . mwrial C", O.0O4:. and H O 4 , O . O M ; . A I 4 7 5 C 
there were 04t» r: t 'O. a trace <'l carbon divide.and hydrocarbon*, t , OsX,. t . 0O4H'.. ( , 
0 0 0 7 ; . ihirmal t , C0I5 '». i*o(\ , 0.001? and r»o-t, OOOH'v were found. At bOO 1.0.Mr> < O. 
in*ignificant amount* ol' carbon diuxide and 0.26'r ol C'| hydrocarbon* were found. The amount ot carbon 
monoxide t» nearly comtant from 475 to 600 ( while carbim dioxide decreaie* rapidly. The clear tendency 
i* to go to lower hydrocarbon* with mcreasing temperature. The large weight lour* occurring from 3oO to 
4»0 C thu* include mixture* of I , to (., hydrocarbon* and relatively mmvoialile light-io-miermeduic 
aromatic* m addition to carbon monoxide and carbon dioxide. 

Effect of Hcatiag Rate DwnngCarbMiufcoii 

Smce large amounts of voianie* arc evolved during the resm carboni/afion. an early need was !•> 
establish a healing rate limn below which imcrosphere integrity would not be destroyed. Since initial 
experiments with programmed healing rale* up to 4 0 ' ( m m through ihc carhoni/ation range showed no 
dice! <>l rate on structural integrity, healing rales were increased by loading dried resin into a prehcaici 
furnace. 

When poured into a fluid 'ing lube preheated lobODT. the dried microsphere*, due to Iheir significant 
heal capacity, were heated through the entire range from room temperature to 1200"(' al a rate of 200 lo 
300 T mm and survived in lac t they disintegrated when poured into a lube preheated to 1200 ( which 
rv-aied ihrm al a rale between 500 and 1000'C mm. Thus a limit *vas reached in the healing rr'c whkh 
could be tolerated by a 500frm dried uramum-lrsded WAR microsphere 13H0-jini after carhoni/alion). bui 
this limn was so high that carefully programmed healing was unnccesrary for retaining structural integrity 
However, the amount of retained carbon (resin cuking yield) was sensitive lo the healing rale through a 
limited critical temperature range. 
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The effect of the healing rale on Amberlite IRC-7? I rum 200 lo 500° C (Fig X) shows a close 
corrrspiflidence between weight and volume loss* and the logorithm of the healing rale. Chemical analysis 
of t'v carbon and uranium indkaied a similar strong dependence of the carbon-tivuranium rain: on the 
logarithm of the healing rale through the critical region (Fig. 8). The nominal amount of excess carbon 

•The weight km observed in this imuncr it from 35 lo 41'* with a volume tow of *5 lo 74'. irom Ihc loaded dried 
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requited to complete the catbodiermtc reduction during conversion is a caihon-UMiianium tatio <« 4 Any 
heating rale technicals feasible mil yield a carbon-to-uranium rain- greater than 4. Throughout thi> range 
ol heatmg rates, the pantiles remaned intact. 

A companion heating curve m which a very rapid heaiupi.51 I" mm) to M*H wa> tol!o»cd wiih j 
slow rale I 1.43'C ntnl from 200 to 500'C and a subsequently rapid compteltun »l the ...irKmi.'/iKm to 
I200"C at a high rale yielded a weight loss ol 35.3"** and a »'iumc Kits ol ot» 2 \ Theic sJu«.̂  agree 
ckneK with other results! Fig. 81 it' f*. <o0 Jo 4401' range .-!e alone is wed. this agreement illuiiraio the 
criiical onporunc* ol' this very untiled processmg temperature reghii in controlling product pt>iperiie> 

The weight loan tor deferent heating cycles for Duutiie C"~i*4 if-ig. i | fhow irui the two cur\e% 
> iridmg 32- \"~' weight loss re<i tire markedly Afferent tones to reach 600 ('. Although the weight l««vnr> I<H 
die two runs were identical, die time requited to complete the heaimg to 6001' is over 4 hr m »iw o w JIHI 
IS approximately I hr 40 rmn in die other. 

0RNL-0WG 75-2354 
8 0 0 I • • 

0 1 2 3 4 
TIME (hr) 

F«. «. Pamwt Mngftt Law at Pnfiimt HMMg * « • tm * r fegwn Am & 10 MTC Owing Cirtnainrin » 
l*mTCrftm^niCOiniin>iliiiilwmfc-*cid«P»yinC4M>fann> 

To delineate that portion of the curve which exerted the ta'grst effect on the measured parameters, the 
individual heatmg curves were broken into three lemptralure ranges: 160 270'C. 270 360T. and 
360 440T (Table I) ! 

There is a close correlation between healing rales ihriagh the 360 440 rT region and the weight and 
volume losses. To lend some uuanlila:ivc support to this correlation, a computer program for a least square* J 
HI with the exponential v - «r** was used with a Wang 600. Several different programs were evaluated, 
including y = «x*. y = »rV. and y - a * hx • ex2. but y - trh% was found to be most satisfactory | Fable IV 

The weighting factors for the adjusted rales are based on the normalized relative sizes ot the weielii 
losses indicated by that portion of th? TO A curve (Fig. 10). Il is apparent that the slror.gesi 01rclj11.11 IK-> 
with toe 360 440'(" rate. Two different best fit lines are possible: a lower one lor n» «um heaiinc cww» 
and a slightly higher one for healing curves with veiy different healing IJIV* in UiiKuni u-iii|vi.mn: 
region* (Fig. 10). Calculation of individual correlation cuefficienls yielded a vjluc ol 0.«W".N i«( IIK- imniei 
and 0.W78 for the latter. 

http://01rclj11.11
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•OBht f«r VofcjaK Heaaa* n i t <*C •» •»> 
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\ r-sett lot ft - 0 significance »as run with a Wang oOU program between (he natural logarithmic 
Heamg rale and die percent we<«hi v-ns 

Healing rale* 

Constant 
Variable 
All 

l Value 

7241 
2b .> 
2J5.58 

lot n 2 
; Value lot 0 001 

*l 60 
I 2 ° 4 
5.40 

Thu indoles some sight ujliVrerwe m (he (wo situations. Huwevei. (he difference a small enough that n 
does not warrant further roesiigaiton. 

Similar analyses of the volume loss (Fig. 111 and Up density values yielded ciHrrlatum coefficients ot 
0°4«» and 0.405 lor (he 36© 440 C report respectively 

65 
OftNL-OWG 75-2366 
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F * II. 
•> 9 Fvftttvm t0 €Ti 

<uroL< a r-<*«) 

Chemical analyses were rruJc of (he final products (Table .*>. Snx? the uncertainty in the o*ygcn 
analyses is generally accepted lu be considerably greater than thai in (he .iranium and carbon analyses, (he 
ovycrn determination was computed by difference. The oxygen-lo-uranium ralin alter carhoni/aiton 
should he nearly equal lo 2.00<for (JO, I The oxygen determined by difference b closet lo the actual value 
than is the analytic ally determined percentage. 

The carbon-lo-uranium ratio for IXiolite (-464 shows a strongly linear correlation with (he logarithm of 
the healing rate (hg. 12). The linear correlation coefficient for tfv v = *r** program was 0.974° 
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TaMr3. Etfcctofl 

Hrjcnr CtHnpmMna. *T AtaancRatn 
rate I C O O* r i O/l 0/C* 

141 32 1 69*8 21 I I 8 53 9 21 600 182 197 
1.94 32.1 69.49 21 31 1.12 9.20 60S 189 197 
2 39 325 6972 20.74 • 90 9 54 5 90 190 204 
: M 32.6 7002 20 29 • 55 9*9 5 74 182 20S 
427 22. 7 70.28 2063 • 63 909 5«2 183 !92 
• 0 33.1 7072 20.00 • 32 9.2S 5.60 175 195 
9*7 334 71.06 I 9 7 | • 44 923 550 1.77 193 

627 346 7227 1149 • 77 924 5.07 180 190 

*Vf *dlm*X 

6.25 
ORNL-OWG 75-2357 
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(iMTCit Wwk-AcM ( D M h C-4M) » • 

A comparison of the Duolile and Amberlitc resins on the basis of carbon-to-uranium ratio (Fig. 13) is 
significant since comparison runs for slicking behaviar clearly showed that iarbon-to-uranium ratio has a 
strong effect on the bed agglomeration tendency at conversim temperatures. Duolile C-464 resin with 
higher carbon-to-uranium ratios for equivaleni healing rate is thus more readily controlled during 
conversion than is Ambcrlite IRC-72. Of course both resins show reduced sintering and agglomeration at 
conversion temperatures with slower heating rates through the critical 360 440°C carbonization range. 
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Ouray i m Properties OkriagCarkawiatMM 

The chants in weight, volume, up density, meicury densits. porosity, carbon-to-usanium ralto. and 
panicle sue with temperature during a typical carbonization run were determined by healing hatches, i>l 
uranrum-l oded Duolue and Amberlite i«> sequentially increasing end points Hatches of 70 gin i I 3 *-in. 
tube were heated to selected temperatures during a t>pical carboni/atnm cycle and then cooled rapidly to 
room temperature. 

The weight losses, volume losses, and tap densities tor Amberliie at various procc<*ing temperatures 
may be crmpared i Fig. 14). The weight loss curve I FIJI. 14| IS essentially a TGA curve and describes closely 
the behavior shown in Frg. 6. The volume loss curve (Fig. 14) shows a similar behavior to 440'C but docs 
noi level at 500'C as does the weight loss curve Shrinkage continues to K00 C at which pi»int vi»liime 
becomes constant to 1700 (' The lap density reflects ihese sanation* in volume and weight with a very 
rapid inciease to 500'C . a slightly less rapid increase in H0OC. lollowed by a nearly corsiant value to 
conversion temperature (Fig. 141. It should be noted that this tap density divided by O.o2. the ideal packing 
traction, yields an approximately true density. 

The weight, volume, and tap density changes with process temperature tor Dunlnc ( ~K>4 arc shown 
similarly in Fig. 15. The weight loss curve follows the- T<»A curve in a manner similar to that observed lor 
Ambtrlite. Volume loss and shrinkage continue to "f lOT in an analogous manner. Some slight weight loss 
with concomitant shrinkage occurs to 1700 T . The gross weight and volume li»sses I'«H the two resins over 
this temperature range arc thus similar. 

The change in particle size with temperature was determined by microradiography Thiny particles 
were examined io determine the average particle si/e in microns (Fig. lb). The particle si/c curve parallels 
very closely the TCiA and shrinkage curves, dropping uptdly fam 515 jim ai i« im teiiipcraiiirc lor dried 
particles to 375 urn at 700 ( l«w Amberlilc. The particle si/c remains nearly constant from 700 to |t»75 C. 

The vanatH>ns in the carbon-to-uranium ratios as a function of lemperatiirc lor the two candidate resins 
were similar (Fig. 17). The higher final value of the carbnn-lo-iiranium ratio tin die Ihiohie resin is in 
keeping with ike results previously reported on heating rale. 
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Fig. 16. Variation in Fwtide See of linnmm-Loaatoi Daokilc (C-464) and Amlmiite (IRC-72) Weak-Acid Ream from 
25 to I625°C. 

The mercury density was determined at 15. 75. :50. and 15.000 psi (Fig. 18). The 15.000 psi 
measurements for all of the Duolite material and the first three of the Ambcrlitc were off-scale of the 
measuring device. The 15. 75, and 25C psi measurements were not significantly different for either type of 
resin. The mercury density again closely parallels the TGA behavior for both materials and is approximately 
I g/cm3 greater than the tap density for the 15 psi measurement. When the tap density is divided by 0.62. 
the densities are essentially the same. 

Mercury porosimetry shows that the carbonized Duolitc C-464 material has a pore si/c of 
appioximalcly 0.05 fun, which is significantly greater than the value of 0.015 pin obtained for Ambcrlitc 
IRC-72 (Fig. 19). Both types of resin-denved fuel showed similar variations in pore si/c with process 
temperature from 150 io I625°C. Pore size decreases from 150 to 440°C. From 440 to I 2 0 0 T for both 
materials, the pore si/c increases very slightly as the cumulative percent porosity increases in a fairly regular 
manner. The Ambcrlilc IRC-72 shows a decrease in pore si/c and percent porosity as the temperature 
increases to I625°C" while the Duolitc C-46* 'cmains essentially unchanged. The suggested picture is one in 
which smaller pores are opened in increasing amounts from 150 lo 440°C* while destructive distillation of 
ihe resin is progressing and considerable quantities of volatilcs arc being liberated. From 500 lo I200°C, as 
this process is essentially complete, the pores apparently coalesce and enlarge. The Duolitc porosity data arc 
incomplete as the high-pressure values were not obtained due to instrument saturation. 

Measurement with nitrogen of the BUT surface areas M different temperatures indicated a 
corresponding change with process temperature (Tabic 4). The surface area increases rapidly from 440 lo 
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)200°C with a subsequent decrease to 1625°C. Combining this information with the >»ore size data 
indicates that from 440 to 1200°C pores of virtually the same diameter increase significantly in number. 
From 1200 to I62S°C. the pores coalesce to some extent with a subsequent decrease in total porosity and 
surface area. 

The development of the U0 2 phase during the carbonization process is illustrated by x-ray powder 
patterns (Fig. 20). Although the 590°C pattern is not shown, at this temperature the phase is just beginning 
to exhibit coherently diffracting regions of UOi, and the lines are very diffuse and broad. At 700°C. the 
lines arc still diffuse but are readily resolvable. With increasing temperature at 900 and I200°C, the lines 
become increasingly sharp and well developed as the coherently diffracting regions enlarge. At 1200°C. .he 
phase is clearly defined as widely dispersed UOj crystallites. 

To evaluate the crystallite size of the material, a standard of well-crystallized U0 2 was ground to -325 
mesh and x-tayed in a similar manner. The line intensities and width of the standard were used to correct 
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the broadening of the unknown sample. The corrected broadening was used to calculate the crystallite si/c 
for specific reflections frorr. the Scherrer formula' * 

c\ 
BcmOj 

where 

t = crystallite si/c. 

C = Scherrcr constant. 

Oj = angle at which maximum diffracted intensity occurs, 

A = wavclc. jth of incident radiation, and 

B = broadening - 0 , 0X - difference between xlv. two extreme angles ul which iltc ini.;u»n\ i% i» 

With a Schcrrer constant of 1.0, crystallite sizes (in Angstroms) w-rc uVlemiiih-d t I'JM.- >> 
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for 

TaHc4. BET arface area of weak-acid 
iaaa)4ciivc4 fad 0 a fvnctKMi of 

Temperature Resn 
Surface 

area 
<m2/«) 

440 Amberlite 50 
1200 Amber lite 140 
1625* Amberlite 116 
440 Duobte 91 

1200 Duoiite 183 
1625" Duolite 147 

T o approximately 100% conversion. 

The general increase in size with increasing temperature is apparent. The crystallites of UOj 11. 
carbonized material, even allowing for experimental uncertainty well above the anticipated ± 5 A in the 
above results, are thus apparently less than 100 A in size and finely dispersed through a porous carbon 
matrix. 

Of her Carbonization Process Parameters and Uranium Los* 

Uranium lost during carbonization was ivHccicd In a pni/o filioi »\*ii'iu I 01 .1 ixpu.il ..uN'tu .1::. 
cycle of 2'C/min to :200°(' with ?.M g olwc.ik.kul i«m. iioivimts .iNn.- t*.i.-k*:i.uiM.l w.-., .'!•:.! •.:•..•.{. 
the collecting gausc or In mace pans. inilic.iiMigiu'.dicjHi' iii.iniimi li>« 

http://ixpu.il
http://olwc.ik.kul
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Sauptr Tcmptnimr CrytlalHc we. A 
Sauptr Tcmptnimr 

« <> « • • • » «200l I 12201 AKTJpC 

IJ-279 soo 21 2b 16 21 
It M i 700 28 35 29 31 
IK 215 900 25 25 Jt 27 
l £ 2 M 1200 71 M 70 69 

A carhuni/atitin cycle on the 150-g batch at l 7 0 ( mm to 1200 C yielded the following counts 
tdis mini on the furnace parts< Fig. 51 

Sight pun tube 1446 

Furnace lid \$t& 

Graphite lube adapter and insert pieces 3030 

The collection gauze and the wipers used on the furnace components were ashed and analyzed lor 
uranium. Approximately 15.3 mg of uranium was obtained which represents about 0.02^ of the total 
uranium in the hatch. Although this probably does not represent complete collection, it is indicative of the 
uranium loss during a very fast carbonisation cycle. Ifcncc. the slow carbonization used to maximize the 
carh»n-io-uranium ratio is also advantageous in avoiding process loss of uranium. 

Alternate carbonization media were investigated by replacing the argon lluiduing gas with air to about 
270 ('. the tiisi significant TGA reaction, or with hydrogen chloride to 500 ( to improve :he 
carhon-io-uranium ratio as suggested by Bacon. 1 3 

When air was used, the panicles were observed to change color al 2 7 0 T in a normal manner as the air 
wis replaced by argon al that temperature. Subsequent bed behavior relating lo the onset of initial 
smoking, and heavy smoking, indicated thai air exposure had raised the temperatures of these events by 
20 C. This temperature 1270°C» was identified as being the maximum feasible temperature for using air as a 
fluidizing ps. Temperatures above 2K0'C produced rapid oxidation. Analyses of material in which air was 
substituted for argon to 2 7 0 T may be compared with data from an otherwise identical control run I Table 
to. The substitution of air for argon in the initial stages of carbonization does not appear to produce a 
significantly different material. Although no increase in carbon-lo-uranium ratio was produced, replacing 
with air the large volume of argon required to fluidize a batch to 250 to 270° C" will save money. 

Replacing argon with hydrogen chloride lo 500"C raised the temperature at which the physically 
observable bed changes ttccurred by about 50 lo 60°C. However, a yellowish film formed on the sight glass 
and furnace lid at approximately 1080 lo I IO0°C. This film disappeared when exposed to air. Examination 
with an alpha counter jhowed the residue to have a significant contamination level, probably of uranium. 
Adjustment of the healing procedure from 800 lo I200°C did not eliminate release of this material. 
Fx tensive attack on the anodi/ed aluminum furnace parts was observed The results of analyses on these 
batches (Table 7) show the advantage of increasing the carbon-lo-uranium 'alio by 0.5 by additions of 
hydrogen chloride to be far outweighed by uranium release and attack on furnace patts. The exposure 
behavior of the normal and air-substituled material lo air was essentially identical. The hydrogen 
chloride-exposed material displayed considerably less apparent wt.ght g»in with lime. However, this 
hehavior was attributed lo the liberation of considerable amounts of hydrogen chloride and or uranium 
containing volatile species during oxidation. 
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w l i i l i l i l W r 7 2 i r — 

L»isi i 
Procrn 

rao» 
Procrn 

rao» *c*jkt \.*imt 

Normal 

Hn 

557 
5.62 
6 0 3 

37 
37 
3t 

67 
67 

*A» akfritalcd far afyoa to 270T 
'rtydrofcn <Monde d M to jrpoo io 500'C• 

•7. Co i W U w r f i I v M l HHS 

Type »c«fct 

«Jt) 

Ar/l 
ii/r> 

tVrocat l / T K 
IK I 0 4 > 

Tube 
dumrtcr 

m l 

A i l ^ 
il * x I " 5 

'"• tumnrtuoni 

5.133 i 3 a ! 52 
5.640 1 3 4 12 4 
5269 1 3 4 1 64 
5 339 1 3 4 2 6 9 
5*24 1 3/4 15 1 
5260 1 3 4 2 16 
52oo I 3 ' « 142 
5 2110 4 1/4 207 
5 269 1 3/8 2 35 

5.269 1 3 4 1 54 
5.269 1 3/4 2 14 
5269 13/4 224 
5.269 13/4 1 60 
5 269 13/4 149 

5200 4 1/4 1.19 
5.495 13/4 4.85 
5 339 2 1/2 2 0 7 
$485 2 1/2 3.15 
5200 2 1 2 0-.«9 
5200 2 1/2 1.03 

5 411 1 3'4 3 48 
5 411 1 3; - 4 6 9 
5411 13,4 4 12 
5 411 13/4 3.49 
5.411 13/4 3.47 
5.411 1 3/4 4 2 i 
5.562 1 3/4 13 3$ 
5 5 6 2 13/4 9 V 
5 562 13/4 8.97 
5.441 13/4 4.47 
5441 13/4 6 1$ 
5441 13/4 6.08 
5.094 1 3/4 107 
5 562 1 3/4 1 0 9 * 
5562 13/4 10 24 

A* 
A 
A 
A 
A 
A 
A 
A 
A 
D» 
D 
D 
D 
O 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

37.7 
507 
51.4 
54.0 
50.5 
45.5 
66.7 

485.7 
32.8 

505 
152.5 
150.4 

56.2 
55.7 

272.1 
41.9 
17.2 

117 1 
154* 
154 4 

107 9 
28.1 

1074 
29.0 

I0S.2 
28 « 
5*s 
57.5 
57.8 
57.8 
57.4 
57.1 

120 5 
57.5 
57.4 

0 6 6 
5.36 
1.09 
155 
5.63 
123 
I 10 
0.53 
2.19 
0 7 | 
0.88 
102 
1.02 
102 

.1.61 
1-91 
0 8 2 
0.85 
0.45 
0.45 

I 22 
2.24 
2.20 
124 
122 
1.25 
4 2 3 
4.12 
3.94 
2.41 
240 
2.41 
0.52 
522 
737 

436 
434 
6 6 3 
57.8 
37.3 
5 6 8 
77 7 
255 
93 2 

46 2 
41 3 
454 
63.6 
68.8 

50.8 
39.4 
3 9 9 
27.1 
4 5 0 
43.6 

350 
4 7 9 
534 
35.6 
35 1 
29.7 
31 7 
44 6 
4 3 9 
53.9 
390 
396 
48.7 
475 
72.0 

'Ambrrlitc IRC 72. Rr m and Hut 
*Dunrite r-464. Donv.i d Skamrock. 
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Clnagrs • ftoptuict DanagCoaversiM 

The changes in volume, weight, and conversion level at 1625 (' alter carbonization at 2'C m:n tor 
Amherliie IRt -72 I Fig. 211 and Duolite t -464 (Fig. 22) are similar Weight is lost linearly with conversion 
due entirely to evolution ot carbon monoxide. Vtdume shrinkage occurs somewhat more slowly Jun 
weight loss., ari'l is not necessarily linear with conversion. The volume stability to about 25'< conversion 
followed by a rate ot' shrinkage lower than the rate of weight loss produces a minimum in the tap density 
tor both materials at approximately 50"- conversion, F Mended lime at temperature beyond full conversion 
does not change the weight significantly, but does effect a small volume loss with a slight increase in lap 
density. The weight-loss point for the **5''-conver'ed Duolite (Fig. 221 is anomalous in that it shows an 
impossible weight gain with increasing conversion level. 

As expected, the variation in particle si/e with conversion level (Fig. 23) is similar to that seen for the 
volume loss. The data suggest a pe siNe volume maximum at approximately 25 (< conversion. However, this 
result is difficult to rationalize so further work on this is needed to better define the pre- .je manner in 
which particle diameter and volume change with conversion. 

The mercury density variation with conversion level was measured (Fig. 24> except for the 15.000 psi 
values for Duolite C-464 which were not obtained as the values were off-scale on the measuring device. The 
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Fig. 21. W40 I Low. V O M I M Law and Tw* Dmaiy Vartation as a Fraction of Cmmrsto* Level •• 1*25° C for 
Ummm-UMded AmbtfMc (IRC-72) Weak-Ac* Rain. 
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15, 75. and 250 psi values were not significantly different and are shown as a single value. The variation 
closely follows that observed for the tap density with a minimum at approximately 25 to 30% conversion. 
The 15,000 psi Amberlite curve is not conclusive due to the small number of points but does show a 
similar tendency. The values for the Up density divided by 0.62. the ideal packing fraction, are essentially 
identical to those obtained by 15. 75. and 250 psi mercury. 

The pore size distribution in nominally 35%<onvened material as determined by mercury porosimetry 
(Fig. 25) shows the Duolite resin to have a wide range of pore sizes with the najority lying between 0.10 
and 0.015 urn with an equal distribution between 0.05 and 0.025 (im. The Amberlite has a much more 
restricted pore size with virtually all pores smaller than 0.16 um. Both resins approach an ultimate apparent 
density (to 15,000 psi mercury) of approximately 3.9 g/cmJ for the carbonization conditions employed in 
this study. 

Convtison Rate and Thermodynamics 

The extent of conversion of weak-acid-resin derived fuel was found to be controlled by the temperat»re 
and specific gas flow. The specific gas flow is calculated as liters of argon per gram of uranium normalized 
to percent conversion obtained. The conversion behavior of different sized batches at different 
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lemperatum and gas flows B shown in Table 7. The variation with temperature b shown in Figure 26 with 
a regression line fit for>• - ax" with a correlation coefficient of <\<W5 shown as a dLthed line. The pertinent 
reaction cuive predkicd from dierrnodynamics is shown as a solid line. Duoliie and Amberlite resins were 
not significantly different. 

These results indicated that conversion is occurring to a somewhat greater extent than is predicted from 
classical bulk thermodynamics.* This behavior could be attributed to 2y,'r contributions from the small 
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I C4M> aM AMkcfMr (iHC-72). 

curvature radius of the pores, where y is the surface free energy and r the radius of curvature; other 
contributions could be due to temperature measuring error or to a second reaction occurring at a 
significantly greater rate at higher tempentures. 

Parallel temperature measurements carried out with a platinum vs Pi 10% Rh thermocouple in the bed 
differed from an optical pyrometer reading on the outside tube wall opposite the thermocouple by 
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• I 0 .I°C. and by - 6.°°C relative to an optical reading of 1450°C at the ontrol sight port on the tub? wall. 
The temperature divergence between the experimental data and the thermodynamic values of 8° at IS25°C 
and 54° at 1665°C (Fig. 26) can be attributed therefore, in part, to the error in measuring true effective 
bed temperature with an optical pyrometer on the exterior tube wall. 

Our recent data indicate that conversion of up to 7% is occurring at I2009C. considerably below the 
predicted reaction region. This behavior, possibly due to the 2 y/r contribution to the free energy from the 
small (~ 0.015 to 0.05 um diam) porosity in i.ie kernels, is apparently less important since pores may be 
sealed off rapidly at 1200° C once this level of conversion is obtained. This factor may be significant in the 
apparent conversion rate discrepancy. 

A second conversion reaction may increase to enlarge the divergence of the predicted and experimental 
values. As will be shown later, conversion of U 0 2 to UC, _ , 0 , proceeds at increasing rates relative to the 
I'Oj -> UC2 reaction as the temperature goes up. 

The effect of fluidizing condition on the effective bed temperature and the measured bed temperature 
is sigr ficant in controlling conversion levels obtained for different runs or in different equipment. Parallel 
bed thermocouple and optical wall temperature measurements for various fluidizing conditior.- (Fig. 27) 
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show that as flow is decreased frorr 8.0 to 7.0 and 6.0 litcrs/min. the temperature rises correspondingly if 
the bed is free flowing. An increase to 10.1 liters/min produces a corresponding temperature drop. 
However, bed temperature behaves erratically in relation lo both gas flow and the control measurement if 
particle sticking or agglomeration occurs and the bed is no longer free flowing. Considers' .c variation in ihc 
conversion level could be obtained with a specific lemperalure and gas flow if bed fluidi/ation behavior is 
not closely monitored. 

Batch si/c and particle si/e have only a small, n jny. effect on the conversion level under these 
conditions (Table 8). On the other hand, specific gas flow rate has a large effect. 

The strong dependence of percent conversion on gas flov» ,T.g. 2b) is <n accordance with the model 
described by Lindemcr12 and Bcatty* in which an increase in argon flow rate would be expected to 
increase the reaction rale. If sufficient poro>ity is available so that diflusion is not the rate limiting step in 
the carbon monoxide removal, the percent conversion can be predicted by using published values for (he 
equilibrium partial pressure of carbon monoxide for the appropriate conversion reaction. However. Johnson 
ct al.* found that increasing the gas flow during the conversion process from I scfm lo 3 scfm actually 
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25-30 590 710 40 1.17 29.7 
35 40 420-500 40 1.17 356 
25 30 590-710 150 1.17 351 
35 40 420 500 150 1.17 35.0 
35 40 420-50* 40 1' 47.9 
35 40 420-500 ISO 2.1 534 

"Dried, loaded IRC 72. 
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decreased the conversion level. This was attributed to a decrease in particle temperature as the gas tlow was 
increased and more heat moved from the particles to the argon. It was also argued that this decrease in 
particle temperature would not be detectable on the exterior of the reaction chamber. Using Undemer's 
model. Johnson, et al.* calculated a decrease of 100°C in the effective particle temperature without a 
corresponding decrease in the measured wall temperature. An increase in the gas flow does produce a 
decrease in bed temperature (Fig. 27). However, the observation of this decrease is rapidly and u iformly 
followed by the control pyrometer observation through the outside of the fiuidi/ing tube as long as the bed 
;\ 'ruins fluidized. Wher the bed begins to agglomerate, and fluidi/ation conditions are uncertain, this 
ce respondence is lost and the effect may be reversed to where a higher tlow may yield a higher 
temperature, in accordance with the behavior observed by Johnson et al." Johnson's experiments used a 
constant tluidi/i.ig gas tlow from room temperature to 1800 C. whereas the experiments in this study used 
a decreasing gas tlow as temperature was increased. Pilloton stales that the minimum tluidi/.ation p s tlow is 
pre portlonal to the reciprocal f the kinematic viscosity of the tluidi/ing gas. 1 5 Although gas viscosities at 
high temperatures are not readily available. Nestor has derived an expression for their temperature 
dependence.16 From these rclationsnips Pilloton has rhown that the temperature coefficient of tlie 
minimum gas mass flow for tluidizatwn shows a decrease of a factor of 25/1 from 25 C to IX00°C. 

It is thus conceivable that the conditions observed by Johnson et al.* with a constant tluidi/ing gas tl"w 
may have led to inadequate tluidi/ing conditions during carbonization for the lower gas tlow employeJ. 
This may have resulted in the carbonized resin having different properties before and during conversion, 
therefore the resin's behavior during the conversion process would have been unpredictable. 

Product Phase Evaluation 

Studies to determine trie phase content of converted material were done by varying the conversion 
temperature and conversion atmosphere. The relative amount of the L'C, _ , 0 , phase, as determined 
semiquantitative^ from x-ray powder camera films (Fig. 28) are shown in order ol" decreasing amount of 
IX", ,O x(Table9). 

The run with argon + 0.75 equilibrium p t - 0 h;id no detectable U( , _ ,() , phase and showed only IX)2 

and LC2. No other phases were observed. The runs at 1505 C and at 1625 C" with 4'f !i 2 addition had 
esscniially the same content of LX'i , 0 , with l!;c balance U0 2 and UC2. The UC,_,O x was in Jl 
instances a minor phase. 

Ii appears that lower temperatures with corresponding longer times result in less of the IX', , 0 , phisc 
being present in the kernels. Also, the use of 0.75 equilibrium p<;o to increase the time at a given 
temperature for an equivalent conversion level by a factor of 4 essentially eliminates the U(", . , 0 , phase 
from the converted kerncis. The use of a 4'f Hj addition decreases the amount of UC, _ , 0 , approximately 
as much as docs lowering the conversion temperature by I20°C. The exposure of the carbmized resin to air 
before conversion docs not appreciably affect the amount of this phase. As Uc W< converted argon run is 
comparable to conditions normall) used in fuci fabrication, partially converted weak-acid resin fuels 
nominally contain IX)2. UC2. jnd minor amounts of UC, ,0„ . 

The decreasing amounts of W , , 0 , as temperature is decreased indicates that the U0 2 -» Vi't , 0 , 
reaction is more favorable kinctically as temperature is increased relative to the IX)2 -• l>('2 conversion. 
Assuming that a IX , »(), -• IX'2 reaction exists, it musi be slower trun the IX)2 -» UC2 reaction as 
long':r limes show decreased levels ol UC, _ , 0 , . Retarding conversion by addition of carbon monoxide 
allows i closer approach to equilibrium for the solid state reactions. The ddition of hydrogen probably 
provides a more efficient transport mechanism for the Lit", ,()„ -»IX'2 re iction.1 : 

A wide range of final kerne! compositions and densities can be fabricated depending upon the specific 
carbonization rale and the percent conversion (Table 10). 
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TaMe*. V; 

Temperature 
CO Conversion o 

Conversion Relative 
•t 

1625 
162S 

1625 
1505 
1621 

Arjoo 
Argon exposed to air before 

Argon-41 H z 

Argon 
Aifon • 0.7S •co-

66 
57 

46 
37 
6 t 

Weak 
Weak 

'FoorfoU increase in unc requited to complete cqafrafcfit coavcrsm-

Table IB. Refaction 
ton ZZ«t£ mfc-nojMMi 

Kernel composition' Conversnn 
IT) 

Carbonization 
rate 

t'C/mm. 
200 500*0 

Kerael 
density 
i#/cmJ> 

Irradiation 
test 

l < u % ' 0 2 322 OF 2* 

i - C t v O j / 0 40 3.66 HRB-9.C 10 
OF-2 

L C 5 $ - 0 | 7 * 15 2 3.12 OF 2 

t - C 4 4 - O l 7

- 15 6 3.17 HRB 7 ». 9. 
10 

L - C J I C J * 25 2 3.17 OF 2 

1 ^ 4 6 - 0 , 0 * 50 2 3.11 HRB V. 10. 
OF-2 

l C 4 | O 0 $

- 75 2 303 HRB 9. 10. 
OF 2 

i c 3 7 - 100 2 3.01 HRB 9. 10. 
OF 2 

V<2.S 100 6 528 HRB 7. ». 9. 
-10. OF 2 

U<$.J'0| .7* 15 2 2.41 HRB- I I 

u^.-o.V 50 2 2.45 HRB 11 
t r 4 j - o 0 6

r f 70 2 253 HRB I I 

I ' ^ s i ' O , / 30 2 242 HRB I I 

"Amberhte IRC 72. 
OF Cbfc Ridge Resrarch Reactor in flux trap frore) facility 

' HRB High Hux Isotope Re Klor Test in removable beryllium repon. 
''uuolfteC 464. 
The compositional notation does not imply the existence .-if compounds with these specific molar 

ratKK but only with this ratio of motes in the chemical analysis of me final product. 
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U w i u i Loss During Co—uj— 

Uranium loss during conversion was determined by use of a water-cooleo furnace probe to be 38 mg for 
150 got WAR (68 gU> shape separated rejected kernels 73% converted at 1650 to i800°C. Alpha counting 
of the probe yielded 348 divmin. After a 98% conversion at 1775°C of a 1 SO-g batch of spherical particles, 
alpha counting of the probe showed 787 dis/min. Again the particles impinged directly on the probe. As 
these two runs represented combinations of worst-case situations including rejected panicle shapes, direct 
particle impingement, and full conversion at high temperatures, the values of uranium loss during normal 
conversion conditions are anticipated to be somewhat less dian 0.035%. 

The agglomeration tendency of the microspheres at high temperature is sensitive to the amount of 
excess carbon contained (Figs. 8. 12. and 13) as a function of carbonization rate. The density of fully 
reduced particles varies from <3.0 g/cm* for two excess moks of C:UC2 to 5.28 g/cm* for one mole of 
excess C U C : (Table 10). Fully reduced materials of lower C:li have not been prepared, but densities above 
6.0 g/cm3 would be expected. As indicated earlier, nonagglomerating microspheres with C:U * 6 as 
carbonized can be fully reduced with excellent control. However, two operational difficulties are 
encountered in reducing particles having i t l much below 6 as carbonized: the open porosity b reduced 
s«> thai the reduction rale plots (Fig. 4) do not apply, and the particles agglomerate so thai such a parJally 
reduced batch cannot be assuud to have equal partide-to-particle conversion. 

A study was done to establish a sticking parameter which could be used for different batch sizes, tube 
sizes, cone angles, cone designs, and frits. The problem arises in the different sticking behavior observed for 
the same size batch in different lube sizes and cone angles for different density particles, or for different 
size batches in the same lube. Normalizing the gas flux with tube area yields only a partial solution. As the 
agglomerating tendency is resisted by the kinetic energy of the particles, a time-averaged minimum mean 
particle kinetic energy might well be a useful parameter. However, this value is difficult to evaluate for 
different bed configurations and fluiduing conditions for all positions in the bed. 

Comparative agglomeration or sticking during conversion of weak-acid resin-derived fuel was measured 
with an injector pressure gage. The conversion lime duiing which different agglomeration behavior was 
observed is a function of gas flux with respect to particle surface area (Fig. 29). Sticking behavior is 
strongly gas-flow dependent. A conversion level of 50% is free from sticking at the highest gas flow, while 
any conversion level in excess of 15% exhibits some sticking behavior at the lowest gas flow studied. 
Additionally, in all of the runs studied, sticking appeared to follow a regular pattern of gradually 
deteriorating bed fluidizalion with time at conversion temperature. 

Batches which have agglomerated ar. often refluidized by lowering the temperature approximately 
I00°C and then returning to conversion temperature. Also, decreasing the conversion temperature makes it 
possible to complete conversion runs under conditions which would otherwise yield unacceptable 
agglomeration. Similarly, slicking behavior is strongly temperature dependent.1 7 

In another approach used to avoid the bed agglomeration problem, a porous buffer coaling can be 
applied to the particles after carbonization. This allows the bed to be fluidized at 1800°C for any length of 
lime without slicking, while allowing carbon monoxide lobe removed rapijy through the buffer. Further, 
application of the buffer immediately following carbonization fixes the volume inside the coaling at the 
volume of the kernel. The buffer does not change dimensions significantly while the fuel is being converted 
in carbide. In some experiments ihis resulted in a void between the kernel and buffer, while in other 
experiments ihc buffer prevented shrinkage of the kernel during reduction. In either case the free volume 
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associated with the kernel, exclusive of the buffer, is a direct function of kernel volume. This should Iv 
advantageous in particle design where a range of kernel diameters and buffer thicknesses must rv 
accommodatcd. When kernel shrinkage is prevented, carboihermic reduction of the fuel can be completed 
in about 10 min at I800°C. 
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Rractmty with Aw 

One-gram hatches of resin carbonized to 600 or I200°C and converted at 1600'C were exposed to 
room atmosphere to determine the reactivity with air. After 75 hr. the weight increases of the particles 
Heated at 600. 1200. and I600°C were about 6. 2. and I I respectively. Effects of exposure rate on final 
weight p m were insignificant though weight gams during the first hour were about twice as great m the 
open beakers as in the uncapped bottles. During the first 10 mm. the particles carbonued to 600°C 
increased in weight nearly 3^ in die bottles and nearly 5 f in the beakers. Weights of ail batches increased 
uniformly through a 27-hr measurement, then fluctuated over a small range with no apparent pattern. This 
may have been due to variations in room humidity: but humidity was not monitored in this experiment. 
None of the nucrosnheic* examined showed any signs of dtsmiegraiion. even after weight gams as high as 
tK. Even the most reactive particles, those healed to only 600 C. remaned mtact and did not bum when 
exposed to room atmosphere for long times. The paitkies carbonued ai either bOOcC or at 1200 C were 
exposed to air tor five days, then reheated to 120O°C. The microspheres originally heated to only 600 ( 
partially disintegrated when reheated, while those originally treated at I200 i<" remained intact and 
returned to approximately their original weight when reheated. This suggests that uranium-loaded WAR 
treated at I200°C or higher temperature may be handed in air if necessary, but there is one mirk'.ion: 
The particles do initially react rapidly enough to produce noticeable heat. In small batches, they simply get 
warm but do not bum. m large batches it would be necessary to cod the material to avok* a fire hazard. 

Materials carbonised through the critical heating rate range, fully carbonized, and fully reduced to 
dicarbidc clearly became less reactive with the room atmosphere with further thermal treatment (Fig. 301. 

ORNl-OWG 74-2365 

Fig. ML Weight Cant of UtwHam-LowM Wttk-AcM ftnin. Healed M 2*C"Min. T V * as ladiratru. Dnrnuni SjritpK-
Kxprnrd to Laboratory A* as Sinjdc I -aver of MirrcMpftrm. 
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Tms appears to be related lo surface area and surface reactivity rather than to chemical cornpositiun te.g. 
pariial conversion ot A m «o carbide results m mcreased slabwty k The 1200 and ISOO'C materials were 
reheated alter exposure lor 24 hr without loss of' microsphere integrity. while the particles processed to 
only 500C. exposed for 24 hr. and then reheated showed partial dtsuuegmion-

Another approach considered to circumvent the protecme-atmosphere requirement was thai ot coaling 
immediately after kernel processing. Pa*iuie-aimosnhere reactivity would become a nun* cunsideration il 
at least one layer of impermeable coating were appbed to the particles before they are removed from the 
furnace. Consecutively carbonizing, convening, and coatmg m a single fabr>caung operation has been shown 
to be practicable, but product evaluation is complicated by the composite nature of this material 

CONCLUSIONS 

I. Weak-acid, tun-exchange resnts provide a versatile substance for fabrication of uramunvcontaming 
HTGR fuel kernels. 

1 Two weak acid resins. Amberhte IRC-72 and Duoliie C-464. are suitable for use m HTGR fuel 
tabncatii.i. 

3. Kernel carbon content and bulk physical properties closely reflect the TGA behavior and are 
sensitive to heating rale through a narrow critical temperature range from about .»50 to 440 C during the 
ca.bonuatkm process. 

4. The carbonization process can be optimized for both property control and process flow with a 
carbonization rate of approximately 2"C mm through the critical range and the maximum practicable rate 
outside this range 

5. The conversion or carbothcrmic reduction of the L'02 present after carbonization can be effected in 
a controlled manner in a fluidized bed at temperatures from 1500 to 1750°C. 

b. The conversion rate is controlled by the rale of carbon monoxide removal and B predictable by 
thermodynamic calculations based on temperature and specific inert gas sweep rate. 

7. Major phases present in partially converted material are UO : and UC\. The amount of a minor 
phase. L'C, _ „ 0 , , depends on conversion conditions. 

8. A tendency of the particles lo agglomerate during conversion can be effectively countered by 
controlling the carbonization rale to maximize carbon content, lowering temperature, increasing gas flow, 
or by buffer coatmg before conversion. 

9. Duoluc C-464 is superior to Amberlitc IRC-72 in its resistance to sintering and agglomeration _nd is 
hence easier to control during conversion. 

10. Uranium volatilization during processing is negligible except with exlremeiy rapid carbonization. 
II. Carbonized and/or converted kernels are sufficiently reactive to require a protective atmosphere 

and may ignite if exposed to air in bed depths greater than a few par'icle diameters. 
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