ORNL-5201
£ (5

MASTER

Properties of Carbonized and Converted
Uranium-Loaded Weak-Acid Resins

G. W. Weber
R. L. Beatty
V.J Tennery

-

OAK RIDGE NATIONAL LABORATORY

PERATY. BY UNIGN ARE.E L RPIRATUN - B Taw oNEROE B0 v AN g PMINT A MY TRy

IO 0% 5.t >MOMACD - 2%, B Ha "




STV g A g

w

e P L i -

T i

-

ChARI . uy 0 P s il B

b .ﬁ .

BLANK PAGE

v e 4 — o ——



Printed in the Urni.icu States of Amercay Available from
Natwnai Technical Informatior: Service
US Department of Commerce
5285 Fort Royal Road. Springte?a Virgima 22161
Price Prnntea Copy §4.50. Microtiche §3 00

TRs refGr?! WAk S/asared o5 37 & 70 Y m ot Ittt D, Te ot D fates
| Goverrment Nerer the i et States = 0 e Eme jr Revenr = 4 0 ey pee?
CAQmrslraton Lnted States NLCear Reg atin, ©ommgs o v, e

eMLigees ~or Any ! e

MR1abF TRMoLLINE W SUFRLaRAR HELINAS T L A LA PSCL TESERAN | TLEY
L ANy Wartanty; eLpIess 07 el

BAR LY WL TTE RN TP LFP RN | SR I A 4
| CCLIACY COMEieteness

v A T, e
Lot ey

FR PR LN N L AT R YA L LOUCNPITI S SY
©OPIOCRSS DSCINSRT 1 D3t IS R RY TG ey o, 1 mlr e e ST, At 00




Cunteact S % 7805 eng 26

METALS AND CERAMR.S DIVISINN

HYGR BASE TECHNOLOGY PROGRAM
Fusied Gcaphnie Development {188s 013X30)

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

G V. Weder
R L Bratty
V. 1 Tennvery

Date Published: February 1977

JAK RIDGE NATIONAL LABORATORY
Oat Ruige. Tennessee Y7800
operated by
UNION CARSIDE COMPORATION
for e
ENERGY RESEARCH AND DEVELOPMENT ADMBUSTRATION

ORNL1 5207

Categury UC-77



CONTENTS

Abatiat
Introdye taes

trpenmental Procedure
Matcral and Furnaces
Thettrmgtavimctin Analy us
Drttcrential Theemal Anady s
Flic.t 1 Heating Rate Punng Carhnwation
Change 1n Propertics Dunng Cabeenization

(her Carthonirzation Procens Patametens and € tacivm Low

Change in Propertios Dunng Conmveruem
Converuen Rate and Thermonhnamas
Product Phase $rduatiee

Uraniua Lime [uning Coenernsee
Hiusdrsation Contnod [using € onvensnn
Atemicrs, Heoactinity

Rosuins
Thermopgrnmscten Analyus
Iaticrenteal Thermad Anady s
$oieot oot Beating fote Punng Cathanvate
Chaspes sn Propetties Deang € athenvation

Othet Carwanzatun Pros o Patameten and U ranem Lo

Changes in Propetties bunng € ometann
Cometamn #:5¢ and Thermeadvnams s
P fuct Pase $rosluatnm

€ rarsum Loy Dunng Convetsion
Huwhsation Contood Dusng Cometuen
Bea tivity with A

Cot dysens
Ahnowicdgrents

Heteren e


file:///njl/u/
http://lr.it

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

G W Weber. R L Peati:. and V. ). Tennery
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INTRODUCTION

The reference fuel kernel for recycle of *22U 1n hgh-temperature gascooled reactors {HTGRs) 1s 2
poous carbun matns contxnmg finedy dupersed LG and or UF; denved from weak-acd won-exchange
reun ' The process development of this matenal was begun at ORNL 1n 1969 and has been in progress since
that tnae ° '® The wicentnes for punuing the son-exchzage resin route were to take advantage of the
commercally avalable mcrospheres which could be upgraded 1o acceptable rangss of sise and shape before
comaxt wmtk 32U in 2 remot. cefsbncation faclity. and 1o develop » flsile kemel having irradistion
petformance superor 1o that of other fucls avaslable

Development of reunbaed fuel has included the evalustion of several remn types. effects of varying
catbuntzation cycles. control of conversion (reduction to carbide). plas atmotpheric requirements foe
handimg. coating. and prixes optimization Both strong (SAR) and weak-acid (WAR) resing were
evaluated (a1 performance and case o ~e- qation. The SAR-denved matenal bas potential a3 an advanced
fuel Because of nts excellent thermal stabidiny Sut 18 of secondary mterest for immediate HTGR application
due 10 the sulfus content ** Development effort has thus bren concenirated on the WAR based fuel
cmploymg acrylc acid-divinylbenzene resns. Amberliie IRC-7), manufactured by Rohm & Hass. and
Duntite €484, maaufactuied by Diapund Shamicoch. The oversll procen Fradeximshowmm Fig. 1. Thes
report will address the development of the carbonization and conversion (carbothermic reduction) steps
stariing from the dred uranim-looded resins.

The two pnmary process heat-treatment steps are thermal decompasition of the resin, called
carbomization. which yields UO; in an excess of carbon. and carbothermic reduction of the vesultant U0,
to UC;. called conrersiknr The material is then coated vith appropriate pyrolytic catbon and silicon
carbide layers designed for optimum wradiation performance * 7210

The asrece-ved matenal i nommally a Ni°.Yorm resin in 2 hydrated bead supplied in the size ange 20
to 30 mesh. Tlis reun was developed as 2 carbouylic cation exchange resin based on 3 cupolymer of


http://rxtk.tr

tw

Weok~Acid Resin

|
Size and Shape Separote

Load Uronium

|

Dry (1i0°Cj

Corbonize (500-1200°C)

|

Convert (1550-1800°C)

|

Coat (TRISO)
Buffer
inner LTI
SiC
Outer LTI

Fig 1. Pepuration o Trisn-{ asted Resis. Desived Fission Puticles.

methacrylic acid and diviny] benzene.' ° By current flowsheets. the material is first converted to 2 H® form.
then losded with uranyl ions by contacting the resin with a uianyl nitrate solution which is acid deficient *

This material is then dried at 110°C 10 remove some water and yield resin +UO, *°. The resultant
molecular arrangement is shown (Fig. 2). The approximate IRC-72 kernel diameter at thin stage is 1ypically
550 ym with a density of 1.6 g/cm’ . with 47% uranism at 2 losding of 63 ug/ perticle.

The carbonization process completes the removal of H; 0 and thermally decomposes the resin structure
to carbon_ This process accurs from drying temperstures up o approximately 900°C, producing UO, very
finely dispersed in a porous cacbon matrix. The resin properties 3t this stage vary considerably . depending
upon the method of carbenizaiion with carbon 1o uranium ratios of from 4 to 6. a size of appruximately

375 uum with a density of 2.4 10 3.7 g/cm’ and weight percent uranium of 67 to 75%.

The conversion process involves carbothermic reduction of the UOy in the carbon metrix to UC, 0y

and UC, by the rextior

w; ’J.“(.’ r| ."2‘..0

and

U0, +3C-UC,0, ,*2 0CO.
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Although UC; s the aomimal composition. 3 more correct formu’s & soproximately UC, 3¢ Samilarly.
theie ©s some question as 1o whether UC, 0, becomt; UC a3 ceduction proceeds. The existing
themodynamic data are for the U0: <+ UC and UQ; = UC; reactions however. The degree and manner in
which these reactions are carried to completion 3t 1500 to 1800 € determmne the relative proportions of
the UO,. UC;.and UC, 0, , phases. The pescent oxygen remroved (rus: the carbonized material 15 defined
23 the percent conversion (UQ; = 0%, UC; = 100%). The calculated variation of the pertial pressure of the
carbon numoniie 'Frg. 3) for the two principel conversion reactions controls the extent and rate to which
conversion is carried out.’? This 1s true because of the ve-y high surface areas present in the catbonized
materiz’ (100 m® ‘gm) and the availability of an excess of finely dispersed carbon. Thus. at 3 given
temperature. the reduction nate is contiolled by the specific argon flow rate (system at | atm). Calculated
reduction rates at variows tempenatures are she'm (Fig. 4) normalized 10 0.0 liter/min of sweep gas pev
gram urwnium: the argon flow sate is directly proportionsl o the reduction rate. Of course. selection of
flow rate is limited (0 2 rarnge suitable for fluidization. Essentially complete reduction can be effected in a
few minutes at 1800°C. and controlled partial reduction may conveniently be done in the 1600 1o 1700°C
range (Fig. 4). However. it should be emphasized that the linear reduction data (Fig 4) apply only as long
s the matesial has sufficient open porosity §i.c.. does 0t sint2r appreciably).

The final weight percent uranicm ranges from 72 to 867, depending upon the conversion process. Final
density ranges from 3.2 10 6 giem®. with an averase microsphere dismeter of 360 ym for Amberlite
IRC-72.

The prepared fuel kernels are then given a low-demsity pyrolytic carbon (PyC) buffer costing. 2
high-density FyC isotropx co,ting. 2 ssikun carbide costing. and another hi h-density PyC isotropic costing
10 yield 2 finished TRISO HTGR fissile particle.

The current work examines four sspects of cartbomuzation and conversion:

1. the effect of heating rate 3¢ vailwws siages of the carbonization cycle on the final carbon-to-uranium
ratio. weight loss. volume loss. surface area, and subsequent conversion beiravior

2. the varistion during the carbonization snd conversion cydles of the density. pore size distribution,
surface ares, weight los, volume loss, and carbon-to-uranium natio;

3. the effect of different conversion temperatures and atmospheres on the ywoportions of U0, . UC,0,
and UC, in the final material; and
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P Ior Reactmn VO3 ¢ )21+ 200 Newmalized 10 0.05 Lrer/Mm of Sweep Gas per g of Usanmm).

4 the cotrelation between the vbserved conversion rate and the behavicr predicted from classical bulk
thermodynamis.

EXPERIMENTAL PROCEDURE
Material and Fornaces

The carbonization. conversion and coating steps were done i vertical graphite resistance furnaces (Fig.
5). The gaphite coating chamber consists of a cone with an incinded angle of 36 or 60° fixed or
machined (o a cylindrical graphite piece The nominal coating chamber diameter is ? 1/2 in.. with diameters
of 3/4, 1, 13/8, and |3/4 in. also available with appropriate adapters. Two methods of temperature
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measurement are avadable. © sheathed Chromel P Alumel thermocouple is nserted directly into the bed
through the furmace top for measurement of temperatures from rcom to approximately 700°C. A sight port
1 prowsded for opteal p rometer aghting on the furnace side. The heating clement and graphite feht
msulation are split to permnt direc. viewmg of the ilndiing chamber wall. Two sight holes are avadable
with the lowe: ne situated just abuve the comecylinder junction The lower sight purt was used
throughesat this st xdy fut measunng temperatures from 800 to 1800°C.

Required flusdising and reatant gases are supplied through calibrated flowmeters which monitcr and
control flows [rxn tens of centimeters per munute to tens of liters per minute. Unless otherwise specified.
the flurdizmg 325 used 1n the carbomzation and conversion experiments was high-pumy argun.

Prugram control of fumace operaton 1o 600°C was effected with either 2 cam-operated Trendtra:
controller using feedback from a Chitumel P Alumel themocouple or 2 nonfeedback pulse interval tamer
controlimg the power supply . Furnace contiol a2bove 600 C was accompished manually.

The caterial studied way Amberlite IRC-"2 resn (made by Rohm & Haas. Phuladelphia. Pennsvivanua)
nd Duolite U463 (made v Duamond Shamock Chemual Company . Redwond City . Californiay. Both
res 0y are pasible alternate wutces and were comnared directls when appropriate

As thermal decesmpusition and water removal from the resin are accompanied by substantial weight
loss. thermogranimetne analyses (TGA) sdentified crtical carbonization temperatures. Different heating
rates wzre used in the TGA work to deterrnine the effect of different carbonization rates on the
decompusition of the reuin. Dried resin was analy zed with 2 Mettler Recording Vacuum The..noanalyzer
usng 150 mg samples in 2 flowing argon atmosphere. Temperatures were measured with a platinum v
Pi 107 Rh themsocouple. The sample holder was an X- ¥ 20-mm-piatinum crucible with 2 plaunum Iid.

Diffevential Thermal Analysis

Since resn de ompusition is accompanied by significant thermal effects.’-# differential thermal analysis
({DTA) measurements were conducted to betier define critical reaction, steps. These measurements were
made with the Mettler thermoanaly zer simultaneously with the TGA measurements. The reference material
was Al O, powdes with 2 sample weight equal 10 that of the diied resin sample. The sensitivity and time
response of the DTA mstzument were such that optimum DTA traces we:e obtained only at 2 heating rate
of 5 7°C run

An expenment determined the species tha: evolved at different temperatures: Fifty grams of resin were
heated at 5°C.min in a 14n.-dium coating tube with a 2 liters/min argon flow. The off-gas was collected ar
150. 250. 355. 425. 475. and 600°C in a series of parallel sampling botiles by sequential bottle isolation at

each stated resin temperature. The contents of these bottles were then analyzed by gas chromatography. An
in-line watercouled trap was installed 1o monitor evolution of condensables.

Effect of Heating Rate Dusing Carbonization

The TGA and DTA results showed the special importance of the range from room temperature to
500°C as regards weight loss and thermal behavior in the carbonization cycle. To determine the effect of
heating r2te on critical process parameters. Udoaded 25 +30 mesh Amberlite IRC-72 batches were heated
at differerit rates from room temperature to S00°C followed by rapid heating to 1200°C. Batches of 25.0 g
were heated in 1-in.-diam tubes with a fluidizing gas {low of 3 liters/min to S00°C and then 2 liters/min to
1200°C. After heating at 1200°C for S min. the samples were analyzed for weight loss. volume loss. and
chemical compusiuon“,

l
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To further define the region of importance in carbonization, similu experiments were done with
Duolite C464 resin. Material of 30 +35 mesh in batch sizes of approximately 40 g was heated ina 1 3/8
in. fumace tube. L. ating rate was planned to yicld various %eating curves. Gas flow was regulated during
the run at 9 liters/min from room temperature to 100°C. 8 liters/min to 200°C and 6 liters/min to 600°C. The
final temperature of i200°C was held for 30 min. W- ight loss. volume loss. and chemical composition were
detennined for the carbonized material.

Change in Properties During 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 1 3/8-in.-diam tube at 2°C/min to
selected temperatures under S00°C and at 20°C/min to temperatures over 500°C and then ccoled rapidly
10 room temperature. Cluidizing 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 1220°C, and 4 liters/min from 1200 to 1625°C. Weight loss.
volume ices. tap density, mercury density, mercury porosimetry, BET surface area. carbon-lo-uranium
ratio. and particle size were determined. Tap density 25 discrissed in this report is the weight of particles
divided by the volurie occupied in a graduaie of appropriate size, assuming perfect packing: tap
density/0.62 is equal to the true pens. As temperature increases. the finely distributed UO, agglomerates
into coherently diffracting re=~ns of increasing particie 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 2 Diamond Plattner mortar to —325 mesh and
se2led in 0.005-in. glass capillaries with Apiezon and household cement. The sample was examined with an
11.54-cm-diamn Debye-Schetrer camera wit)» monochromatic CuK , x rays for apgroximately 46 hr.

Other Carbonization Process Parameters and Uranium Loss

Uranium loss during carbonization was determined with an improvised cnllecting scheme. Because the
uragium-containing species released during carbonization may be carried in an aerosol. collection s
difficult. The collection method involved packing the fumace lid and initial off-gas flow path with giuze.
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/imin to 1202°C.

A second cycle was run in which a 150-g batch was heated from room temperature to 1200°C at
approximately §70°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 werc investigated in an attempt to increase the resin coking yicld
{catbon-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' 2
has shown that substituting hydrogen chloride for nitrogen signifizantly 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 cffects on the HTGR. resin process, air was substituted for argon to 270°C.
the point of the first significant reaction, in a 1200°C carbonization process for a 40-g batch of Amberiite
IRC-72 resin heated at 2°Cimin. Carbon and uranium contemt were determined for the resultant material.
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Similarly, the efect of hydrogen chiloride was investigated by installing 3 bubbler with concentrated
hydrogen chioride in the fluidizing gas (argon) line. Hydrogen chloride was introduced to 500°C in runs
otherwise ientical with those previously described.

Exposure experiments on these materials were done also to Aetermine what effect the Jifferent
procedures might have on the reactivity of the carbonized naterial. 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
~d Duolite was carbonized in 2 1 3/8-in.diam tube at 2°C/min to 500°C, 20°C/min from 500 to 1200°C,
and 100°C/min from 1200 to 1625°C. The fluidizing gas flows were 15 liters/min from rocm temperature
to 185°C. 9 liters/min from 185 15 950°C. 7 liters/min from 950 to 1200°C, and 4 liters/min from 1209 to
1625°C. The percent weight loss, percent volume loss. partide 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 UO; to UC, were used.

The pore size distribution produced in partially converted weak-acid resin Duolite and Amberlite fuels
was studied by carbunizing and converting batches containing 12C g of uranium at 1525°C to 34 and 32%
converzion respectively. The pore size distribution of this material was then determined by measuring the
mercury density as a function of pressive. The diameter of the notes penetrated by mercury was
determincd from the formula:

diarm () 175
jam (um) =

psia (Hg)
Conversion Rate and Thermodynamics

Experiments were also conducted to directly compare observed with predicted conversion ievels foi
various specific gas flows, temperatures, and batch sizes. Thirty-five experiments were conducted at gas
flows from 0.295 io 7.37 )ers of argon/gram of uranium at temperatures from 1500 to 1690°C and at
conversion levels from 15 to 93%. Batch sizes varied from 28 to 486 g in furnace tubes from 3.5 10 10.8 cm
in diameter. Five of the experiments wer> conducied with Duolite C464 and the other 30 with Amberlite
IRC-72. Additionally, particle size was varisd 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 2 4.44-cm-diam tube.

Tn ascertain the possible tempcrature error between measured and actual temperature during a
conversion run, parallel measurements were carried out with a platinuin vs Pt-- 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 c¢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 simuitaneously monitored at approximately constant power level as fluidization
conditions were varied.

Product Phase Evaluation

Phase identiftcation 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 1625°C in argon: at 1625°C in

1
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argon with 4% hydrogen addition and at 1628°C in argon with carbon monoxide addition equal 10 0.75 of
the equilibrium partial pressure of cx:bon 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 +).75 partial
pressure at 1628°C.

Uranium Loss During Conversion

To identify the amount of uranium lost during the conversion process. a water-covled aluminum
furnace probe was fabricated to condense and uantitatively collect any vranium released during the
process. This probe extended downward to a point immediately above the hot zone of the fumnace (Fig. 5)
to ensure complete condensation and collection of uranium-bearing vapors. A run with 150 g of arboniced.
screened, shape-separation rejected kernels was riade to 73% conversion at temperatn:<s from 1650 to
1800°C. After the conversion the fumace 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 Jemical analysis.

A similar run was made with 150 g of shape-separated. screened carbonized {2°C min) material o
approximately 98% conversion at 1775°C. Throughout this run, ihe furnace probe was subjected to direct
particle impingement so that particles actually stuck to the probe. Louse particles were removed and the
probe counted with an alpha survey meter.

Fluidization Cuatrol During Conversion

Investigations were made ol the critical process parameters alfecting bed sticking or aggiomeration
during coaversion of weak-acid resin-derived fusl. A single lot of dried Amberlite IRC-72 resin was
carbonized at 2°C/min from 200 to 500°C and then at 20°C/min *o 1200°C in two batches of 1000 and
730 g The material was then converted in a 3.44-cm-diam tube at 1525°C in 80 g batches at argon flows
from 2.5 to 9.0 lizers/min. Final kernel dizmeter was 450 gum with a density of approximately 3.1 g'em’.

Since the onset of bed sticking is not easily specitied. 2 subjective classilication was established. A
Ma_neheliz gage. installed to measure injectos back-pressure, was used for the arbitrary classification. The
bed was categorized as free if Magnehelic pressure variation was less than 5 ¢m of water, showing “shght
slugging” if pressurz cycling was 12.5 cm or less. “heavy slugging " if the cycling was grzater than 12.5cm,
and “'sticking” if the gage went full scale (125 ¢cm) twice or failed to recover after the first excursion.
Slugging is a visually observable phenomena in which the material settles and is th=n blown in a mass up
into the furnace tube. The time at which this occured w recorded, and assuming a constant conversion
ratc 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 a2 gas flux.

To evaluate the relative agglomeration behavior of the two candidate resins, a comparisun run was made
in a I-in. wbe at 2.5 liters/min argon with 5C-g batches of dried resin. A heating rate of 8°C/mun from 100
1o S00°C and a conversion time of 30 min at 1700°C were used. The Duolite hatch was very loose
throughout while the Amberlite nearly stuck at 12 min ino the run and barely remained fluidized for the
remainder of the run.

Analagous runs were made ith 80 g of material ina 1 3/8 in. tube at 2.5 fiters/min. The Amberlite run
was aborted after 11 min at 1700°C due to sticking and slugging of the batch. The Duolite un was
completed without incident.

Larger comparison runs were made with approximately 250 g of material n a 2 1/2 in. tube at 5.0
liters/min. Conversion was done at 1625°C for 33 min. The Duolitc resin was slightly sluggish the last 6 min
of the nin. However, the Amberlite became sluggisk: 3 min into the run and began sticking 5 min into the
tun.
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Atmospheric Reactivity

To compare carbonized particle-aimosphere reactivities as a function of heat treatment. lots irom a
singke batch of loaded IRC-72 were heated to 600, 1200. and 1600°C respectively and exposed to room
atmosphere. The 1200°C ticated particles were tully carbonisr .. with the contzined uranmm besng
esseatially UO,. The 1600°C treated particles were nominally UO; + C with about 15% of the oxygen
removed. Duplicate I samples. one each in an uncapped botde iniually filled with argon and the ciher
poured mto an open beaker. were expused (o compare reaction rates.

In a2 {urther experiment. woight gains were recorded as functions of time for uranium-oaded IRC-72
treated at S00. 1200. and 1800°C: these samples were respectively : carbonized through the critical heaung
rate ranze: fully carbonize 3: and 1ully reduced to dicaritude.

RESULTS
Thermopavimetric Analy sis

The thermogravimetric analyses (TGA) showed Ainberlite IRC-72 material experiencing 2 gradual
weight Joss to 270°C for the 2°C'min heating rate (Fig. 6). The 2°C min rate then shows a larger weight
loss to 315°C followed by a large weight luss from 360 10 3430°C. Abuve 430°C_little weight foss oceurs to
1000°C. Increasing the heating rate 1o 6°C min causes an apparent delay i the first loss to about 215°C
which continucs to approxisaately 360°C. The large weight loss at 6°C min occurs from 395 10 485°C
followed again by littke loss 1¢ 1000°C. This shift of weight loss to higher temperatures with increasing
heating rate may be attributed to fag in the response of the measuring apparatus. bt is also apparent from
the final weights tat faster he. ing rates produce more weigh? 1oss.

The Duolite C-464 resin shuwed essentially no weight i0ss to 210°C. after which a gradual loss occurred
tor all heating rates. Faster weight losses occurred with lower heating rate to about 315°C above which
weight loss accelerated. The largest weight loss occurred for the 2°C/min heating rate from 375 10 460°C.
for the 6°C/min heating rate from 390 to 480°C. and for the 10°C/min heating rate from 405 to 500°C.
Above these maximum temperatures littie additional weight loss occurs to 1000°C. It is apparent that. for a
given heating rate, Duolite C-364 resin requires highe: temperatures than does Amberlite 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 Thermal Analysis

The differential thermal analysis for the Duolite C464 and Amberlite IRC-72 shows three broad
endotherms for both resins (Fig. 7). The Amberlite shows negative peaks at 160220, 330, and 490°C.
Comparison of these peaks with the 6°C/min TGA results shows that the first broad peak cosresponds
closely with the initial gradual weight los.. The second large endotherm from 28)°C to a peak at 330°C
matches very closely the accelerating wzight loss shown on the TGA curve. The largest endotherm
beginning at 415°C and peaking at 495°C may correspond as well to the observed weight loss curve, The
rclative DTA peak sizes likewise are in accordance with their relative weight losses. These DTA results
correspond in peak temperatures to the re.ults of Pollock and Silverman® if endotherms ave tabulated. The
two apparent exotherms at 290 and 420 ¢ 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 cxotherm may possibly be due to evolution of hydrogen.
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The DTA zemlts toe Duchic shows peakis at 240, 335 amd 450 C. The two hegher peak emperatuscs
cnrespund closeh o thaee obsened tar Amberhic. indscatng that wmdar proceses may be ovesinng ot
th reans above 2707 C. These tae peaks <o <cspund Jlosely 1o the tao lapest weight bhns pautnons of the
TGA curves. Tiaere s oo detlectoe m the TGA cuive cosrcspunding 1o the 240 € peak. Thowever. this
tempetature dues reprexent the pusnt st whach wegght loss bepm to wocur for the C40d materad. Thes
sugpests that the werght kns nunzicd with the sccond peak may bhe supenmpowed to such an extent that
rewluton of the discrete werght hns behaveor of the first TGA event may be saper Ghic under the current
cvpenmenial condions. Anvther pussible explacation aught be 2 aunvolatduwmg actew ke 2 phaw
change. Litthe study of the nature of the specses ivalved m the destnictne datliaton prozess w e h
temperature repon has Soen done. Pullock aad Sverman® heated sepatate sumples of Amberlite 10w, 2ud
passed the gaweous products theough 3 s chromatogaph. Water, catbon momoxade. cathon deoxde. and
motures of bhght umaturaicd in drocbons were detecied. The s chromatographn: observaton of ample
culiected m the curtent study dunng 2 cubomzation run mdicaicd that condensables were tormed at
appravumately 170°C. No real xcumulation w3y observed from this temperature untd 475 C wiben trave
were tormed m the 2rap. Abo birg: amounts of smoke. 133t obsenved 3t 355 °C. contmuad o avolve heavily
1o 475°C but essentially disappeared by $00'C. Some aromatn Larlike components condensed readih a1
325°C. The unhy exhaust hne temperatute inrease (at approximately 300°C) mdwated a large whieaxw m
g avalutnn. These quakiatve observatnms are in good agscement with the expected behavior trom the
TGA. The maor weightdoss reaction occurnmag from 350 1o 0°C n the TGA » accompancd v
cuonsidetable evolubon of demse sawke and some comdemsable tars. The condensable Tormed at bow
temperatutes 18 probably water from the lowest temperature endothermi peak.

The chsomatograpine analyses 1n the cutrent study mdncated that a2t 425 °C the utt-gas contained (in
mule "2) 0.55¢ CO. 0 2% CO;. and the tulowming diphatx Iy drocarbons. €, U452, C; 0160, (,

VOON: nomal C; 00X~ sly 000X nuriad g 0004 and sl 0001 .. A1375°C
there were 0.36° CO. a txe of carbon diade. and hydrocarhons. ¢, 038 ., €, 0045, (,
0007 . axmal C;  COIST 1s0C, 00017 and noCs 0.008F were tound. AT600 €. 0282 CO.
nugnifnant amounis of cashon dinsde and 0.26'¢ of C; by drocatbom were tound. The amount of carbon
monovide s nearly constant from 475 to 600 C while carbon diaxide decreases rapydly . The dear iendency
B 1o gu to lower hy drocarbons with mareasmg temperature. The large weight knses axcurring trom 360 (o
450°C thus mchude maxtures of (; to Cg hydrocabons and rddatively nonvolatile hght-1ointermediate
aromates 0 addiion to carbun monoxide and carbon doxsde.

Effect of Heating Rate During Carbonization

Smce large amounts of volatles are evolved duning the reun carbonization. an carly need was o
establish 3 heating rate hmn below which mcrosphere integrity would not be destioyed. Since wmtial
expenments with progammed heating rates up 10 40°C'min through the carbuavzation range showed no
ctlect of rate on structural ictegrity. heating rates were imnreased by loadmg Jried resin into 3 preheated
furnace.

When puured into 2 ok “mg tube preheated 10 600 °C. the died mcrospheres. duc to their significant
heat capacity. were heated through the entire range from room temperature 1o 1200°C at 3 rate of 260 10
300°C min and survived intact: they disinegrated when poured into 3 tube preheated to 1200°C which
heated them at 2 rate hetween 500 and 1000°C mmn. Thus a limit was seached in the heating rere which
couid be tolerated by a 500um dned uramum-loaded WAR microsphesc { 380-um aftes carbunization). but
this limit was so ligh that carefully programmed heating was unnccestary for retainmg struciural integnty.
However. the amount of sctained carthon (resin coking yield) was sensitive 10 the heating rate through a
limited critical temperature range.
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The effect of the healing rate on Amberlite IRC-72 from 200 to 500°C (Fig. 8) shows a close
correspondence beiween weight and volume loss® and the logonithm of the heating rate. Chemical analysis
of ' carbon and uranium indicated a similar strong aependence of the carbon-to-uranium ratic on the
logarithm of the heating rate through the critical region (Fig. 8). The nominal amcunt of excess carbon

*The wetht foss observed in this mstance is from 35 o 4175 with a volume lows of 65 10 74°. irom the loaded driec
resin. |
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required to complete the carbothermue reduction Jusing conversion s 2 cathon-t-uraniem e of 3. Ay
heating rate technically teanble wall yicld 2 carbon-to-uranium ratee geater than 4. Throughout this ange
of heating rates. the parixches remaned intact.

A compamson heating curve i which 3 vers 1apud heatup (31 C mam) 1o 360 C wn tollowed with o
slow rawe (1.43°C mun) from 200 1o 500" C and a subsequenthy rapud completron of the carbhonization (o
1200°C at 2 lugh rate yiclded 2 weaght loss of 35377 and 2 vesume his of 00 27 These salues aprev
closelhy with other results tFig 3) of & 300 10 40°C range «2%¢ alune 1s used. this yrcement dlustiate the
critcal amporance of dus very limited processing temperature regan i controling product properines

The weight bosaes for different heaung cycles for Duvlite C-+04 (g 9) xhow thai the two cunes
yciding 32 17 weight luss req tire markedly &iferent mes to reach 600 C. Although the weght knses Lo
the two runs were sdentical. the time required tu compiete the heatmg 10 600 C s over 4 hr m one Case and
1 approximately | hr 30 mun m the other.
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Fig 2. Nowcont Weight Loss ot DilNevont Hosting Rotes for the Region fram 25 to 68F C Desing Casbonization
1 200 C of Dvisd (1 1€ O) Urnminm-Losded Weak-Acié (Dualite C464) Resin.

To delineate that pustion of the curve which exerted the iargest cffect on the measured parameeters. the
individual heating cuives were broken into theee temperature ranges: 160 270°C. 270 360°C. wnd
360 440°C (Table ).

There 1s 3 close conrelation between heating rates thicugh the 360 440°C repon and the weight and
volume Josses. To kend some quantita:ve support to this correlation. 3 computer program for 2 keast squares
fit with the expoential v = #ae®* was used with 2 Wang 600. Several different psograms were evaluated.
icludingy =ax®, y=ab*. andy =gt bx + cx?, hut v = &r®* was found 10 be most sansfactons ( Table )

The wesghting factors for the adjusied rates are tased on the normalized relative sizes of tiw waigh
losses indicated by that portion of the TGA curve (Fig. 10). 11 is apparent that the strosgest cosrclatiom In
with tue 360 440°C rate. Two different best fit lines are possible: 3 lower one for cor stani beating curves
and a dightly higher one for heating curves with very different heating rates m ditfesent et
regons (Fig. 100, Calculation of individual correlation coefficients yiclded a value of QFRIN for the Tormes
and 0.9978 for the latter.
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Tabie §. Property vasintion s a fasction of hastig e duling

Reght Tap Volume Heatng rate ¢ Crmam)
fon deney s by swemperature range < C)
) P} < 150 270 270 0 360 440
320 1475 04 24 200 13
k34 1.445 598 440 190 y 41
323 1 440 94 243 247 H
328 1482 602 1017 472 2»
32 1497 611 5.00 520 288
n: 1.491 60.6 467 467 427
33 4N 6l.3 35 .50 2.00
334 1.508 el s 3733 467 96?7
Mo [B] 64.0 7133 6267 $2.7

Toble 2. The seiationship of besting tate o weight boss fas

weaninsy-dopded. wesk-ocid svin

] :'h

Repon correlation cocffawent

to weght loss
160 270°C 0488
Iy W C n713
380 0C o9
The %o wpper regrons combued® 0914
AR three regpons combaned” o3
Rate - 01270 367 C 1atem2 750 ¢ 61360 - 440° C raved
87
’bw-"'lw 270°Cy* (2 75u2 N 360 C ratedr ¢ 64360 440 C Taier

975

: » CONSTANT RATE !
3} ® VARIABLE RATE - o

33 b

WEIGHT LOSS (%)

1 2 5 0 20 50 400
HEATING RATE THROUGH 36C-440 °C RANGE (°Cwn)

Fig. 18. Weight Less of Duisd (10O Useninm-Lesded Wash-Acid (Deslite C-464) Resin Dusing Carbonination to
1200 C 38 » Fonctiun of Critical Range Heuting Rote.

PR N o R



18

A riest Tor p = O signfcance was run with 2 Wang 000 program between the natural loganthm
heatng raie and the percent weseht toss:

" \rd fore 2
atng rakes ! Value 1 Value Tor 0.001
Cunstant 7241 ALY
Varab 2.0% 2%
All 23.58 >

This :ndiates some shight difference m the two situations. Howevei, the ditffereme 1 small enough that i
dues nul warmant further wvestigaton.

Simifar analy ses of the volume boss (Fig 1) and ap density values yaelded correlation coetficents of
0936 and 0.905 for the 360 3407 C regron respechivels.

ORNL-OWG  75-2356
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Fig 11. Volume Docrsnse of Ivied (116 C) Lrasivn-Londed Wesk-Acid (£ wolite {-464) Revin During Carbonirstinn
o 1200 C 5 2 Fuaction of Cmical Rangs Hesting Rate.

Chemnal analyses were made of the final products (Table 3). Sinv: the uncertamty in the oxygen
analyses 1s generally accepted 1o be consdesably gicater than that in the .1sansum and carbon analyscs. the
oxygen detesminaten was compuled by difference. The oxygen-to-uranium ratio aftes carhonization
shauld be nearly equal 10 2.00 (fos UO, ). The oxygen determined by difference is closer 1o the actual value
than 1 the andy tically detesmined percentage.

The carthon-to-uranmm ratw fos Duolite €464 shows a sttongly linear correlation with the loganthm of
the heating rate (Fsg. 12). The Inear correlation coefficsent for th. v = ae®" program was 0.9749
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Table 3. Effect of heating rate i 22e 360 - 400 C range during carbonization
oft compogition of Ambeviite wesk-acid myis

Heatmg Weght Composton, % Atom Ratso
e b v C 1] o U o/t o’
141 321 6908 2101 853 b D41 6.00 182 197
1.94 32t [ X ] 21 382 929 6.08 1.89 197
239 325 69.72 p. 2 8% 954 5.9 1.9 204
288 326 70.02 2059 855 969 574 182 208
427 Al 10.28 2053 863 909 582 183 £ 92
 X) 331 10.12 20.00 832 "M 560 118 195
LT 'Y 334 11.06 1L ] ] .44 923 5.5 1.77 193

627 M6 nn 18.49 877 .24 5.07 1.80 1.90

“By dulfereace.
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Fig 12. Cubon t-LUrsaivs Ratio of Catonined (1200 C) Lirnaiam-Losded Weak-Acid (Duclite C464) Resin 08 3
Fonction of Coiticsl Rangs Hesting Rete.

A comparison of the Duolite and Amberlite resins on the basis of carbon-to-uranium ratio (Fig 13)is
sgnificant since comparison runs for sticking behaviar clearly showed that <arbon-to-uranium ratio has a
stiong effect on the bed aggomeration tendency at conversim femperaturss. Duolite C-464 resin with
higher carbon-to-uranium ratios for equivalent heating rate is thus more readily controlled during
conversion than is Ambeslite IRC-72. Of course both resins show reduced sintering and agglomeration at
conversion izmperatutes with slower heating rates through the critical 360 440°C carhonization range.
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Changes m Properties During Carbonization

The changes mn weight. volume. tap density. mercury density . porasity . carbon-to-uiamum ratio. snd
patticle see with temperature durmg a typrical carbomzation run were deternmined by neating batches ol
uranmum-l aded Duolite and Amberlite to sequeniially increasing end points. Batches of 70 gin a1 3 N
tube were heated to selected temperatures during a hvpscal carbomization oy cle and then couded raprdly 0
Toum temperature.

The weight losses. volume losses. and tap densities for Amberlite at various processing temperatuses
may be compared tFig 13). The weight loss curve tFig. E4)1s essentially a TGA curve and desenibes clinely
the behavior shown in Fr. 6. The volume loss curve (Fig. 14) shows a smdar behavior 1o 3407C but dovs
not fevel at 500°C as does the werght lins cusve. Shonksge continues 10 %00 € a1 which posnt volume
becomes constant to 1700 € The ap density reflects thewe vanations n selume and weight with a veny
sapd iniease 1o S00°C. a shghtly less rapd increase (o 300°C, tollowed by 3 nearly corstant value o
conversion temperature ( Fig. 13). 1t should be noted that this tap dersity divided by 6.62. the ideal packing
fraction, yields an approximately irue density.

The weight. volume. and tap density changes with process temperature for Buolite €404 are shown
similarly in Fig. i5. The weight ioss curve follows the TGA curve in a nanner stmilar o that observed for
Amburlite. Volume loss and shrinkage continue 0 00°C 10 an analogous manner. Some slight weight loss
with concomitant shrinkage occtrs to 1700°C. The gross weight and velume losses for The two resis swer
this temperature rang: are thus similar.

The change m particle sve with temperature was determimed by microradiography. Thiny particles
were examined 1o determine the average pariicle size in inkrons (Fig. 16). The partwle sive curve paralich
very closely the TGA and shrinkage curves. dropping rapydly from S15 um at room temperature bor died
particles 10 375 um at 700°C tor Amberhite. The particle sive remains nearly constant from 700 (o 1675 €.

The variations in the carbon-to-uramum zatios as a function of iemperature for the two camdidate fesin
were similar (Fig. 17). The higher final value of the carbon-to-uramium ratio for the Puohite rean v
keeping with te results previously reported on hzating rate.
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Fig. 16. Variation in Pasticle Size of Uranium-Losded Duolite (C-464) snd Amberlite (IRC-72) Weak-Acid Resins from
25 10 1625°C.

The mercury dersity was determined at 15, 75, >50. and 15,000 psi (Fig. 18). The 15.000 psi
measurcments for all of the Duolite material and the first three of the Amberlite were off-scale of the
measuring device. The 15, 75, and 250 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/cm? greater than the rap 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 Duolite C-464 material has a pore size of
appioximately 0.05 pum, which is significantly greater than the value of 0.015 um obtained for Amberlite
IRC-72 (Fig. 19). Both types of resin-denved fuel showed similar variations in pore size with process
temperature from 150 io 1625°C. Pore size decreases from 150 to 440°C. From 440 to 1200°C for both
malerials. the pore size increases very slightly as the cumelative percent porosity increases in a fairly reguiar
manner. The Amberlite IRC-72 shows a decrease in pore size and percent porosity as the temperature
increases to 1625°C while the Duolite (-46+ ‘emains cssentially unchanged. The suggested pictur: is one in
which smaller pores are opened in increasing amounts from 150 to 440°C while destructive distillation of
the resin is progreszing and considerable quantities of volatiles are being liberated. From 500 to 1200°C, as
this process is essentially complete. the pores apparently coalesce and enlarge. The Duolite porosity data are
incomplete as the high-pressure vaiues were not obtained due to instrument saturation.

Mcasuremeat with nitrogen of the BET surfuce areas at different temperatures indicated a
corresponding change with process temperature (Tavle 4). The surface area increases rapidly from 440 to
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Fig. 17. Vsristion in Carbon 1o Uranium Ratio with Cabonization Tempersture for Duolite (C464) snd Ambettite
(IRC-72) Weak-Acid Resin-Derived Foel Carbonized at 2 C per Min t0 600°C.

1200°C with a subsequent decrease to 1625°C. Combining this informatior. with the pore size Zata
indicates that from 440 to 1200°C pores of virtually the same diameter increase significantly in number.
From 1200 to 1625°C. the pores coalesce to some extent with a subsequent decrease in total porosity and
surface area.

The development of the UO; phase during the carbonization process is illustrated by x-ray powder
patterns (Fig. 20). Although the 500°C patiern is not shown, at this femperature the phase is just beginning
to exhibit coherently diffracting regions of UO; . and the lines are very diffuse and broad. At 700°C. the
lines are still diffuse but are readily resolvable, With increasing temperature at 900 and 1200°C, the lines
become iicreasingly sharp and well developed as the coherently diffracting regions enlarge. At 1200°C, Jhe
phase is clearly defined as widely dispersed UQ; crystallites.

To evaluate the crystallite size of the materiai. a stanaard of well-crystallized UO; was ground to - 325
mesh and x-1ayed in a similar manner. The line intensities and width of the standard were used to correct
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the broadening of 1he unknown sample. The corrected broadening was used to calculate the crystallite size
for specific reflections from the Scherrer formula'*

(23
Bcosh,

t = crystallite size.

C = Scherrer constant,

0; = angle at which maximum diffracted intensity occurs,
A = wavele, ;th of incident radiation, and

B = broadening =0, 0, = difference between tite two extreme angles at winch the intenaiy w0

With a Scherrer constant of 1.0, crystallite sizes (in Angstroms) were determmmned ¢ Vable ~)

v e etmneeman ol

i ———— o —— AL ——



ORNL-0WG 75-16611

30 B
fa MBERLITE
- [

a 28 b . : . RT-T2
b 4
8 700, 80C
90G,1200
= OUOLITE ’
S 1B
(8]
[
w
a
s
= 12 +-
L- ¢
|
2
3
o ]
(8] 6 -
0
1.0 0.3 o1 0.03 0.0t
PORE DIAMETER (microns)

Fig. 19. Cumulstive Percent Porosity Vasistion with Pore Diameter a3 3 Fenction of Carbonization Temperature for
Duclite (C-464) and Ambertite (IRC-72) Weak-Acid Resin-Dervived Foel

Table 4. BET seface ares of weak-acid

resin-derived fuel s 3 function of
proces femperature
Surface
Temperature :
coO Resn area
(m“/g)
440 Amberlite 50
1200 Amberlite 140
1625* Ambertite 16
440 Duoite 91
1200 Duolite 183
1625 Duolite 147

“To approximately 100°% conversion.

The general increase in size with increasing temperature is apparent. The crystallites of UO; w.
carbonized material, even allowing for experimental uncertainty well above the anticipated t § A in the
above results, are thus apparently less than 100 A in size and finely disper.ed through a porous carbon

matrix.

Other Carbonization Frocess Parameters and Uranivm Loss

Uranium lost during carbonization was ¢ llected v a ize filter saxtem Fon g v pical caileone e
cycle of 2°C/min to $200°C with 235 g of weak-acid wesin. ne connts e bachgsonmd were obraed o

the collecting gause or furnace parts, ndicating neghighle nrwiim Tow
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Table $. LO; crysallite she vasution with tempesature
dusing carbonizstion of wesk-acid sesin

Sauph Te-:t(t;lm Crystallste swre. A

() 1200) 220) Avcragr
1219 500 i » 16 b)
§E-283 700 » 3s 2 3
1E-288 900 2 28 3 2?7
IE-288 1200 71 66 70 69

A cartbunivation ovcle on the 150g batch at 170°C min 1o 1200°C yielded the following counts
(dis nun) un the futnace parts(Fig S»

Sight port tube 1436
Furnae lid 1368
Graphite 1ebe adapter and insert pieces 3030

The collection gause and the wipers used on the turmace components were ashed and analyzed for
uranum. Approximately 15.3 mg of uranium was oblained which represents about 0.027 of the 10tal
uranium i the hatch. Although this probabls does not represent complete collection. it is indicative of the
uranium luss during a veny fast cathonization cycle. Henoe, the slow carbunization used to maximize the
carbon-to-uranium ratio is also advantageous in avoiding process loss of uranium.

Alternate carbonization media were investigated by replacing the argon fluidizing gas #th air 1o about
270°C. the tust ugnificant TGA rexction. or with hyvdrogen chlonde 10 S00°C 1o improve che
carbon-to-uranium ratio as suggested by Bacon.'?

When air was used, the particles were observed 1o change color at 270°C in a normal manner as the air
wis replaced by argon at that temperature. Subsequent bed behavior relating to the onset of initial
smoking, and heavy smoking. indicated that air exposure had raised the temperatures of these events by
20°C. This temperature ( 270°C) was identified as being the maximum feasible lemperature for using air as
fluidiving gas. Temperatures abuve 280°C produced rapid oxidation. Analyses of material in which Jir was
substituted for argon 1o 270°C may be compared with data from an otherwise identical control run ( Table
6). The substitution of air for argon n the initial stages of carbonization does not appear 1o produce a
ugmicantly different material. Although no increase in carbun-to-uranium ratio was produced. replacing
with air the large volume of argon required 1o flurdize a bawch to 250 10 270°C will save money.

Replacing argon with hydrogen chloride to S00°C raised the temperature at which the physically
ubservable bed changes occurred by about S0 10 60°C. However, a yellowish film formed on the sight gass
and fumace lid at approximately 1080 to 1 100°C. This film disappeared when exposed to air. Examination
with an alpha counter showed the residue to have a significant contamination level, probably of uranium.
Adjustment of the heating procedure from 800 to 1200°C did not eliminate release of this matersial.
Extensive attack on the anodized aluminum furnace parts was observed. The results of analyses on these
batches (Table 7) show the advantage of increasing the carbon-to-uranium atio by 0.5 by additions of
hydrogen chloride 1o be far outweighed by uranium release and attack on furnace parts. The exposure
behavior of the normal and air-substituted material to air was esseniialiy identical. The hydrogen
chloride-cxposed material displayed considerably less apparent we,ght goin with time. However, this
behavior was attributed 1o the liberation of considerable amounts of hydrogen chloride and/or uranium
contaiming volatile species during oxidation.



Tabie 6. EfSect of ais sad hydvagen chivvide 20menpheses o0
cubanizstion of uwreninm-leaded wenk-acid Ambesiite MRC-72 srun

Process Catbon-to-ersemm Lowsiy
ratm Weght Vodume

Normal 557 37 o7

A¥ sbstitation” 562 37 67

HOl addsnon” 6.03 38 o6

£ Air substituted for angom 10 2707 C.
*Hydrogen o added to arron to 500°C

Table 7. Comversion behavior of weak-scid sesin devived furd

Weight . . Tube Art
Type y AU Peroent T , 2
X wraNRmm g c »on o 10 w« ﬂll‘ N
[T im) L comweTsson)

A¢ 377 0.66 436 5133 138 152
A $0.7 5.36 434 5.640 134 124
A S14 1.09 6.3 5269 134 1.64
A 540 1.5 s78 5.339 13:4 269
A $0.5 563 37.3 5624 134 15.1
A 455 1.23 s6.8 5.360 134 b TY
A 66.7 1.10 177 5.200 138 142
A 4887 0.53 hIX] 5.200 414 207
A 328 219 932 5.269 138 238
»* sns on 6.2 5.269 134 'S4
(1} 1525 0.38 3.3 5.269 13/4 214
(1} 1504 102 454 5.269 134 o
(1} .2 .02 63.6 5.269 134 160
D §8.7 1.02 688 5.269 134 149
A 27121 261 s0.8 5.200 414 1.19
A 419 191 394 5.495 13/4 435
A 87.2 0382 399 $.339 2112 207
A 1171 0.85 271 5485 2142 318
A 1544 04s 450 5.200 212 09
A 1544 04s 436 S 200 2ii2 1.03
A 1079 122 350 5411 134 348
A 281 24 419 s41l 3 4.69
A 1074 22 s34 s411 134 412
A 20 1.24 35.6 5411 13/4 349
A 108.2 1.22 35.1 5411 134 347
A 288 1.2 21 s411 134 420
A So.a an n 5.562 13/4 1335
A [$X 1 412 4456 5.562 t3/4 973
A s78 394 439 5562 13/4 897
A [¥2] 241 $3.9 5.441 13/4 437
A $14 240 39.0 S 441 13/4 618
A $71 244 96 5.441 13/4 6.08
A 1205 052 487 5.0 13/4 1.07
A $1$ (%3] 475 5 562 13/4 1098
A

574 137 2.0 5.562 13/4 n24

“ ambeclite IRC-72, Re *m and Haas.
’Donli'e C-464, Diame.: d Shamroci.
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Changrs i Properties Darmg Conversion

The changes in voluime. weight. and conversion level at 1623 C atier carbonization at 2°C'men for
Amberlite IRC-72 (Fig. 21) and Duddite €463 (g 22) are similar. Werght 1s Jost hinearly with conversion
due enuirely o evoluton ot carbon monoxide. Volume shrimkage occurs somewhat more slowly chan
werght loss. and 1s not necessanly Iinear with conversion. The volume stability to about 257 conversion
tollowed by a rate o1 shrinkage lower than the rate of weight loss produces a minimum in the tap density
tfor both materials at approximately 3¢ ¢ conversion. Extended tme at temperature beyond full conversion
does not change the weight significantly, but dues eftect a small volume loss with a slight increase in ap
density. The weight-loss point for the 95 7vonverred Duolite (Fig. 22) i anomalous in that it shows an
impussible weight gain with increasing conversion level.

As expected. the variation in particle size with conversion level (Fig 23) is similar 10 that seen for the
volume loss. The data suggest a pe-sible volume maximum at approximately 25 conversion. However . this
result is difficult w0 rationalize so further work on this is needed to better define the pre...e manner in
which particle diameter and volume change with conversion.

The mercury density vaniation with conversion level was measured (Fig. 24) except for the 15.000 psi
values for Duolite C-464 which were not vbtained as the values were off-scale on the measuring device. The
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Fig. 21. Weight Loss. Volume Loss and Tap Density Variation as 3 Function of Conversion Level st 1625°C for
Unanism-Losded Amberlite (IRC-72) Weak-Acid Resin.
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15, 75. and 250 psi values were not significantly different and are shown as 2 single value. The variation
closely follows that obsewved 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 posnts but does show a
similar tendency. The valves for the tap 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%-converted material as determined by mercury porosimelry
(Fig. 25) shows the Duolite resin to have 2 wide range of pore sizes with the najority lying between 0.10
and 0.01S pm with an equal distsibution between 0.05 and 0.025 um. The Amberlite has 2 much mose
restricted pore size with virtually all pores smaller than 0.16 um. Both resins approach an ultimate apparent
densily (1o 15,000 psi mercury) of approximately 3.9 glem? for the carbonization conditions employed in
this study.

Conversion Rate and Thermodynamics

The extent of convension of weak-acid-resin derived fuel was found to be controlled by the temperatire
and specific gas flow. The specific gas flow is calculated as liters of argon pes gam of uranium novmalized
to percent conversion obtained. The conversion behavior of different sized batches at different
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Wesh-Acid Resins ot 1625°C.

355

temperatures and gas flows i shown m Table 7. The vaniation with .emperaturc is shown in Figure 26 with
a regression line fit for y = ax® with a correlation coefficient of .945 shown as a dashed line. The pertinent
rextion cuive predicied from thermodynamics is shown as a solid line. Duolite and Amberlite resins were
not significantly different.

These results indicated that conversion is occurring to 2 somewhat greater extent than is predicted from
classical bulk thermodynamics.” This behavior could be attributed to 2y/7 contributions from the small
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curvature radius of the pores, where v is the surface free encrgy and 7 the radivs of curvature. other
vontributions could be due to temperature measuring errar or to a second reaction occurring at 2
sugnificantly greater rate at higher temperatures.

Parallel temperature measurements carried out with a platinum vs Pt 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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Fig 25. Pore Size Distritutzon Determined by Mercury Pososimetry in Duclite C464 and Amberiise IRC-72 Partinlly
Cowverted Wesk-Acid Resin.

+19.1°C. and by -6.9°C relative to an optical reading of 1450°C a1 the control sight port on the tube wall.
The temperature divergence between the experimental data and the thermicdynamic values of 8° at 1525°C
and 54° at 1665°C (Fig. 26) can be attributed therzfore, 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 1200°C, considerably below the
predicted reaction region. This behavior, possibly due to the 2 y/r contribution to the free energy from the
sinall (~ 0.015 to 0.05 um diam) porosity in u.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 UO; to UC, _,0, proceeds at increasing rates relative to the
U0, - UC; reaction as the temperature goes up.

The effect of Nuidizing condition on the effective bed temperature and the measured bed temperature
is sig ‘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)

¢ A o e e 4 1 4

psi

o



ORNL - DWG 75-16613R
TEMPERATURE (°C)

1700 1650 1600 1550 1500
05 — ! : :

c 02 e
@
s UO,+386C—UC, o +2C / o
2 o 2" 386C—UC, 060 200N |77
e U0, +3C—~UC+2CO AL
i i&r!
> 0.05
.6 ./. T
3 ol
>
2 002
-
2
£ oo

"I

0005
50 59 5.2 53 5.4 55 56 57

10,000 /r (K)
Fig. 26. Conversion Behavioc of Weak-Acid Resin-Derived Fuel.

show that as flow is decreased from 8.0 to 7.0 and €.0 liters/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 to both gas flow and the control measurement if
particle sticking or agdomeration occurs and the bed is no longer free flowing. Considera' ¢ variation in the
conversion level could be obtained with a specific temperature and gas flow if hed Auidization hehavior is
not closely monitored.

Batch size and particle size have only a small. i any. 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 flow [ ig. 20) is in accordance with the model
described by Lindemer’'? and Beatty® in which an increase in argon flow rate would be expecied to
increase the reaction rate. If sufficient porosity is available so that diftusion is not the rate limiting step in
the carbon monoxide removal, the percent coaversion can be predicted by using published values for the
cquilibrium 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 | scfm to 3 scfm actually
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resin-desived for}
Particle size” Bacch  Toul  Comversion

Diameter size”  gasflow Jevel
(mesh) - m) ® g *
25-30 $5%90-710 40 117 29.7
35-40 420-500 40 1.17 356
25-30 $90-710 150 1L 3s.1
35 40 420-500 150 .17 iso
35-40 420-S00 40 2 479
35.40 420-300 150 11 534

“Dried. loaded IRC - 72.
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decrensed the conversion ievel. This was attributed to a decrease in particle temperature as the gas flow was
increased and more heat moved from the particles to the argon. It was also argued that this decrease in
partile temperature would not be detectable on tiw exterios of the reaction chamber. Using Lindenwr’s
model. Johnson, et al® caleulated a decrease of 100°C in the effective particle temperature without a
corresponding decrease in the measured wall temperature. An iincrease in the gas tlow 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 ot the fluidizing tube as long as the bed
« 'nains fluidized. Wher the bed begins to aggomerate. and tluidization conditions are uncertain. ihis
cc respondence is lost and the effect may be reversed 10 where a higher tflow may yield a higher
temperature. in accordance with the behavior observed by Johnson et a.® Johnson’s experiments used a
constant fluidiziag gas flow from roum temperature to 1800°C. whereas the experiments in this study used
a decreasing gas flow as temperature was invreased. Pilloton staces that the minimum fluidization gas tlow is
prcportional to the reciprocal f the kinematic viscosity of the fluidizing gas.' * Although gas viscusities at
high temperatures are not readily available, Nestor has derived an expression for their temperature
dependence.'® From :these relationsnips Pilloton has shown that the tempesature coetficient of the
minimum gas mass flow for fluidization shows a decrease of a factor ¢f 25/1 from 25°C 1o 1800°C.

It is thus conceivable that the conditions observed by Johnson et al.* with a constant tluidizing gas 1w
may have led to inadequate fluidizing conditions during carbonization for the lower gas flow employeil.
This may have resulted in the carbonized resin having different properties before and during conversion.,
therefure the resin’s behavior during the conversion provess would have been unpredictable.

Produ-t Phase Evaluation

Studies to determine the phase centent of converted material were done by varying the conversion
temperature and conversion atmosphere. The relative amount of the UC, _,0, phase. as determined
semiquantitatively from x-ray powder camera films (Fig. 28) are shown in order of decreasing amount of
1'Cy Oy (Table 9).

The run with argon + 0.75 equilibrium p-¢ hid no detectabie UC, _, O, phase and showed only UO,
and UC;. No other phases were observed. The runs at 1505°C and at 1625°C with 47% i, addition had
essentially the same content of UC, ,0, with tie balance UO; and UC,;. The UC, _, O, was in wil
instances 3 minor phase.

It appears that lower teinperatures with corresponding long:r times result in iess of the UC, _, 0, phase
being present in the kernels. Also. the use of 0.75 equilibrium pe(y to increase the time at a given
temperatuze for an equivalent conversion level by a factor of 4 essentially climinates the UCy _, O, phase
from the converted kerneis. The use of a 4% H, addition decreases the amount of UC, _, O, approximately
as inuch as does lowering the conversion temperature by 120°C. The expositre of the carbenized resin to air
betore conversion does not appreciahly affect the amount of this phase. As tie 6677 converted argon run is
comparable to conditions normally used in fuer fabrication. partially converted weak-acid resin fuels
nominally contain U0;, UC,. and minor amounts of UC, _ O,

The decreasing amounts of UCy O, as temperature is decreased indicates that the U0y = UCy 0,
reaction iy more favorable kinetically as temperature is increased refative to the UQ; -» UCy conversion.
Assuming that o UC, O, -- UC; reaction exists, it muse be stower than the UQy - UC, reaction as
longer times show decreased levels of UCy _ (O, Retarding conversion by addition of carbon monoxide
allows 4+ closer approach to cquilibrium for the solid state reactions. The  ddition of hydrogen probably
provides a more efficient transport mechanism for the UC, 0, = UC;, re iction.'?

A wide range of final kerne! compositions and densities can be fabricated depending saipon the spevific
carbonization rate and the percent conversion (Table 10).
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Toble 9. Vaistion in U'C, ,0, content with diffeven:
_ sitions i partiald .

wesk-acid-resin focl

Temperature . - Coaversion Relative
co ¢ vomditions (54 amount
1625 Argon (<] Medium
1628 Argon cxposed to air before 57 Modium

CORVETRIOR

1625 Argos - 4% H, 46 Weak
1505 Argon 37 Weak
1628 Argon + 0.75 equilibrinm po” 8 Absent

“Fourfold increase in timye required 10 compiete equivalent coaversios.

Tobie 16 Kermel forms prepased fiom wesk-scid wesin

foc irvadion .
Carbonization
. N N Conversion rate . Imadiation
Kernel composition %) ©Cimmm. :I::?l test
200- 500°C)
UCs 5-050" 0 2 32 or-2*
U-Cy4°020" 0 40 3.66 HRB-9° -10
OF-2
l:'(-s.s'o'j. 15 2 312 OF-2
UCq 4-0, 1" 15 6 3.7 HRB-7 8. 9.
10
U:Cs 170y ¢* 2% 2 317 OF-2
U-Cq6-010° 50 2 3.1 HRB-Y. -10.
OF-2
C-Cqy-0gs* 75 2 303 HRB-9, -j0.
OF-2
U-Cy4° 100 2 301 HRB 9. 10,
OF -2
U-Cy e’ 100 6 5.8 HRB-7. 8. -9.
-10.0F -2
U-Cs.3-0; % 15 2 241 HRB- 11
U-Cq 5-05 0% 50 2 2.45 HRD- 11
U+Cq 4-0p.? 70 2 253 HRB 11
U-Cs 20y 4 30 2 242 HRB- 11

“Ambesiite IRC -72.
Por  Oa Ridge Rescarch Reacior in Qux trap (core) facidity
:" HRB  Hih Flux Imtope Reactor Test in scemovable berylum region.
Duolste C 464.
“The compasitional notation does not imply the existence of compounds with these specific molar
ratios but only with this ratio of moles i the chemical analyss of the final product.



Uranium Loss During Conversion

Uranmum loss during conversion was determined by use of a2 water-coolea furnace probe to be 38 mg for
150 g of WAR (68 g U) shape separated rejected kemels 73% converted at 1650 to i800°C. Alpha counting
ol the probe yiclded 348 dis/min. After 2 98% conversion at 1775°C of a 150-g batch of spherical pasticles.
alpha counting of the probe showed 787 dis/min. Again the particles impinged directly on the probe. As
these two runs represented combinaticns of worst-case situations including rejected particle shapes. direct
particle impingement. and full comversion at high temperatures, the volues of uranum loss during normal
conversion conditions are anticipated to be somewhat less than 0.035%.

Fhadization Contrel During Cenversion

The aggomeration tendency of the microspheres at high emperature is sensitive to the amount of
excess cartbon contained (Figs. 8. 12, and 13) as a function of carbonization rate. The density of fully
reduced particles varies from <3.0 g/cm® fos two excess males of C:UC; 1o 5.28 g/cm® for one mole of
excess C:UC; (Table 10). Fully reduced materials of lower C:U have not been prepared. but densities above
6.0 g'cm®> would be expected. As indicated carlier. nonagglomerating microspheres with C:U > 6 s
cartbonized can be lully reduced with excellent control. However. two operational difficulties are
encountered in reducing particles having a C:U much below 6 as carbonized: the open porosity is reduced
su that the reduction rate plots (Fig. 4) do not apply. and the particles agglomerate so that such a parvially
reduced batch cannot be assur. d to have equal particle-to-particle conversion.

A study was done 1o 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 vbserved for
the same size batch in different tube sizes and cone angles for different density particles. or for different
size batches in the same tube. Normalizing the gas flux with tube asea yiclds only a partia solution. As the
aggdomerating tendency is resisted by the kinetic energy of the particles, a time-averaged minimum mean
particle kinetic energy might well be a useful marameter. However, this value is difficult to evaluate for
different bed configurations and fluidizing conditions for all positions i the bed.

Comparative aggomeration or sticking during conversion of weak-acid resin-derived fuel was measured
with an injector pressure gage. The conversion time duting which different aggiomeration behavior was
vbserved s a function of gas flux with respect to particle surface area (Fig 29). Sticking behavior s
strongly gas-flow dependent. A conversion level of S0% is free from sticking at the highest gas flow. while
any conversion level i excess of 15% exhibits some sticking behavior at the lowest gas flow siudied.
Additionally. in all of the runs studied, sticking appeared to follow a regular pattemn of gradually
deteriorating bed fluidization with time at conversion temperature.

Batches which have agglomerated ar. often refluidized by lowering the temperature approximately
100°C and ther: retuming to conversion temperature. Also. decreasing the conversion temperature makes it
pussible to complete conversion runs under conditions which would otherwise yield unacceptabdle
aggdomeration. Similarly. sticking pehavior is strongly temperature dependent.'?

In another approach used 10 avoid the bed agglomeration problem. a porous buffer coating can be
applied 1o the particles after carbonization. This allows the bed to be fluidized at 1300°C for any length of
time without sticking, while allowing carbon monoxide to be removed rapidly through the buffer. Further,
application of the buffer immediately following carbonization fixes the volume inside the coating at the
volume of the kernel. The buffer does not change dimensions significantly while the fuel is being converted
to carbide. In some cxperiments this resulted in 2 void between the kernel and buffer, while in other
experiments the bufTer prevented shrinkage of the kernel during reduction. In either case the free volume
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associaled with the kernel. exclusive of the buffer, is 3 direct function of kemel volume. This should b
advantageous in particle design where a range of kemel diameters and buffer thicknesses must by
accommodated. When kemel shrinkage is prevented, carbothermic reduction of the fuel can be compleicd
in about 10 min at 1800°C.
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Onc-pam batches of resin carbonized to 600 or 1200°C and converted at 1600°C were exposed to
teom atmusphere to determune the reactmity with air. After 75 he. the weight increases of the particles
usated at 600. 1200, and 1600°C were abuut 6. 2, and 1 respectively. Effects of exposure rate on final
weight pain were msignificant though weight gans during the first hour were about twice a5 great in the
open beakers as in the uncapped butdes. During the first 10 min. the partices carbonized to 600°C
increased i weight neardy 3% in the buttles and nearly 5% in the beakers. Weights of all batches increased
uniformly through a 27-hr measurement. then Muctuated over a small range with no apparent pattern. This
may have been due to variations in room humidity . but humidity was not monitored n this experiment.
None of the microspheres examined showed any signs of disintegration. even after weight gans as high s
6%. Even the must reactive particles. thuse heated 10 only 600 C. remained miact and did not bum when
exposed 10 roum atmusphere tor long times. The particles carbunized at either 600°C or at 1200 C were
expused 10 air for five days. then reheated to 1200°C. The microspheres originally heated to only 600°C
partially disintegated when rcheated. whike those wriginally treated at 1200°C remamed intact and
returmed to approximately their onginal weight when reheated. This suggests that uranium-ioaded WAR
treated at 1200°C or inigher temperature may be handled m air if nevessary, but there is vne restri. tion:
The particles do initially react rapidly enough to produce noticeable heat. In small batches. they simply get
warm but dv not bum: in large batches it would be necessary 1o cool the material W woid a fire hazard.

Matcrials carbonized through the critical heating rate range. fully carbonized. and fully reduced to
dicarbide cearly became less reactive with the room atmosphere with further thermal ueatment (Fig. 30).
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Thes appeass to be related 1o surface area and surtace reactmry rather than (o chemacal compusition te.g.
partial conversion of Mma W0 carbide 1esults B mareased stability ). The 1200 and 130070 matenals were
1eheated ater expusure for 24 b wathout loss of mavosphere miegrity. whae the partiches priwessed to
only 500°C. expused for 24 . and then reheated showed pastial disinzegration.

Anvthes approach coasidered (o arcunwent the protective-atmosplcre requirenent was that of coating
wnmedaately after kemmel provessmg. Pas ticie-atmusphere reactvity would bevome 2 mot consideration i
at least one layer of impenmeable coatimg were apphied 10 the partches betore they are removed trom the
fumace. Consecutively carbumizing. converting. and coating m a single fabrucating vperation has beea shown
1o be practicable. but product evaluation is complicated by the compusite pature of this material.

CONCLUSIONS

1. Weak-aod. wa-exchange resms provide a2 versatile substance for fabrication of uranum-contaming
HTGR fuel kernels.

2 Two weak-acid resins. Amberdite IRC-72 and Duulise C-364, are suitable Tor use m HTGR fuel
fabricativa.

3. Kemel carbon content and bulk physical properties closely reflect the TGA behavior and are
semsitive 10 heating rase through 2 namow critical temperature range from about 350 10 430 °C dunng the
<a bunization process.

4. The carbonizanion process can be optimized for both property control and provess flow wth a
carbonuzation raie of approximately 2°C min through the critical range and the maximum practicable rate
vutside this range.

5. The conversion of carbothermic reduction of the UQ; present after catbonization can be effected in
a controlled manner in a fluidized bed 2t iemperatures from 1500 to 1750°C.

6. The conversion rate s controlled by the rate of carbon monoxide removal and s predictable by
thermuody namic cakculations based on temperature and specific inert gas sweep rate.

7. Major phases present in partially converted material are UQ; and UC;. The amount of 2 msnos
phase. UC, _, O, . depends on wonversion conditions.

8. A tendency of the particles to agglomerate during conversion can be effectively countered by
controlhing the carbonization fate te maximize carbon content. lowering temperature. ircreasing gas tlow,
or by buffer coating before conversion.

9. Dudlite C-464 is superior to Amberlite IRC-72 in its resistance o sintering and agglomeration cad is
hence casier to control duting conversion.

10. Uranium volatilization during processing is negligible except with extremery rapid carbonization.

11. 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 particle diameters.
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