
PNL-8481
UCu504

i

I II I II I II

AVLIS Modified Direct Denitration:

UO 3Powder Evaluation

O. D. Slagle
N. C. Davis

L. J. Parchen

IIII I I IIIII IIIIIIIII III

February 1994

Prepared for the U.S. Department of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
, Operated for the U.S. Department of Energy

by Battelle Memorial Institute

iI

Z
I"

 .Ballelle



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United StatesGovernment. Neither the United StatesGovernment nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any

warranty, expressed or implied, or assumesany legal liability or responsibility for
theaccuracy, completeness, or usefulnessof any information, apparalus, product,
or processdisclosed, or represents that itsuse would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof, or Battelle Memorial Institute. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.

PACIFIC NORTHWEST LABORATORY

operated by
BATTELLE MEMORIAL INSTITUTE

for the

UNITED STATES DEPARTMENT OF ENERGY

under Contract DE-ACO6-76RL O 1830

Printedin the United Stalesof America

Availableto DOE and DOE contractorsfrom the

Office of ScientificandTechnical Information,P.O. Box62, Oak Ridge,TN 37831;
pricesavailablefrom (615) 576-8401. FTS626-8401.

Availableto the publicfrom the Nalional TechnicalInformationService,
U.S. Departmentof Commerce,5285 PortRoyal Rd.,Springfield,VA 22161.

_) The contents of this report were printed on recycled paper



PNL-8481
UC-504

AVLIS Modified Direct Denitration:

UO 3 Powder Evaluation

O. D. Slagle
N. C. Davis
L. J. Parchen

February 1994

Prepared for
the U.S. Departmem of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
Richland, Washington 99352



Summary

A testing programwas carriedout at the PacificNorthwest Laboratory(PNL) to demonstratethat
commercialnuclearfuel gradeUO2 pellets can be fabricatedfrom UO3 powder producedby the

. modifieddirect denitration (MDD) process being evaluated by the Atomic VaporLaser Isotope
SeparationProgram (AVLIS) for metalproductprocessing. Specific objectives were to receive UO3
powder made by the AVLIS MDD process at Oak Ridge National Laboratory,reduce it to a sinterable
UO2 powder, fabricatehigh density light water reactor (LWR)fuel pellets, and characterizethem for
comparison to nuclear fuel grade pellets.

A previous study by Davis andGriffin(1992) established techniques for processing and
evaluatingthermally denitratedUO3 powders. The evaluationwas based on the behaviorof the result-
ing UO2 powder duringpellet preparationandfinal pellet characterization. A significant conclusion of
this study was that addingammoniumnitrate to the uranylnitratefeed solution beforedenitration
greatly improvedsinteringpropertiesof the final UO2 powder. The purposeof the currentstudy was
to optimize the processes used in the previous work for convertingAVLIS MDD UO3 powderto UO2
powderand to use this powder to fabricateLWR fuel pellets with 96 %theoretical density (TD) or
higher. The only obvious difference in the MDD UO3 used in the two studies is thatthe material used
in the present studystartswith uranyl nitrate havingan ammonia/uraniumratio of 2.6 and the previous
studystartedwith a ratioof 2.0. Otherproperties were the same.

Experimentalparametersthat were varied duringthe reductionof MDD UO3 powder to UO2
were primarily the reducing atmosphere,the temperatureat which the reductiontook place, and the
time in the reductioncycle that the reducingatmospherewas used. The four types of reduction
processes were

Run El) Heat-upArm. 4-hHold Cool-down

TypeI 50% Ar -50% H2 50% Ar-50% H2 50% Ar -50% H2

Type2 50% Ar -50% H2 50% Ar- 50% H2 Ar

Type3 Ar 50% Ar-50% H__ Ar

Type4 Ar-4%H 2 Ar-4%H 2 Ar-4% H2

, Maximumhold temperatureswere varied from 500 to 1000°C. Reductions were carried out on 100-g
batchesof4JO3 powderspreadin a thin layer in molybdenumtrays. A 6-in.-diameter tube furnace was
adaptedfor processing kg quantities of material,but the programwas terminated before itcould be

tested. Pellet pressing was carried out in a 0.425-in.-diameter die at pressuresnecessary to achieve
green densities of 5.0 g/cm3 (46% TD). Sinteringwas carried out in Ar - 4 % H2 at 1700°C for 8 h.

.°.

111



e

A summary of the significant results that characterize the reduction of UO 3 powder to UO 2 and

the subsequent pellet fabrication are listed in Table S. 1. In addition to these results, ceramographic

evaluation of selected pellets indicated acceptable microstructures. The final pellet density was used as

the primary criteria in evaluating the reduction process. The pellet densities listed in Table S. 1 were

obtained using sterotex as a die lubricant. Using zinc stearate as a die lubricant increased the densities

by approximately 0.5 % TD both in this study and the previous study of Davis and Griffin. The target

density of 96% TD was achieved over a wide range of reducing conditions. On the basis of density
alone, it was not possible to select an optimum reduction process.

Table S.I. Summary of Reduction Sintering Results

Maximum Tap Surface S intered

Hold Temp Density Area Oxygen/ Density

R_InID _ (°C) _ (m2/g) Metal R_tio (% TD)

As-Received UO3 1.18 7.42
2 1 1000 1.67 7.01 2.15 96.5

3 1 900 1.47 12.91 2.15 95.8

4 1 800 1.48 7.72 94.5

5 2 800 11.57 95.6

6 3 800 1.65 1.97 2.03 93.6

8 4 800 1.40 15.12 2.07 95.6

9 1 600 1.37 13.10 2.10 95.6

10 3 600 1.45 5.51 2.05 95.3

11 4 600 1.43 5.93 2.04 95.1

12 3 600 1.44 4.84 2.08 96.0

13 3 800 1.51 2.07 2.02 92.5

14 3 800 1.63 2.27 2.10 89.0

15 3 600 (2 h) 1.46 6.24 2.05 96.5

8oo(2h)
16 3 700 1.64 3.09 2.06 94.6

17 3 600 1.45 6.38 2..08 96.1

18 4 600 1.43 8.86 2.11 95.9

19 4 600 1.41 5.24 2.04 96.0

20 4 600 (8 h) 1.37 4.74 93.5

21 4 600 1.44 6.12 95.1 ,J

22 3 600 1.46 5.29 2.11 96.0

24 3 550 !,.46 7.53 2.13

iv



The UO3 reduction process appearedto be controlled by the temperaturethat the UO3 powder
was heated to before being reduced. In Type 1, 2, and4 reduction runs, the powder was exposed to
the reducing gas duringheatup,and this continuedthroughoutthe 4-h hold. In Type 3 runs, the pow-
der was exposed to reduction gas only during the 4-h hold temperature. The Type 3 runs are therefore
deemed best for consistent results. Reducing gases other than 50% Ar - 50% H2 used in the type 3
runs could be used. A reduction temperature of 600°C was found to give adequate final densities, and

• lower temperatures offer the potential for further optimizing the powder properties.

The results obtained are of significant value for definingthe direction of future work. Follow-on
" work should be directed towards lowering the reduction temperatures to the 500 to 6000C range and

using safer and/or less expensive sweep gases, i.e., nitrogen instead of argon in noncombustible
mixtures. The furnace set up to reduce larger batches of UO3 will provide a closer simulation to com-
mercial production and larger amounts of powder for parametric fabrication studies. Characterization
of the UO3 and UO2 powders, as well as the sintered pellets, using differential thermal analysis/
thermogravimetrie analysis (DTA/TGA), x-ray diffraction, dectron microscopy and particle size analy-
sis would lead to a better understanding (of the reduction process) and provide a firm basis for selecting
a commercial reduction process. The impact of other process variables on the final pellet densities,
such as the ammonia/uranium ratio in the MDD process and the die lubricant used in the pellet press-
ing, should also be studied.

The results of this studyhave demonstratedthat

1. MDD-derived UO3 powders can be reduced to sinterable UO,z powder using reduction techniques
that allow control of the final powder characteristics.

2. The resulting UO2 powders can be processed/sintered using standard powder preparation and
pellet fabrication techniques to yield pellets with densities greater than 96% TD.

3. Pellet microstructuresappear similar to those of power reactor fuel, and because of the high final
pellet densities, it is expected that they would remain stable during in-reactor operation.

Reference

Davis, N. C., and C. W. Griffin. 1992. Pellet Fabrication Development Using Thermally Den#rated
• UO2 Powder. PNL-4305, 1982 and reissued as PNL-4305, 1992.
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1.0 Introduction

The Atomic VaporLaserIsotope SeparationProgram(AVLIS) uses the modified direct denitra-

tion (MDD) process to produceUO3, which will be subsequentlyused to fabricatecommercial UO2
fuel. A testing programwas carried out at Pacific Northwest Laboratory(PNL)ta_to assist theb

AVLISprogram in demonstrating that UO3 producedby the MDD process can be reduced to UO2
powder, which is suitable for fabricatinghigh-density pellets.

a

The thermaldenitrationof uranylnitratefollowed by H2 reduction typically results in OO2 pow-
der that is not easily fabricated into high-density UO2 pellets (US AEC 1961). The oxide particles/
aggregates tend to be hard, dense, and relatively large. Conuninution can be used to produce a more
active powder, but the improvementin powder sinterability is limited. The MDD process for convert-
ing uranyl nitrate to UO3 was developed at Oak Ridge National Laboratory(ORNL) (Haas et al. 1981)
to address this problem of sinterability. The MDD process adds NH4NO3 to the uranyl nitratesolution
before the denitrationstep.

It has been shown in studies at PNL (Davis andGriffin 1992) that this MDD method of thermal

denitrationresulted in a UO3 precursorthat reducedto UO2 powder with better sintering characteris-
tics. This previous work sought to produce fast breederreactor (FBR) fuel having densities in the

range of 88 to 92% theoretical density CI'D). The results indicatedthat UO2 pellets with densities as
high as 98 % TD could be fabricatedfrom powder obtained by reducing the MDD-derived UO3 pow-
ders. The lower densities requiredfor fast breederreactor fuel pellets (88 to 92% TD) were achieved
by addingpore formersto the UO2 powder before pressing and sintering.

The purpose of the present studywas to determineif the AVLIS-supplied MDD-derived UO3
powder can be reducedto a UO2 powder that can be sintered to densities requiredfor commercial
fuels. As a means for establishing the typk;alcharacteristics of commercial UO2 fuel, a brief survey of
current informationwas carriedout, anda summary is included in Appendix A. Typical rangesfor
finalpellet density are 94 to 96% TD (US DOE 1987). If final sinteredpellets with densities as high
or higher than 96 % TD can be fabricated from the AVLIS supplied UO3, then adding pore formers, as
was done previously (Davis and Griffin 1992), can be used to reduce the densities and achieve the
requireddensity. Thus, final pellet density will be an important property in evaluating the suitability of

. the AVLIS UO3 powder. The present studywas considered to be only a scoping study, not a compre-
hensive study of related reduction parameters and the controlling mechanisms.

- The MDD-derived, naturally-enriched UO3 powder was provided by Oak Ridge National
Laboratory (ORNL). The material had been prepared from a uranyl nitrate solution with NH4NO3

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under Contract DE-AC06-76RLO 1830.
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additions to give a NH4+/U ratio of 2.6. The previousstudy involvedUO3 preparedfrom a solution
having a NI-Ia+/U ratio equal to 2.0 (Davis and Grifiiu 1992). This was the only obvious difference in
the powderpreparedby ORNL and that used previously.

1.1 Previous Work

The previousstudy by Davis andGriffin(1992) at PNL to convertUO3 powdersto U02 demon-
strated that the resultingUO2 powderscould be used to produce FBR low density fuel pellets. The
UO3 pca,.,derprovidedby ORNL for that study was producedwith and without addingthe. NH4NO3 to
the uranylnitratefeed solution. The results of this earlier work at PNL indicated that addingNH4NO3
to the uranyl nitratesolution beforedenitrationresulted in a UO3 precursorthat could be reduced to a
sinterableUO2 powder. This sinterableUO2 powderyielded final UO2 pellet densities as high as
98% TD. To produce low-density FBR fuel pellets (88 to 92% TD), pore formerswere addedto the
UO2 powderbeforepressing andsintering.

A significantconclusion of the PNL study was that the presence of the NH4NO3 in the thermal
denitrationfeed solution greatly improvedsinteringproperties of the final UO2 powder. The other
UO3 processing conditions, such as the denitrationtemperatures(390 to 620°C) or the concentrationof
the feed _lution, had little effect on the sinterability of the final UO2 powder. However,the sintera-
bility of the final UO2 powderwas greatly improvedby addingammonium nitrate to the feed solution
beforethe thermal denitration. In this previouswork, the NH4+/U ratio in the uranyl nitratesolution
was maintainedat 2.0 with little variation.

The studyof Davis and Griffinestablished a process for evaluating the thermally denitrated UO3
powders supplied by ORNL. This process involvedthe reductionof the powders, powderpreparation,
pellet pressing, sintering,and pellet characterization. The process for evaluatingthe UO2 powderwas
based on the behaviorof the powderduringpellet preparationand the final pellet characterization. The
process is summarized in AppendixB.

1.2 Experimental Procedure

The presentstudy to evaluatethe AVLISsuppliedMDD-derived UO3 powdersis based on the
previously developed process flow chart described in Appendix B. In the presentcase, 4 kg of UO3
powderwere received from ORNL to be evaluated. A detailed descriptionof the material is included
in Appendix C. The materialwas identifiedas KN-18-CP-I andhad been preparedfrom a uranyl
nitratesolution having a NH4+/U ratio of 2.6. This increase ia the NH4+/U ratio over the previous
ratio of 2.0 wasthe only obvious differencebetweenthe presentpowderandthat used previously
(Davis and Griffin 1992). The total batchof calcined materialwas screened, and only the -25 mesh
powderwas included in the material sent to PNL. Tapdensity andsurface area measurementswere
carriedout at PNL to characterizethe materialas-received. The values of 1.18 g/cm3 and 7.42 m2/g
are listed in Table2.
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Reduction of the UO3 powderwas carried out in a cold-wall refractory-metal furnace (resistance
heated) that was considerably smaller than the furnace used in the previous study (1/6 the total vol-
ume). Figure 1 is a picture of the furnace used for both reducing the UO3 and sintering ',he UO2
pellets. The furnace can operate in a vacuum or in atmospheres with inert or reducing gases. Reduc-
ing gases also included the capability to use combustible hydrogen mixtures. The UO3 powder was
reduced by spreading it uniformly over the bottom of a 6- by 6- by 1-in.-high molybdenum tray. The

• tray inside the furnace in Figure 1 is the same as the trayused for UO3 reduction. Only one tray of
material was reduced at a time. For the initial 50-g batches of UO3 spread uniformly across the tray,
the resulting powder depth was approximately 0.2 in. The cover gas flow rate was nominallyJ

20 standard cubic feet per hour (SCFH). After reduction, the resulting powders were characterized by
measuring total weight loss, oxygen to metal ratio (O/M), tap density and surface area. Appendix D
discusses the method used for determining the O/M.

Powder preparation and pellet pressing were carried out in a manner similar to that used pre-
viously It is to be noted that the UO2 powder from each reduction cycle was processed through the
different preparation steps regardless of the observed quality. Powder quality varied depending on the
reduction process, and this in turn affected the behavior during the powder preparation and pressing.
The powder was preslugged, granulated, lubricant added, and then pressed into a 0.425-in. (1.080 cm)
diameter green pellet. To the extent possible, semi-automatic hydraulic pressing was used to produce
uniform commercial-type pellets. However, in some cases target densities for green processing could
not be achieved, even with excessive pressure. Sintering was carried out at 1700"C for 8 h using the
same furnace used in the current reduction process. The tray in front of the furnace in Figure 1 is a
sintering tray with green (as-pressed) UO2 pellets to be sintered. Centerless grinding was used to pre-
pare the pellets for final evaluation. The typical type of green (as-pressed), as-sintered and after-
centerless grinding are shown in Figure 2.

1.3 Experimental Results

The studywas carried out in three differentseries of reduction runs. The first series of thirteen

reduction runs was exploratory and used 50-g batches of UO3 powder to establish the basic behavior of
the as-received UO3 material. The second series of nine runs repeated selected runs on larger 100-g
batches of powder and extended the reduction parameters to other conditions to optimize the powder

. characteristics. The third set of four reduction runs was designed to determine effectiveness of using
lower reduction temperature (below 600°C) to produce higher density UO2 pellets.

- 1.3.1 First Series of Reduction Runs
L

The first series of thirteen reductionruns involvedfour differentthermaland gas-composition
sequences that aredescribedin Table 1. These differentsequences will be referredto as run types.
Because the furnaceused to reduce the UO3 was considerablysmaller than the one used previously
(Davis and Griffin1992), some concern wasexpressed that heating the UO3 powders to the reduction
temperaturein Ar could result in excessive oxidation of the heating elements. Forthis reason, the UO3
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Figure 1. Furnace Used for the Reduction/Sintering Processes With Sintering Tray and Green Pellets



Green Pellet

As-Sintered Pellet Centerless Ground
Pellet

Figure 2. As-Pressed "Green," As-Sintered, and Centerless-Ground Sintered Pellets.
The green pellets are 0.425-inch Diameter.

1.5



Table 1. Gas Compositions Used in the Four Types of UO3 Reduction Runs

Maximum
Run ID Heatup Temperature Cooldown

Type 1 50% Ar- 50_; H2 50% Ar- 50% H2 50% Ar- 50% H2

• Type 2 50% Ar- 50% I-I2 50% Ar- 50% H2 Ar

Type 3 Ar 50% Ar - 50% H2 Ar

• Type 4 Ar - 4 % H2 Ar - 4 % H2 Ar - 4 % H2

batch sizes were kept small (50 g), and for the initial runs, a reducing atmosphere was used during the
heatup (run Types 1 and 2). Run Types 1, 2, and 3 had the same temperature sequencing as the pre-
vious study of Davis and Griffin, i.e., a 300*C/h he,atup, a 4-h hold at maximum temperature, and
300°C/h cooldown. The cover gases used in Type 1, 2, and 3 runs varied for the different temperature
sequencing and involved Ar and 50% Ar - 50% H2. The Type 1 run with the entire cycle being car-
ried out in 50% Ar - 50% H2 was considered to be the safest in terms of furnace operation. The
Type 3 run is the standard reduction run that was used in the previous study (Davis and Griffin 1992).

In addition to Type 1, 2, and 3 runs, two reduction runs were carried out in a quartz tube using
an Ar - 4% H2 flow gas bubbled through 0°C water. Heatup and cooldown were carried out in about
1-1/2 h with 6 h at maximum temperature. These will be referred to as Type 4 runs. These were
carried out in the same furnace and in the same manner as the thermal anneals used for determining
O/M (see Appendix D). Because of the smaller size of this furnace, batch sizes of the UO3 powder
were limited to less than 10 g.

Table 2 is a description of the first series of reduction runs and the resulting powder characteriza-
tions. The first run was a Type 1 run to 800°C. "Burnback," or spontaneous oxidation of the powder,
was observed after run 1 when the furnace was opened and the powder was exposed to ambient air.
The furnace was always opened after it had been cooled overnight, and the temperature was on the
order of 20°C. Whether burnback occurred is noted in Table 2 under the column "Burnback" by a
Y (yes) or N (no).

• In run 2, the maximum temperature was increased to 1000°C to try to produce a more stable
powder that would not burn back when exposed to air. Burnback did not occur after run 2. Since
burnback did not occur after a maximum temperature of 1000°C, the temperature was reduced to

" 9000C where again no burnbackoccurred. Run 4 repeated run 1 to confirm that burnback did occur
for a maximum temperature of 800°C. To confirm the observations made after run 1, burnback did
occur for run 4.

As a possible solution to burnback, run 5 was changed from a Type 1 to a Type 2 run to 800°C.
The change from Type 1 to Type 2 meant that cooldown was carried out in Ar. This modification to

the reduction cycle was not successful, and burnback again was observed. At this point, it was decided
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Table 2. Summaryof the First Series of UO3 ReductionRuns

Tap
Run Type Max. RT Burn- Wt Loss Density Sfc Area
ID Run Temp. (*C) Cond. Back (%) (g/era3) (m2/g) O/M

m

As 1.18 7.42
Received -

1 1 800 N Y 1.49 2.37

2 1 1000 N N 6.6 1.67 7.01 2.15 "

3 1 900 N N 7.6 1.47 12.91 2.15

4 1 800 N Y 6.4 1.48 7.72 --

5 2 800 N Y 6.8 1.66 11.57 --

6 3 800 Y N 8.2 1.65 1.97 2.03

7 4 800 N/A N 7.9 2.00

8 1 800 Y N 7.5 1.40 15.12 2.07

9 1 600 Y N 6.9 1.37 13.10 2.10

10 3 600 Y N 7.7 1.45 5.5 2.05

11 4 600 NIA N 7.9 1.43 5.93 2.04

12 3 600 N N 7.8 1.56 4.84 2.08

13 3 800 N N 7.8 1.51 2.07 2.02

that the previously used heatup in Ar (Davis and Griffin 1992) may be necessary to produce a powder
that would not burn back, even though it may result in some oxidation of the furnace elements.

In run 6, two changes were made. First, the run was changed from a Type 2 to a Type 3 run to
800"C, meaning that both heatupand cooldown were done in Ar. Second, an additionalstep was
added to the procedure. Beforeopening the furnace, the powderwas subjected to a 1-h purgeof Ar
bubbledthrough room temperaturewater. Whetherthis conditioningwas used is listed under
"RTCond" and indicatedby a Y (yes) or N (no). The powderin run6 did not burn back. Run 10 was

similar to run 6 in that the same conditions were used, except the maximum temperaturewas dropped
to 6000C. Again burnback was not observed, even though it was expected that burnback would be
even more favoredthan in run 6. Because two changes were made in these runs (6 and 10), it cannot
be ascertained whether the RT conditioning or the Type 3 run was responsible for preventing the burn-
back. Alternatively, preventing burnback could have been an interrelated phenomena due to some
combination of the two conditions.

The effectiveness of the room temperature (RT) conditioning with water in preventing burnback
was verified in run 8 (a Type 1 run to 800"C). That is, run 8 was a repeat of runs 1 and 4 with only
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RT conditioningadded. Burnbackwas not observed after run8, indicating that RT conditioning did
contributeto preventingburnback. In run 9, the temperaturewas droppedfurther, to 600°C, in a
Type 1 runwith RT conditioning. As discussed above, this was expected to be even more likely to
burnback than the 800°C run. Burnback was not observed, and thereforewe conclude that RT condi-
tioning was effective in preventingburnback.

" Alternatively,the effectivenessof a Type 3 run versus a Type 1 run in preventingburnbackwas
checked by repeatingruns 1, 4, and5, exceptwith a changeto a Type 3 run in run 13 with no RT con-
ditioning. No burnbackwas observed. Run 12 was a Type 3 run to the lower temperatureof 600°C,
and in this case also, no burnbackwas observed. Runs 12 and 13 indicate the effectiveness of a

Type 3 run in producingUO2 powderthat does not burnback when exposed to air. Thus, it can be
concluded that the heatup in Ar, characteristicof a Type 3 run, is an important factor in achieving
stable UO2 powder.

The Type 4 runs were carried out in a differentreductionfurnaceandprovideda means of deter-
mining the effectivenessof low Ha concentrationstogether with the addition of watervapor. These
Type 4 runs were carried out to 800°C (run 7) and 600°C (run 11) and resulted in stable UO2 powder.
Whether adding watervapor was critical in the reductionwas not determined. However,these runs did
show that the reductionof UO3 powders could be achieved in a noncombustibleH2 gas mixture.

Characteristics of the UO2 Powder

Table2 includes the measured tap densities, surface areas, and O/Ms for the resulting UO2 pow-
ders. Type 1 runs to 600, 800, and 900°C where burnbackdid not occur resulted in the highest sur-
face areas. The Type 2 run to 800°C, which did burn back, also had a very high surface area. This
suggests that Type 1 and 2 runs tend to result in higher surfacearea UO2 powdersthan Type 3 and
4 runs. Such an observationwouldbe consistent with the tendencyof the UO2 produced in Type 1 and
2 runs to burn back when exposed to air since higher surface areas wouldbe expected to result in
surfacereaction and reoxidation. The reasonfor these high surface areas for type 1 and 2 powders
couldbe related to the temperatureat which the reductionoccurs. For the Type 1 and2 runs, reduc-
tion probablystarts at a temperatureconsiderablybefore600°C. For a Type 3 run, this reduction is
delayed until Ha is introducedat 600 to 800°C. For a Type 4 run, the lower concentrationof Ha
during the heatup cycle may limit the rateof reductionand hence result in the reduction occurring
primarily during the hold time at maximum temperature. At this point, it is difficult to determine

" whether 1) the high surface area is due to a reduction at low temperatureor 2) heating UO3 to high
temperaturesbefore reduction results in a precursorthat has a lowersurface area andproducesa lower
surface area UO2 powder.

l

The results of this series of 13 reduction runs can be summarized by the following:

1. Type 1 reductionruns using 50% Ar - 50% H2 sweep gas with maximum temperaturesof 900°C
and 1000°C did not burnback when exposed to room temperatureair. For a maximum
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temperatureof 800°C, burnback was observed to occur for a Type 1 run when exposed to air at
room temperatureunless it hadbeen conditioned at room temperatureusing Ar bubbled through
water.

2. Adding an Ar cooldown to a Type 1 reduction run (Type 2) at 800°C did not preventburnback,
indicating additionalstabilization is necessary.

3. Adding an Ar heatupand cooldown to a Type 1 reductionrun (Type 3) eliminatedburnbackat
800°C andresulted in reductionruns with no burnbackfor maximumtemperaturesas low as
600°C.

,J

4. Reduction in the noncombustiblegas mixtureof Ar - 4% H2 equilibrated with 0°C water appears
to be an effectivemeans for reducingUO3 to UO2. Addingwatervapor to the sweep gas in a
Type 4 run was derived from the success of the O/M measurementtechnique in reducing UO3 to
stoichiometric UO2 (see AppendixD). Whether the addition of watervapor contributes directly
to this reduction has not been determined.

Fromthis first series of reduction runs, it was concluded that UO2 powdersproducedby Type 1
and 2 reductionshave higher surface areas than powdersproduced using the same maximum reduction
temperaturesin Type 3 and 4 runs. Stable UO2 powders can be produced at temperaturesas low as
600°C by either Type 3, Type 4 or Type 1 and 2 runs with RT conditioning. This stabilization is
achieved by either reducing the surface area (Type 3 and 4 runs) or by deactivating the surface using a
layer of adsorbedwater (RT conditioning).

Powder Processing/Pressing

The powders produced in the reduction runs in Table 2 were used to fabricatea series of UO2
pellets for the first sintering tests. For run 1, it appeared that the amount of oxidation during burnback
made the powdertoo difficult to process, and for run 7, the quantity of powder was too small. In other
cases, the color of the powder,the hardness of the granules during granulation, or the pressure
required in forming were indicatorsof the ability to make good quality pellets. The following observa-
tions were made:

1. The burned-backpowdertended to be very dark, extremelysoft, and when granulated, the slug-
ged powderwould smearback to powder fines. Excessive pressures were requiredto slug and in
turn press green pellets. This is probablyrelatedto the high surface areas of the powders.

2. The higher temperature(800°C) Type 3 reductions(run 6 and 13) producedpowder that was
brownish-orangein color with dense particlesthat were difficult to press. The low surface areas_
suggest such a behavior. These powdersresultedin low-density green pellets with little physical
integrity.

3. The preferredpowderappearedgreenish-brown. It could be processed to target slug densities of
approximately4.3 g/m3 with reasonablylow pressures(20 Kpsi), granulatedto feed material
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with approximately80% of the granules in the -20 + 100 mesh range, and pressed into green pel-
lets with consistent density, slightly above5.0 g/cm3.

The densities of the presluggedandgreen pellets are listed in Table3. Sterotex,(a)a conventional
organic lubricantadditive,was used (0.3 wt%) in the granulated feed for all these pellet samples.

• Pellet Sintering/Grinding/Evaluation

Sinteringwas carriedout in the same cold-wall refractory-metalfurnace(resistanceheated) used
" for the reductionprocess. The green pellets were placed in molybdenumsintering trays and sintered to

1700°C using the same sinteringcycle reportedpreviously (Davis and Griffin 1992). The sintering
cycle involved heatingat 150°C/h to 450°C and at 300°C/h to 1700°C, holding for 8-h at 1700°C,
and then cooling at 400°C/h. Sinteringwas carriedout in a flowingatmosphereof 50% Ar - 50% H2.
After sintering, all the pellets were centerlessgroundusing a diamond wheel to provide a uniform
finish for inspection and accuratedimensional measurements. Pellet evaluationincluded geometric and
immersiondensity, visual inspection, and microstructuralexamination. A complete compilation of all
the densities with the slugging andfinal pressingpressures is given in AppendixE.

Table3 lists the final sintereddensities along with the slugging and green densities. The green
andfinal density values are averagesover severalpellets, and the actual values are given in Appen-
dix E. The green densities were determined by geometric measurementsandcalculation, while the
final sintereddensity values were made by waterimmersion. When the final sintered densities are
compared with the reduction parametersin Table2, the following observations are made:

1. The very highest density was found for run 2 with 96.5% TO. This is somewhat surprising since
run 2 was a Type 1 reduction at the highest temperatureof 1000°C. High temperaturesare
typically expected to lowerthe surface area and sinterability. However,since both Type 1 and
Type 2 reductions haveaccess to H2 at the beginningof the cycle, reductioncan start at a very
low temperature. The low-temperaturereductionproducedextremely small particles with a high
surface area that remainedhigh even afterheating to 1000°C. The high maximum temperature
of 1000oc caused some pre-sinteringof the particles, reducingto 7.01 m2/g the surface area,
which may have been as high as 12 to 15 m2/g at a lowertemperaturebefore heating to 1000°C.
See, for instance, the other Type 1 and Type 2 reductions that were made at lower temperatures,
such as 3, 5, 8, 9. Perhapsthe other reason run 2 producedthe highest sintered density was that

" the UO2 powder pressed to the highest green density--5.6 g/cm3.

2. Comments similar to those in (1) could be made about run 3. Although the maximum tempera-
ture was only 900"C, it was a Type 1 reduction, and the final surface area was quite high--
12.9 m2/g. The final density of 95.8 g/em3 was slightly less than run I and can probably be
related to the somewhat lower green density.

(a) Sterotex is a powdered vegetable stearine produced by Capital City Products Company,
Columbus, Ohio.
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Table 3. Summary of UO2 Powder Preparation/Pressing/SinteringResults

Slug Green Sintered Sintered
Run Type Max. Temp. Sfc Area Density Density Density Density
ID Run (*C) (m2/g) (g/cm_) (g/cm3) (g/cm3) (%TD)

m _ L i,,m

2 1 1000 7.0 4.10 5.60 10.58 96.5
3 1 900 12.9 4.05 5.05 10.49 95.8
4 1 800 7.7 3.95 4.73 10.35 94.5
5 2 800 11.6 3.60 4.62 10.45 95.6
6 3 800 2.0 4.25 5.36 10.29 93.6
8 1 800 15.1 4.0 4.72 10.49 95.6
9 1 600 13.1 3.8 4.81 10.45 95.6

10 3 600 5.5 4.43 4.93 10.48 95.3
11 4 600 5.9 4.40 5.05 10.43 95.1
12 3 600 4.8 4.30 5.10 10.52 96.0
13 3 800 2.1 4.30 5.31 10.13 92.5

3. The next two runs (4 and 5) should probablyhave been scrapped and not processed. Similarto
run 1, which was not processed, runs 4 and 5 hadburned back on exposure to air. However, it
is interestingto note that the resultingpowderscould only be pressed to extremely low green
densities of 4.6 to 4.7 g/m3, perhapsdue to the oxidation of the powder. In spite of this low
green density, the samples remainedintac_duringthe large amountof shrinkage that occurred
duringsinterlng. Although the sinteredpellets were dimensionallynon-uniform, the high surface
area allowed the powders to sinterto a high density.

4. Type 3 reductions to 800°C (runs 6 and 13) produced a powder that sinteredpoorly and resulted
in the lowest finaldensities. These lower densities reflectthe difficultiesencountered in pr_sing
the powder in the previous section. The relativelylow surface areas of the powder would also be
expected to cause it to be less sinterable. This observationis not consistent with the previous
studyby Davis andGriffin(1992) that found very little change in behaviorbetween Type 3 runs
to 800°C versus 600°C.

5. Type 3 reduction to 600°C resulted in good final densities in agreement with the previous study
(Davis and Griffin 1992). The surface areas range from 4.8 to 5.5 m2/g, and this appearsto be
high enough to give good sinteringbehavior, butlow enough to be pressible to a reasonable
green density.

6. Reduction in Ar - 4% H2 (run 11) produced relativelyhigh-density pellets. The ability to
achieve good UO2 powders reduced in non-combustiblegas mixturesis a significant safety
consideration that should be studied further.

From the final pellet densities, it can be concluded that UO2 pellets with densities in the range from 95
to 96 %TD densities can be producedusing a variety of reductionconditions. Thus, it would appear
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that choosing an optimum reductiontechniquecannotbe b,asedsolely on the final densities. However,
some reductiontechniques can be ruled out, such as those p_'odur,ing burned-backpowderthat did not
press well (runs 4 and 5) or the Type 3 runs to 800°C that resulted in low density pellets.

One of the considerations in choosing a reductiontechniqueis whether it has the possibility of
being scaled up to largerbatches. A Type 3 reductioncycle provides for more control of the tempera-
ture at which the reductionoccurs. ForType 1, 2, and 4 runs where reduction can occur during the
he,amp cycle, the amount/rateof reductionoccurringas the temperatureincreases will dependon the

• communicationof the powderwith the H2 and thus be strongly dependenton the batchsize. For a
Type 3 run, most of the reductionis delayeduntil the H2 is introducedat the maximum temperature.
The surface areas produced in the Type 3 runs to 600°C were 4.8, and 5.5 m2/g. This reflects the
consistency of the reductionprocess for a Type 3 reduction run. From this, we conclude that although
Types 1 and 2 runs were useful in the exploratoryruns, the associated unknownsrule them out of fur-
ther consideration as viable processes for largerscale tests. Type 4 runs are consideredof interest
becauseof safety considerations since Ar - 4% H2 is a noncombustiblegas mixture.-

Microstructural Characterization

Microstructuralcharacterizationwasperformedfor sinteredpellets fabricatedfrom UOa reduced
in runs 10, 11, and 12. Figures 3, 4, and 5 includean overviewand a more detailed microstructurefor
each of these pellets. The porosity is fairly uniformlydistributedand has dimensions as large as
I00/_m. This porosity may be directly attributableto the pressing lubricant, sterotex. In Figure4(a)
from run 11, the porosity appearsto be distributedalong lines perpendicularto the p_essingdirection,
suggestinga relationshipwith the pressingof the green pellet. Two differentgrainsizes appear to be
present: the large grains being about 20/_m and the smaller or subgrainstructure having grain sizes
less than 1 _m. This bimodal grainsize mayreflectan inhomogeneity in the UO2 powder. This
inhomogeneity could result fromthe reductionprocess or the original calcining to produce UO3.

The microstructureshows that specimens from runs 10 and 12 contained inclusions of relatively
hardmaterial. In Figure 5(b) (run 12), the large porejust left of center and the smaller pore above it
contain a "grayish"inclusion. [The typical size andshape of the particles can be seen more clearly in
the upperleft hand region of Figures 8(b) and 9(b) that are presented later in this report.} The amount
of material in these inclusions was not determined quantitatively,but it would appear that it was signifi-
cantly less then 1%. It was ascertainedthat the materialwas not an artifact of the polishing and grind°
ing and that the material was alumina (Ai203). Because it occurred in pellets made from powder
reduced in runs 10 and 12 and not in that from run 11, it was deduced that the alumina was associated

• with the furnaceused to performthe Type 1, 2, and 3 reduction runs. Inspectionof the furnace indi-
cated the presence of white finely dispersed powderthat had resulted from a previous use of alumina
powderin the furnace.
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Figure 3. Microstructure of a Sintered Pellet Prepared Using Powder from Reduction Run 10
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Figure 4. Microstructure of a Sintered Pellet Prepared Using Powder from Reduction Run 11
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Figure 5. Microstructure of a Sintered Pellet Prepared Using Powder from Reduction Run 12



1.3.2 Second Series of Reduction Runs

The objective of the second series of reduction runs was to prepare larger batches of UO2 powder
and to extend the data base on the Type 3 and 4 reductions. These larger 100-g batches of powder pro-
vided sufficient material to study the effect of pressing parameters on the final sintered density. The
parameters describing the second series of reduction runs are listed in Table 4. As discussed above,no

• Type 1 and2 reductionruns were included in the matrix becauseof the difficultyof controlling reduc-
tion ratesas the batchsize varies. Heatup/cooldownrates for the reduction runs were as used previ-
ously for a Type 3 run so that only the conditions to be specified are those during the maximumit

temperatureportionof the cycle.

Type 4 runs were included in the second series of reduction runs because of the safety considera-
tions associated with Ar - 4% H2, which is a noncombustible gas mixture. A modified Type 4 run was
used and referred to as a Type 4R. Similar to the description in Table 1, Ar - 4% H2 was used
throughout the run. Type 4R runs differed from the previous Type 4 runs in that the Type 4R runs
were carried out in the same furnace as the Type 1 through 3 runs and used the same heating cycles
with the same gas (At - 4% H2) in all three cycles. No moisture was added to the Ar - 4 % H2 in the
Type4R runs.

Runs 19 to 22 were carried out with the UO3 powdercontained in a covered tray to reduce the
alumina contamination that was identified in the microstructures of the first series of reduction runs.

Run 20 differed from run 19 in that the powder was held at the maximum temperature for 8 h rather
than 4 h to effect more complete reduction. In runs 21 and 22, the cover was modified to permit better
communication between the furnace sweep gas and the powder.

Table 4. Summary of Second Series of UO3 Reduction Runs

Tap
Run Type Max. Density Sti: Area
ID Run Temp.(*C) (g/era3) O/M (m2/g)

t

14 3 800 1.63 2.10 2.27
15 3 600 (2 h) 1.46 2.05 6.24

800(2h)
16 3 700 1.64 2.06 3.09
17 3 600 1.45 2.08 6.38
18 4R 600 1.43 2.11 8.86
19 4R(a) 600 1.41 2.04 5.24
20 4R(') 600 (8 h) 1.37 -- 4.74
21 4R(a) 600 1.44 -- 6.12
22 3(a) 600 1.46 2.II 5.29

(a) Indicates the pan containing the powder was covered.
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Reduced UO2 Powders

Table 4 lists the resulting UO2 powder characteristics from the second series of reduction runs.
The surface areas for the two Type 3 runs to 600"C (runs 17 and 22) are 6.38 and 5.28 m2/g which is
consistent with 4.8 to 5.5 m2/g found in the first series. Increasing the reduction temperature to 700
and 800"C reduced the surface areas to 3.09 and 2.27 m2/g, respectively. The 2.27 m2/g is in good
agreement with the values of 1.97 and 2.07 m2/g found in the first series. Run 15 with the initial 2-h
hold at 600"C and the subsequent increase to 800"C for 2 h gave a surface area of 6.24 m2/g, which is
in the range of the surface areas for a 4-h hold at 600"C. The good agreement of the surface areas of
the reduced powders in the second series with the first series further confirms the ability to control the
reduction process in a Type 3 run.

The surface areas for the Type 4R runs range from 4.7 to 8.9 m2/g. This broad rangemay
reflect the difficulty in controlling the rate of reduction in a Type 4 run. This is particularly true
because the traycover interfereswith the accessibility of the sweep gas to the powderbed.

As expected, the tapdensities for powders reduced at 700 and 800°C (run 14 and 16) are both
higher than the tap densities for the other reductionruns. The higher tap densities are consistent with
the lower surface areas°

Powder Processing/Pressing/Sintering

The resulting UO2 powders from the second series of reduction runs were preslugged,granu-
lated, sieved, and processed like the first series. Pellets were pressed using either sterotex or zinc
stearate as a die lubricant. Zinc stearate had been used as a lubricant in the study by Davis and Griffin
(1992) and may have been responsible for the higher densities achieved in that study. Two different
types of pellets were pressed: one using 0.3 wt% sterotex as a binder and one using 0.3 wt% zinc
stearate. The pellets were sinteredto 1700"C using the previous sintering parameters. The average
densities of the sinteredpellets are given in Table5. A more complete tabulationof the slugging and
pressing parameters as well as the densities for the individualpellets are listed in Appendix E.

In general, pellets pressed w,_hzinc stearate resultedin consistently higher final densities than
those pressed with sterotex. Forpellets pressed with zinc stearate,most of the UO2 powderfrom the
reduction runs in the secondseries resulted in finalpellet densities in the rangeof 96 to 97% TD.

In agreementwith the results from the firstseries of reduction runs, the powderobtained by
reducing UO3 at 8000C in a Type 3 reduction run resulted in the lowest sintered densities. Dropping
the maximum temperature from 800 to 7000C (run 16) raised the densities somewhat, but these densi-

ties are still lower than the other densities. As indicated above, this drop in densities for a Type 3 run
when the temperature is raised from 600"C to 700 and 800°C is not consistent with the results of the
previous study (Davis and Griffin 1992), and future studies should address this apparent discrepancy.
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Table 5. Final Densities for the Second Series of Reduction Runs

Average Average
Sintered Sintered

Run Type Max. Density (TD) Density (TD)
ID Run Temp. (*C) Sterotex Zinc Stearate

14 3 800 89 91.5
15 3 600 (2 h) 96.5 96.8

. 800 (2 h)
16 3 700 94.6 95.5
17 3 600 96.1 96.6
18 4 600 95.9 96.5
19 4(a) 600 96.0 96.2
20 4(a) 600 (8 h) 93.5 94.9
21 4(a) 600 95.1 96.3
22 3(a) 600 96.0 96.8

(a) Indicates the pan containingthe powder was covered.

The effect of attemptingto reduce the aluminaimpuritiesby covering the pan during reduction
can be determinedby comparingfinalpellet densities from similar reduction runs for the uncovered
(run 16)versus the covered(run 22) case. The final densities are essentially the same, and there is no
obvious reduction of densities for run 16 that could be attributed to higher concentrationof alumina
inclusions. The lower densities in run 20 probablyreflect the lower surface areas of the powderafter
the longerhold time at 800"C, but there is an uncertaintyassociated with the method used in covering
the powder tray. The effect of the cover in restrictingthe H2 containing sweep gas from communicat-
ing with the powdersurface may not havebeen constant duringthe test series.

From final pellet densities in the second series of reductions, it can be concluded that the AVLIS
supplied MDD-derived UO3 powdercan be used to producehigh-density (96 to 97 % TD) UO2 pellets.

Microstructural Characterization

• Microstructural characterization of sintered pellets fabricated from UO2 reduced in runs 15, 17,
18, and 22 and pressed using zinc stearate was carried out. Figures 6, 7, 8, and 9 include 1) overall
microstructures to determine porosity distribution and 2) higher magnification microstructures to exam-
ine grain size distribution. The porosity in this series of pellets appears to be finer and more elongated
than the previous series, and the overall microstructure has a "swirled appearance," probably resulting
from the flow of particles during pressing. The microstructure associated with pellets pressed using
zinc stearate can be compared to the previous pellets (Figures 3 through 5) using sterotex. The pellets
pressed with sterotex tended toward a larger more random porosity consistent with the lower density
than those pressed with zinc stearate. As in the previous series of pellets, two different grain sizes

1.18





Figure 7. Microstructure of a Sintered Pellet Prepared Using Powder from Reduction Run 17
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appearto exist: largegrains about20 #m anda smaller or subgrainstructurewith grainsizes less than
1 _m. This bimodal grain size may reflectthe inhomogeneityin the UO2 powderresulting either from
the reductionprocessor from the inhomogeneityof the original precursorfrom the calcining step to
produce UO3.

The inclusions previously found in the microstructureand attributedto finely dispersed alumina
• (A1203) powderwere observedto also be in the microstructuresof the second series of pellets. Fig-

ures 8Co)and 9Co)include one of these inclusions in the upper left handquadrant. To minimize this
type of contamination,a coverg_ placed on the molybdenumtray containingthe UO3 powder,and
run 22 wasone of the reduction runscarried out with a cover. Obviously {Figure6Co)}the coverwas
not effective in eliminating the contamination,and the dispersive actionof the vacuumpumpdown and
backfill procedures carriedthe aluminaunderthe cover. Extensive cleanup or rebuildingthe furnace
may be necessary to eliminatethe alumina inclusions.

The effect of reducedalumina impuritieson the fuel-pellet densities can be determinedby com-
paringdensities from similar reductionrunsfor the uncovered(run 16) versus the covered(run 22)
case. It is expected that the total aluminain the run 22 pellet was less than that in the run 16 pellet.
The final densities are essentially the same, and no obvious reductionof densities appearsfor run 16
that could be attributedto a higher concentrationof aluminainclusions.

1.3.3 Third Series of Reduction Runs

The purposeof the third series of reductionruns was to determine if loweringthe reductiontem-
peratureof a Type 3 runto a temperaturebelow 600°C would improvethe powder's sinterabUityand
result in a higher density final pellet. A Type 3 or Type4 reductionrun of 4 h at 600°C has been
found to yield a good sinterablepowder. Increasingthe temperatureto 800°C (run6, 13, and 14)
resultedin powderthat gave lowerdensity sinteredpellets. Even powderreducedat 700°C did not
result in final sintereddensities as high as the powderreduced at 600°C. This suggests that even lower
reduction temperatures(less than 600°C) may result in powders that sinter to higher densities than
those reducedat 600°C. Todetermine if a lowertemperaturewouldproduce as good or better pow-
der, four additionalreductionruns (runs 23 through 26) on UO3 powderwere carriedout. All the runs
used were Type 3 runs, where heatupand cooldown were carried out in Ar. The reduction parameters
anda descriptionof the resultingpowderare summarizedin Table6. Run23 to 500°C resulted in a
powderthat burnedback or oxidized when the furnacewas opened, exposing the powder to air.
Run24 to 550°C did not burnback. In runs 25 and 26, the powderwas initially reduced at 550°C and
then subsequently heated to highertemperatures. These runs resulted in powdersthat burnedback
upon exposureto air. The final heat treatment at 800°C in runs25 and 26 was introducedto stabilize¢

the powder,butapparently this was not the effect since burnbackoccurred in both cases.

The successful reduction in run 24, without burnback, indicates that stable powderUO2 can be
made at temperatureslower than 600°C. The UO2 powderfrom run 24 was characterizedwith the fol-
lowing results: tap density, 1.46 g/cm3; surfacearea, 7.53 m2/g; and O/M, 2.13. Comparingthese
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Table 6. Summaryof Third Series of UO3 ReductionRuns

Run Max.
ID Temp. (°C) BowderCondition

,1111111 i ii ,111,ii i

23 500 BurnedBack
24 550 Good Appearance
25 550 (2 h) _ "

800 (2 h) Burned Back
26 550 (4 h)

800 (2 h) BurnedBack

characteristicsto those for the Type 3 runs at 600°C indicatesa similar tap density, but a higher
surface areaand O/M. The higher surfaceareasuggests a more sinterablepowder,butthe higher O/M
indicatesthat reduction wasnot as complete. The highersurface area is as expected and is consistent
with the purposeof the series that was to use the lower reductiontemperatureto produce UO2 powders
that could possibly be sinteredto higher densities. Greenpellets were preparedfrom the powder
reduced in run 24, but the experimentalwork was terminatedbeforethe pellets could be sintered.
Therefore, we were not able to determine if the lowerreduction temperatureresulted in higher final
pellet densities.

1.4 Discussion of Results

Table 7 is an overall compilationof the UO2 powdercharacteristicsand the final sintereddensi-
ties using sterotex andzinc stearateas lubricants. Pellets pressed using zinc stearatetendedto give
higher densities than sterotex, and, in general, pellets pressed with sterotexhad densities greaterthan
95 % TD, and pellets pressed using zinc stearatehaddensities greaterthan 96% TD. The higher densi-
ties achievedusing zinc stearatemaybe relatedto the differencesobserved in the microstructures. The
pellets pressed with sterotex tended towardlargermore random porosity than those pressed with zinc
stearate.

The final pellet densities indicatethat the targetdensity of 96% TD can be achieved using several
differentreductioncycles. Runs 15, 17, 18, 19, 21, and 22 all had densities greaterthan 96% TD for
pellets pressed with zinc stearate. Furthermore, the fact that using zinc stearate resulted in densities
about 1% higher than sterotex in the second series of pellets suggests that the powderin the first series
with pellet densities greater than 95 % TD would haveprobably resulted in pellet densities greater than
96% TD if zinc stearate hadbeen used as a lubricant. This implies that the majorityof the reduction
processes used could produce pellets with densities greaterthan 96% TD. Takenone step further, if
density is used as the primaryselection parameter,the presentstudy did not lead to an optimum set of
reductionparameters. Thus other criteriamust enter into the selection, such as how well the reduction
process could be appliedto larger batchesor continuous operation.
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Table 7. Summaryof UO3 Reduction Runs andUO2 Sintering

Average Average
Sintered Sintered

Tap Density Density
Type Max. Temp. DensiD, Sfc Area Sterotex Zn St.

RunID Run (°C) (g/cm_) (mZ/g) O/M (% TD) (% TD)
, 1 H, i ,HI mmmlilmm,

As-Received 1.18 7.42

. 2 1 1000 1.67 7.01 2.15 96.5
3 1 900 1.47 12.91 2.15 95.8
4 1 800 1.48 7.72 94.5
5 2 800 I1.57 95.6
6 3 800 1.65 1.97 2.03 93.6
8 4 800 1.40 15.12 2.07 95.6
9 1 600 1.37 13.10 2.10 95.6

10 3 600 1.45 5.51 2.05 95.3
11 4 600 1.43 5.93 2.04 95.1
12 3 600 1.44 4.84 2.08 96.0
13 3 800 1.51 2.07 2.02 92.5
14 3 800 1.63 2.27 2.10 89 91.5
15 3 600 (2 h) 1.46 6.24 2.05 96.5 96.8

800(2h)
16 3 700 1.64 3.09 2.06 94.6 95.5
17 3 600 1.45 6.38 2.08 96.1 96.6
18 4 600 1.43 8.86 2.11 95.9 96.5
19 4(a) 600 1.41 5.24 2.04 96.0 96.2
20 4(a) 600 (8 h) 1.37 4.74 93.5 94.9
21 4(a) 600 1.44 6.12 95.1 96.3
22 3(a) 600 1.46 5.29 2.II 96.0 96.8
24 3(a) 550 1.46 7.53 2.13

(a) Indicates the pancontaining the powder wascovered.

The present study did identify some reduction parameters that did not lead to stable and/or sinter-
• able powder. The UO,z powderobtained by reducing UO3 at 800°C in a Type 3 reduction run resulted

in the lowest sintered densities, 93.6 and 92.5 % TD for runs6 and 13 in the first series and 89 and

91.5% TD for run 14 in the second series. Dropping the temperature from 800 to 700°C (run 16)
raised the densities to 94.6 and 95.5% TD; however,these densities are still somewhat lower than
obtained when powders are reduced at lowertemperatures. These results are not consistent with the
previousstudy (Davis and Griffin 1992) where reductions from 600 to 800°C did not seem to affect the
final density. This remains an unresolvedissue.
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The resulting microstructuresfor the finalsinteredpellets were shown in Figures 3 through5 for
pellets pressed using sterotex and in Figures6 through9 using zinc stearate. AppendixA lists the typi-
cal characteristicsfor UO2 commercialfuel. Typical grainsizes for commercialfuels range from 5 to
15 _tm. The porosity require,meritsare that the pore morphology leadsto minimal in-reactordensifica-
tion (e.g., < 0.5 % TD). To establishthat the porosity is stable would requiresuch testing as a resinter
test or irradiationtest. ARernatively,a qualitativeassessment can be based on the pore morphology
and the previousobservation(Freshleyet al. 1976) thatdensificationis minimized if only a small
quantityof pores with diametersless than 1 _tmexist. The occurrenceof the bimodal grain size (20
and 1 ttm) is importantonly if the smaller, less than l-_tmgrains contributeto in-reactordensiflcation.
Such densiflcationcan be expected to occur if an appreciableamountof porosity associated with these
smaller grains that can be closed by in-reactordensiflcationexists. Becauseof the high densities
(> 96% TD) of the currentfuel pellets, it is expectedthatvery little densiflcationcan be achievedby
resinteringor in-reactordensiflcation. However,furtherstudy will be requiredto establishthe stability
of the currentmicrostructures.

Surfaceareas are oRen associated with a powder'sactivity or its ability to sinter. In Table 7,
surfaceareas rangedfrom 1.97 to 15.12 m2/g. The lowestsurface areas were found for runs 6, 13,
and 14 (1.97, 2.07, and 2.27 m2/g). These powderswere producedby Type 3 runs to 800°C andhave
in common that they resultedin the lowest density sinteredpellets. The highest surface areas were for
runs 3, 5, 8, and 9, and they all resultedin sterotexdensities greater than 95% TD, which within
experimentalerrorare as high as those for any other powder. These runshave in common that they
are not Type 3 runs, and hence, the heatupwasdone in a H2 containing sweep gas so that reductions
startedduringthe heatup. Therefore,the reductionof UO3 to UO2 is expectedto occur at lowertem-
peratures. The highest sintereddensity pellets resulted from powderswith intermediatesarface areas,
such as run 15 with a surfacearea of 6.24 m2/g, that producedone pellet with a sintereddensity for
zinc stearateof 97% TD (averagedensity of 96.8% TD). This illustratesthe importanceof powder
characteristicsother than surfacearea in determiningthe finaldensities.

The precedingdiscussion points out that sintering is a complex process dependenton a wide
varietyof parameters. A partiallist includes

• surface area

• powdermorphology, which in turn is dependenton the powderprecursor(U03)

• chemical puritysince many impuritiescan enhance or inhibitsintering

• particle size distribution

• green density
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s stoichlometry

, sintering temperature,time, and heatingrates

In commercial practice, most of these variablesareaddressedin the powderspecificationsthat
havebeen developed to meet a specific objective. Becauseof fundingand time constraints,this study

, was limited to determiningwhetherthe MDD-derivedUO3 powdersupplied by AVLIScould be fabri-
cated into commercial gradepellets on a laboratoryscale. To meet this goal with minimumresources,
addressinga wide varietyof parameterswas not considered, anda sintering test with pellet evaluation

' was the majorobjective.

1.5 Comparison to Previous Results

The results of the presentstudy can be comparedto the earlier study of Davis and Griffin(1992).
The previousstudy included a variety of starting UO3 powders that had been calcined both at ORNL
and National Lead of Ohio. In this follow up study, it was determined that additions of NH4NO 3 to the
uranyi nitratefeed solution improvedthe sinterabUityof the UO2 powder and resulted in higher density
UO2 pellets. Thus, an important parameterin preparing sinterable UO2 powders from UO3 is the pre-
sence of NH4+FLI.For the study by Davis and Griffin, the nominal NH4+/U ratio was 2.0, whereas in
the currentstudy, this ratio was 2.6. This difference in ratio may play an important role in the differ-
ences found betweenthe present and previous studies.

Another difference in the method of denitration is in the tube temperatureof the calcining kiln.
The current UO3powder was prepared using a tube temperatureof 600°C. Previously, the tube tem-
peraturesranged from 390 to 620°C, but most of the reductions were done at temperaturesnear
500°C. Thus, the currentUO3 powders representtube temperaturesat the upper limit of the previous
denitrations.

The presentas-received UO3 powderhada surface area of 7.42 m2/g and a tap density of
1.18 g/cm3 compared to UO3 powde_ in the previous study that had surfaceareas in the rangefrom
8.1 to 11.5 m2/g and tap densities from 0.77 to 0.97 g/cm3. It would appearthat the present powder
had a lower surfacearea and a higher tap density, suggestingthat it may not be as active (with respect
to sintering)as the previouspowder.

a

The characteristics of the resultingUO2 powderscan also be compared. The most meaningful
comparison of the present and previous results is to compare reduced UO2 powder using similar reduc-
tion parameters, i.e., to compare only the present Type 3 reductions to 600°C (i.e., runs 10, 12, 17,

and 22) with the previous powder that was also reduced by the nominal reduction method. These UO2
powders for the present study had surface areas in the rangeof 4.84 to 6.38 m2/g, tap densities from
1.44 to 1.46 g/cm3, and O/Ms from 2.04 to 2.08. If the powders reduced at the higher temperatures in
Davis and Griffin are deleted from the ranges of powder characteristics, the surface areas are from

6.91 to 11.91 m2/g, and the tap densities range from 0.84 to 1.26 g/cm3 with O/Ms in the range from
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2.13 to 2.26. This comparison indicates thatthe present UOz powdershave lower surface areas,
higher tap densities, and lower O/Ms than those in the previous studyof Davis and Griffin.

The lower O/Ms in the present studycompared to the previous study may reflect the period of
time the powder is exposed to air between the reductionandthe O/M measurement. It was observed in
the presentstudy that the O/M of the powder increasedwith increasingtime when exposed to an air
atmosphere. All the O/Ms listed in the presentstudy were measuredshortly after reduction. The
exposure times for the previous powdersare not known.

The finalsintered densities for the presentstudy can also be compared with the previous study.
Again comparing only currentpowder lots reduced in Type 3 runs to 600°C, we have the presentden-
sity range of 95.3 to 96.1% TD compared to the previous density range for UO2 (NH4+/U ratio equal
2.0) of 97.2 to 98.1% TD. It is to be noted that the lowest densities for the presentstudy were pressed
using sterotex rather than zinc stearate. Consideringonly presentdensities using zinc stearategives a
range of 96.6 to 96.8 g/cm3. Thus, for the Type 3, 600°C reduction,the present powder is not yield-
ing pellets as dense as obtained in the previous study. This would be consistent with the higher tap
densities and lower surface areas found for both the UO3 andUO2 powders in the currentstudy.

In the previous study (Davis and Griffin1992) considerableattentionwas given to a pellet press-
ing problem that developed during the laterstages of the study. This problem was an end-defecton the
pressed green pellets that occurred as a shallow, surface flake, scale or blister, and was not a typical
endcap usually associated with higher pressures. One way to prevent the end-defect was to use the
hold-downfeatureof the hydraulicpress duringpellet ejectionand thus restrainthe pellet duringejec-
tion. Such a solution was not considered appropriatefor extension to productionsituations. Alterna-
tively, it was recommendedthat a change in powder morphologybe madeby reducing the sub-micron
particles (reflected in a lower tap density), which would improve powderpacking (less pressureto
obtaingreen density). By adjustingthe parametersin the calcining kiln, several UO3 powder lots
containinguniform agglomeratesand a minimumquantity of sub-micron fines were processed. This
revised processing producedUO2 powdersthat could be pressed without the end-defect. It is signifi-
cant that the end-defect seen previouslywas not observed in the presentwork. It appeared as if the
current powder morphology was different,with the currentpowder havinga lower surface area and
highertap density. Controllingthe physical propertiesof the powder is an important consideration
both in processing and in final density.

1.6 Recommendations for Further Work

The presentstudy was designed to determineif the MDD-derived UO3 powder supplied by
AVLIS could be reduced to UO2 that could then be fabricatedinto commercialgrade fuel pellets on a
laboratoryscale. By properlychoosing the reduction parametersand by using previously developed
methods of powder preparation,pellet pressing, and sintering, pellets with densities as high as 97%TD
can be fabricated. However, pellets with densities greater than the original goal density of 96 % TD
were obtained for a wide range of reductionconditions. The study did not result in a specific "best"
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method for producing sinterable UO2 powder, and thus other criteriamust enter into the selection
process, such as whether the reduction process can be applied to larger batches or to continuous
operation.

Because of the inherent controllability of the Type 3 reductionprocess, as compared to other
processes considered in this study, it is the most suitable for scale-up to larger batches or to continuous

' operation. The current studyconfirmed the results of the previous study in that a Type 3 reduction to
600°C gave good, sinterableUO2 powder. At the laterstages of the present study, the Type 3 reduc-
tion process was extended to temperaturesless than 600°C. This appeared to produce stable powder in
some cases, but burnbackwas a problem. As shown earlier, burnbackcan sometimes be solved by
deactivatingthe surface using "RTconditioning." Whetherthese lower temperatureswould result in
higher final densities was not established because the finalsintering was not carriedout.

A noncombustiblemixtureof Ar - 4% H2 was found be a viable sweep gas for reducing UO3 to a
stable UO2 powder. Addingwatervapor to Ar - 4% H2 in runs 7 and 11 appearedto be an effective
means for facilitating reduction. Whether watervapor playsan important role in the reductionprocess
was not established. These results of the presentstudy could be importantif a noncombustiblegas
mixtureoffered advantagesfor safety considerations.

The presentreduction study was directed solely at producing sinterable powder with the final
sinteredpellet density being the means for evaluatingthe process. Although such a process is a direct
approachto the problem, it does not lead to a thoroughunderstandingof the processes controlling the
reduction. Characterizingthe reductionprocess using measurementssuch as the differential thermal
analysis/thermal gravimetricanalysis (DTA/TGA)can be particularlyuseful in determining the under-
lying processes and in establishing future directions. Moreextensive characterizationof the powders
using measurementssuch as particlesize analysis, phase identification(x-ray)or scanning electron
microscopy(SEM) should also be useful.

Basic tests that wouldsupport the qualification of these pellets for commercial nuclear fuel were
not carried out. These include datasuch as impurityanalyses of the final pellets and indicatorsof the
stability in a radiationenvironmentsuch as resintertesting. Ultimately, actual irradiation testing would
be requiredfor qualificationas commercialpower reactorfuel.

If the results of the laboratory study are to support the commercial production of UO2 fuel pel-
" lets, it is necessary to demonstrate that laboratoryprocesses can be scaled up to commercial quantities

of material. In preparation for scaling up to powder batches as large as 1000g, a larger furnace was
identified for use. Figure 10 is a picture of this furnace and the stainless steel retort that was designed
and fabricated to use in reducing UO3. The volume availablefor powder reduction was 6 in. in diame-
ter over a uniform hot zone 12 in. in length. It was planned that the initial operation would be carried
out using noncombustible mixtures of H2.
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Figure 10. Furnace and Associated Retort for the Reduction of Large Batches of U03 Powder



Only one type of UO3 powder was provided by ORNL for evaluation. The ability to achieve sin-
tered densities greater than 96% TD for a number of different reduction parameters suggests that the
reduction of UO3 to UO2 may not be the critical process in developing a powder that will sinter to high
densities. The critical process may be the initial calcination process to produce UO3. The UO3
powder provided by ORNL for this study had been calcined from a uranyl nitrate solution to which
NH4NO3 had bun added to give a NH4+/U ratio of 2.6. In the previous study (Davis and Griffin

. 1992), this NH4+/U ratio had been 2.0. The comparison of the present results with those from the
previous study suggest that higher densities may be achieved by going to an NH4+/U ratio of 2.0.
However, the present study did not observe any problems with pressing defects in the green pellets,

" and this may also be attributable to the higher NH4+/U ratio. In addition to a lower NH4+/U ratio,
the previous study tended to have lower calcining temperatures. To clearly define the effect of the
NH4+/U ratio on final pellet density, a study involving only a change in the NH4+/U ratio should be
carried out.
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2.0 Conclusions

The "AVLISModifiedDirect Denitration: UO3Po_er Evaluation" study at PNL demonstrated
that AVLIS-enricheduraniumconvertedto UO3can be used to prepareUO2pellets having densities in
the rangerequired for commercialpowerreactorfuel. Specifically, the programhas demonstrated that

1. MDD-derived UO3 powderscan be reduced to sinterableUO2powder using reduction techniques
. that allow control of the final powdercharacteristics.

2. The resultingUO2 powderscan be processed/sintered using standardpowderpreparation and pel-
let fabricationtechniquesto yield pellets with densities greater than 96% TD.

3. Pellet microstructuresappearsimilar to those of power reactor fuel, and because of the high final
pellet densities, it is expected that they would remainstable duringin-reactoroperation.

4. The results of the present studyconfirm the results of a similar study carried out in 1982 (Davis
and Griffin 1992).

The laboratoryprocesses were selected on the basis that they could be scaled up to standardcommer-
cial fuel processing. However,larger scale testing may be requiredto establish techniques compatible
with commercial fuel fabricationtechniques.
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Appendix A

Typical Characteristics of Commercial UO 2 Fuel Pellets

Current commercial UO2 pellets areproduced accordingto specifications agreed to between the
" vendor and the buyer. Specifications for sintered UO2 pellets, as listed in the American Society for

Testing and Materials (ASTM) C776-89, are _ 87.7 weight percent uraniumon a dry weight basis,
oxygen-to-uranium ratio of 1.99 to 2.02, impurity limits as listed in Table A. 1, and equivalent boron
content (EBC)of _ 4/_g/g. It also states in C776-89 that pellet dimensions, initial density, grain size,
andpore morphologyshall be specified by the buyer. Typical ranges for these buyer-specifiedparam-
eters are initial density of 94 to 96% of theoretical density (10.31 to 10.53 g/cm3), grain size of 5 to
15/zm, and a pore morphology that leads to minimal in-reactordensiflcation (e.g., < 0.5 %TD)
(US DOE 1987). A stable pore morphology largely consists of minimizingthe quantity of pores of
diameter less than 1/_m (Freshleyet al. 1976). Burnupof commercial fuel is currentlylimited by
regulationto 60 to 62 MWd/kgMpeak rod-average. Fuel pellet characteristics,other than initial2_"U

enrichmentlevel, have not been particularlyimpactedby the desire to increaseburnuplevels; the
principal impacthas been on cladding and operatinglimits. One design change for the fuel pellet is to
addGd203 as a burnablepoison.
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Freshley, M. D., D. W. Brite, J. L. Daniel, and P. E. Hart. 1976. "Irradiation-lnducedDensification
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Table A.I. ASTM C776-89 Limits on Impurities in Sintered UO2 Pellets

Maximum Con-

Impurity centration(wppm)
i

TotalImpurities 1500
a

Aluminum 250

Carbon 100

Calciumand Magnesium 200

Chlorine 25

Chromium 250

Cobalt 100

Fluorine 15

Hydrogen 2

Iron 500

Nickel 250

Nitrogen 75

Silicon 250

Thorium 10

t
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Appendix B

Summary of Process Flow Chart

The presentstudyto demonstratethe viability of reducingUO3 to UO2 andproducinghigh density
• UO2 pellets was based on the previous process used by Davis andGriffin(1992). Figure B.I is the

flow charttakenfrom the earlierstudies.

UO3 Powder Preparation/Receipt of UO3

The UO3powderlots were supplied by Oak Ridge National Laboratory(ORNL) and included pow-
der producedby the thermal denitrationof uranylnitrateproducedwith and without additions of
NI-14NO3to the feed solution. The test matrix includedsamples from the ORNL laboratoryrotarykiln
and from a largerscale rotarykiln at National lead of Ohio. Upon receiptat PacificNorthwest
Laboratory(PNL), the bulk density and surfaceareaof the as-receivedUO3 were determinedbefore
reduction to UO2 and subsequentprocessing.

Cal,cination/Reduction to UO2

The as-received UO3powderwas calcined/reduced in a batch furnaceto removeresidualmoisture
and volatile materialnot removedin the initialcalcine at ORNL and to reducethe UO3to UO2.
Because moisture and volatile materialareremovedduring this reductionprocess, both calcinationand
reductionare occurringat this time. However,to avoidconfusion with the initial calcinationthat was

carriedout at ORNL, the conversionof the as-received UO3powderto UO2 is referredto as "reduc-
tion." This reduction process wasnot consideredto be a referenceprocess for a commercialprocess
because a continuous calcine/reduction furnace wouldbe preferredover a batch-typelaboratoryproc-
ess. The furnace was a cold-wall refractory-metalfurnace(resistance heated) normally used for high-
temperaturesintering. The nominal reductionprocess involvedheating the powderin flowing Ar to
600°C at a heating rateof 300°C/h. At 600°C, 50% Ar - 50% H2was introducedand the temperature
washeld constant for 4 h. After4 h, the covergas was changed to At, and the furnacewas cooled at a

• rateof 300°C/h. To reduce the possibility of powderoxidation, the Ar flow was continued overnight
until the powderhad stabilizedand cooled to room temperaturebeforeopening the furnace to air.
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Figure B.I. Process Flow Caart with Evaluation Procedure

UOz Powder Preparation/Pressing

After reduction, the resulting UO2 powder consisted of fine fluffy particles that required pressures

as high as 25 Kpsi to obtain slug densities on the order of 4.3 g/cm 3. The slugs were granulated to

pass through a 20-mesh screen. In the standard procedure, 0.3 wt% zinc stearate was blended with the

granulated UO2 to provide lubrication for pellet pressing. To obtain the lower fast breeder reactor fuel
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(FBR) densities {88 to 92% theoreticaldensity (TD)} pore formerswere addedto reduce pellet density.
An automaticdouble action hydraulicpress was used to press 0.425-in. (1.080 cm) diameterpellets
using pressures in the range from 40 to 50 Kpsi. The green pellets were labeled, measured, weighed,
andinspected visually before sintering.

' Pellet Slntering/Grinding/Evaluation

. The green pellets were placed in molybdenumsinteringtrays and sinteredin a cold-wall refractory-
metal furnace(resistanceheated) similar to the one used above for the reduction cycle. The sintering
cycle involvedheatingat 150°C/h to 450°C, at 300°C/h to 1700°C, holding for 8-h at 1700°C, and
cooling at 400°C/h. The atmospherewas 50% Ar - 50% H2flowing at 20 standardcubic feet per
second (SCFH) for the entire cycle. After sintering, all the pellets were centerlessground using a
diamondwheel to provide a uniform finish for inspectionandto allow accuratedimensional measure-
ments. Pellet evaluationincludedgeometric and immersiondensity, visual inspection, and final micro-
structuralexamination.

Reference

Davis, N. C., and C. W. Griffin. 1992. Pellet Fabrication Development Using Thermally Denitrated
UO_Powder, PNL-4305, 1982 and reissuedas PNL-4305, 1992, PacificNorthwest Laboratory,
Richland, Washington.
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Appendix C

Calciner Operating Parameters and Characteristics of the

' AVLIS-Supplied MDD-Derived UO 3

ft

Calciner OperatingParameters

• Modified Direct Denitration(MDD)

• Uranyl NitrateSolution

- NH4NO3/U: 2.6

- Uraniumconcentration: 500 g/L

- Acidity near neutral: 0.05 molarH+ from HNO3

- Feedrate:21to25cclmin

® Calciner Tube Operation

- Tube size: 4 in. ID

- Furnacetemperature: 600"C

- Centerlinetemperature:500 to 525"C

- Air purge(outlet): 1/2 SCFM

• - Tube rotation: 10 rpm

- Tube inclination: 3 degrees to the horizontal
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Powder Characterization

s Phase Determination

- Majorconstituent: UOs * 0.8 H20

- Intermediateconstituent: UO3tetragonal

- Minor constituent: U03 hexagonal

• H20 Content: 0.52 wt%

• Nitrate(NO3): 1.0 wt%

• SurfaceArea: 6.49 m2/g

• Density: 6.00 g/cm 3

s ParticleSize Analysis

- 100% 29.85 _tmor less

- 90% less than 12.4 _tm

- 50% less than 3.93 _m

- 10% less than 0.95/zm

• Sieve Analysis

- 100% -25 mesh (710/_m)

- 42.3% +60 mesh(250_tm)

- 25.7% + 140mesh(105_tm)

- 13.0%+230mesh(62#m)

- 11.9%+400 mesh(38#m)

- 7.1% -400mesh
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Appendix D

Oxygen to Metal Ratio (O/M) Measurements

The O/M of the powderswas determinedusing the methoddescribed by McNeilly andChikalla
• (1971). This technique is based on determiningthe weightloss (change) that occurs when the

nonstoichiometricoxide is heatedat 800°C for 6 h in an atmospherein which the oxygen potential is
maintainedat approximately-101 Keal/mole. The weight loss is equivalent to the amountof oxygen
lost in the transition to stoichiometry. The oxygen potential can be approximatedby equilibratingthe
specimen in Ar - 4% H2bubbledover 0°C water. The powderspecimen was placed in an alumina
tray, and the reduction was carriedout in a heated quartz,tube. The O/M of each powderbatch was
determined after the reductionto UO2. The O/M of UO2+x was determined from the following for-
mula for x:

x - 270.03[Wi/Wf - 1]/16

whereWi and Wrare the initial and final weights of the powderbefore and after 6 h at 800°C.

Reference

McNeilly, C. E., and T. D. Chikalla. 1971. "Determinationof Oxygen/Metal Ratios for Uranium,
Plutonium, and (U,Pu) Mixed Oxides,"J. Nucl. Mater. 39, 77-83.
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Table E.I. Slugging Pressure and Density Versus Sintered Density Using Sterotex as a Die Lubricant

Batch- Reduction Slugging Green Sintered Density

Pellet Temperature Pressure Density Pressure Density Immersion Geometric
Number (°C) (Kpsi) (g/cm3) (Kpsi) (g/cm 3) (g/cm3)(%T.D.) (g/cm3)(%T.D.)

2-10 1000 21.0 4.1 35.4 5.08 10.48 (95.6) 10.48 (95.6)

2-11 35.4 4.90 10.45 (95.4) 10.44 (95.3)

2-25 49.6 5.80 10.59 (96.6) 10.58 (96.5)

2-26 49.6 5.40 10.56 (96.4) 10.58 (96.5)

3-12 900 21.0 4.05 35.4 5.03 10.46 (95.4) 10.49 (95.7)

.m 3-13 35_4 4.90 10.59 (96.6) 10.51 (95.9)

3-31 49.6 5.06 10.54 (96.2) 10.55 (96.3)

3-32 49.6 5.11 10.54 (96.2) 10.58 (96.5)

4-50 800 23.0 3.98 35.4 4.80 10.34 (94.6) 10.42 (95.1)

4-51 21.0 3.90 9.91 (90.4) 9.84 (89.9)

4-52 35.4 4.70 10.32 (94.2) 10.35 (94.4)

4-54 35.4 4.80 10.40 (94.9) 10.35 (94.4)

5-1 800 21.0 3.60 21.0 4.10 10.39 (94.8) 10.44 (95.3)

5-3 35.4 4.56 10.52 (96.0) 10.35 (94.5)

5-4 49.6 4.70 10.49 (95.7) 10.55 (96.2)

5-5 49.6 4.70 10.51 (95.9) -



Table E.I. (contd)

Batch- Reduction Slugging Green Sintered Density

Pellet Temperature Pressure Density Pressure Density Immersion Geometric
Number (°C) (Kpsi) (g/cm 3) (Kpsi) (g/cm 3) (g/cm3)(%T.D.) (g/cm3)(%T.D.)

6-14 800 10.6 4.25 35.4 5.60 10.35 (94.5) 10.36 (94.5)

6-17 39.6 5.15 10.30 (93.9) 10.26 (93.6)

6-33 32.6 5.50 10.34 (94.3) 10.32 (94.2)

6-34 28.3 5.20 10.03 (91.5) 10.23 (91.5)

8-6 800 28.3 4.00 35.4 4.40 10.41 (95.0) 10.43 (95.1)

8-7 35.4 4.45 10.43 (95.2) 10.42 (95.1)

8-18 49.6 5.00 10.52 (96.0) 10.55 (96.3)

8-21 49.6 5.03 10.52 (96.0) 10.55 (96.3)

9-8 600 28.3 3.8 35.4 4.60 10.44 (95.3) 10.43 (95.2)

9-22 49.6 4.90 10.53 (96.1) 10.45 (95.4)

9-23 49.6 4.90 10.47 (95.5) 10.49 (95.7)

9-24 49.6 4.84 10.45 (95.3) 10.49 (95.7)

10-35 600 22.7 4.45 42.5 4.98 10.47 (95.5) 10.47 (95.5)

!0-36 39.6 4.92 10.44 (95.3) 10.43 (95.2)

10-38 43.9 4.80 10.44 (95.2) 10.47 (95.5)

10-40 43.9 5.00 10.44 (95.3) 10.53 (96.1)



Table E.I. (contd)

Batch- Reduction Slugging Green Sintered Density

Pellet Temperature Pressure Density Pressure Density Immersion Geometric
Number (°C) (Kpsi) (g/cm3) (Kpsi) (g/cm3) (g/cm3)(%T.D.) (g/cm3)(%T.D.)

11-41 600 19.8 4.40 35.4 5.00 10.39 (94.8) 10.35 (94.8)

11-42 35.4 5.00 10.43 (95.2) 10.44 (95.3)

11-43 35.4 5.10 10.46 (95.4) 10.46 (95.4)

12-44 600 17.0 4.30 35.4 5.10 10.50 (95.8) 10.51 (95.9)

12-45 35.4 5.00 10.53 (96.0) 10.49 (95.7)

12-48 35.4 5.10 10.50 (95.8) 10.49 (95.7)

12-49 35.4 5.20 10.54 (96.2) 10.57 (96.4)

13-55 800 21.0 4.33 24.8 5.15 10.09 (92.1) 10.12 (92.3)

13-56 24.8 5.14 10.02 (91.4) 10.03 (91.5)

13-57 39.8 5.56 10.25 (93.5) 10.24 (93.4)

13-59 35.4 5.39 10.20 (93.0) 10.16 (92.7)

14-64 800 15.6 4.80 35.4 5.44 9.96 (91.0) -

14-65 35.4 5.54 9.68 (88.3) -

!4--66 35.4 5.52 9.80 (89.5) -



Table E.I. (contd)

Batch- Reduction Slugging Green Sintered Density

Pellet Temperature Pressure Density Pressure Density Immersion Geometric
Number (°C) (Kpsi) (g/cm3) (Kpsi) (g/cm3) (g/cm3)(%T.D.) (g/cm3)(%T.D.)

15-26 800/600 17.0 4.33 46.7 5.29 10.58 (96.5) -

15-27 46.7 5.30 10.57 (96.4) -

15-28 46.7 5.31 10.56 (96.4) -

16-38 700 14.2 4.39 46.7 5.70 10.38 (94.7) -

16-37 46.7 5.60 10.39 (94.8) -

16-40 46.7 5.50 10.34 (94.4) -

17-14 600 17.0 4.30 46.7 5.24 10.53 (96.1) -
m
4_ 17-15 46.7 5.32 10.53 (96.1) -

17-16 46.7 5.34 10.54 (96.2) -

18-2 600 17.0 4.10 51.0 4.90 10.45 (95.4) -

18-3 46.7 5.20 10.51 (95.9) -

18-4 46.7 5.18 10.55 (96.3) -

19-49 600 17.0 4.25 39.6 5.13 10.48 (95.6) -

19-50 42.5 5.22 10.53 (96.1) -

19-51 43.9 5.26 10.55 (96.3) -

20-61 600 22.7 4.39 49.6 5.24 10.21 (93.2) -

20-62 49.6 5.20 10.26 (93.6) -

20-63 49.6 5.20 10.29 (93.9) -



Table E.I. (contd)

Batch- Reduction Slugging Green Sintered Density

Pellet Temperature Pressure Density Pressure Density Immersion Geometric
Number (°C) (Kpsi) (g/cm 3) (Kpsi) (g/cm 3) (g/cm3)(%T.D.) (g/cm3X%T.D.)

21-72 600 21.0 4.25 49.6 5.10 10.47 (95.5) -

2i-73 5.12 10.40 (94.9) -

21-74 5.15 10.43 (95.1) -

22-84 600 21.0 4.35 49.6 5.18 10.53 (96.0) -

22-85 49.6 5.19 10.52 (96.0) -

22-86 49.6 5.12 10.53 (96.0) -

t'rl



Table E.2. Slugging Pressure and Density Versus Stntered Density Using Zinc Stearate as a Die Lubricant

Batch- Reduction Slugging Green Sintered Density

Pellet Tempera- Pressure Density Pressure De_ity Immersion Geometric
Number rare (°C) (Kpsi) (g/cm 3) (Kpsi) (g/cm 3) (g/cm3)(%T.D.) (glcm3)(%T.D.)

14-67 800 15.6 4.80 35.4 5.50 10.04 (91.6) -

14-68 35.4 5.46 10.05 (91.7) -

14-69 35.4 5.60 10.01 (91.4) -

15-32 8001600 17.0 4.33 46.7 5.29 10.63 (97.0) -

15-33 46.7 5.29 10.60 (96.7) -

15-34 46.7 5.32 10.59 (96.6) -

16-44 700 14.2 4.39 39.6 5.42 10.47 (95.7) -

m 16-45 39.6 5.49 10.45 (95.3) -

16-46 39.6 5.46 10.47 (95.6) -

17-20 600 17.0 4.30 46.7 5.34 10.60 (96.7) -

17-21 46.7 5.34 10.58 (96.6) -

17-22 46.7 5.35 10.60 (96.7) -

18-7 600 17.0 4.10 46.7 5.20 10.61 (96.8) -

18-8 46.7 5.22 10.59 (96.7) -

18-9 46.7 5.25 10.56 (96.3) -



TableE.2. (conut)

Batch- Reduction Slugging Green Sintered Density

Pellet Tempera- Pressure Density Pressure Density Immersion Geometric

Number ture (°C) (Kpsi) (g/cm 3) (Kpsi) (g/cm3) (g/cm3) (g/cm3)(% T.D.)

19-55 600 17.0 4.25 46.7 5.35 10.54 (96.2) -

19-56 46.7 5.37 10.51 (95.9) -

19-57 46.7 5.38 10.52 (96.0) -

20-66 600 22.7 4.39 49.6 5.27 10.40 (94.9) -

20-67 49.6 5.28 10.40 (94.9) -

20-68 49.6 5.26 10.40 (94.9) -

21-78 600 21.0 4.25 49.6 5.18 10.51 (95.9) -
t'tl

21-79 49.6 5.13 10.58 (96.5) -

21-80 49.6 5.12 10.57 (96.4) -

22-90 600 21.0 4.35 49.6 5.21 10.59 (96.7) -

22-91 49.6 5.20 10.61 (96.8) -

22-92 49.6 5.21 10.61 (96.8) -



PNL-8481
UC-504

Distribution

No. of No. of
Copies Copies

OFFSITE D. AndrewsA

U.S. DepartmentofEnergy
12 DOE/Office of Scientific and Lawrence Livermore National Laboratory

, Technical Information P.O. Box 808, L-467
Livermore, California94551

N. Haberman

U.S. Departmentof Energy H-L. Chen
Office of UraniumEnrichment U.S. Departmentof Energy
19901 GermantownRoad, NE-35 LawrenceLivermore National Laboratory
Germantown,Maryland20585 P.O. Box 808, L-466

Livermore, California94551
J. Hall

U.S. Departmentof Energy J. Dubrin
DOE Field Office, Oak Ridge U.S. Departmentof Energy
P.O. Box 2001 Lawrence Livermore National Laboratory
Oak Ridge, Tennessee 37381 P.O. Box 808, L-467

Livermore, California94551
J. Hughlett
U.S. Departmentof Energy J. Earley
DOE Field Office, Oak Ridge U.S. Departmentof Energy
P.O. Box 2001 Lawrence Livermore National Laboratory
Oak Ridge, Tennessee 37831 P.O. Box 808, L-466

Livermore, California 94551
J. Parks

U.S. Departmentof Energy R. Feinberg
DOE Field Office, Oak Ridge U.S. Departmentof Energy
P.O. Box 2001 LawrenceLivermore National Laboratory
Oak Ridge, Tennessee 37381 P.O. Box 808, L-466

Livermore, California94551
J. Lacey
U.S. Departmentof Energy J. Harri

* Lawrence Livermore National Laboratory U.S. Department of Energy
P.O. Box 808 Lawrence LivermoreNational Laboratory
Livermore, California94551 P.O. Box 808, L-466w

Livermore, California94551
M. Adamson

U.S. Departmentof Energy R. Miller
Lawrence Livermore National Laboratory U.S. Departmentof Energy
P.O. Box 808, L-591 Lawrence Livermore National Laboratory
Livermore, California94551 P.O. Box 808, L-467

Livermore, California94551

Distr. 1



PNL-8481
UC-504

No. of No. of
Copies CopiesT

I. Bell F. Kitts
Oak Ridge National Laboratory Oak Ridge National Laboratory
P.O. Box 2003 P.O. Box 2003
Oak Ridge, Tennessee 37831 Oak Ridge, Tennessee 37831

G. Cagle (2) M. Krempasky
Oak Ridge National Laboratory Oak Ridge National Laboratory ,
P.O. Box 2003 P.O. Box 2003

Oak Ridge, Tennessee 37831 Oak Ridge, Tennessee 37831

R. Cannon A. Krichinsky
Oak Ridge National Laboratory Oak Ridge National Laboratory
P.O. Box 2003 P.O. Box 2003
Oak Ridge, Tennessee 37831 Oak Ridge, Tennessee 37831

S. Clinton B. Patton

Oak Ridge National Laboratory Oak Ridge National Laboratory
P.O. Box 2003 P.O. Box 2003
Oak Ridge, Tennessee 37831 Oak Ridge, Tennessee 37831

R. Genung P. Schneider
Oak Ridge National Laboratory Oak Ridge National Laboratory
P.O. Box 2003 P.O. Box 2003
Oak Ridge, Tennessee 37831 Oak Ridge, Tennessee 37831

R. Glass
Oak Ridge National Laboratory ONSITE
P.O. Box 2003

Oak Ridge, Tennessee 37831 DOE RichlandOperationsOffice

P. Haas D.R. Segna, A5-90
Oak Ridge National Laboratory
P.O. Box 2003 17 Pacific Northwest Laboratory
Oak Ridge, Tennessee 37831

M. E.Cunningham,P8-10 *
R.Jubin N.C. Davis,P8-10

Oak RidgeNationalLaboratory J.L.Ethridge,P8-35
P.O.Box 2003 F.E.Panisko,P8-35 t
Oak Ridge,Tennessee37831 L.J.Parchen,P8-33

O.D. Slagle,P8-10(5)
M. Keigan G.L. Tingey,P8-10
Oak RidgeNationalLaboratory PublishingCoordination
P.O.Box 2003 TechnicalReportFiles(5)
Oak Ridge, Tennessee 37831

Distr.2






