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ABSTRACT

Liquid high-level nuclear waste will be immobilized at the Savannah River Site (SRS) by
vitrification in borosilicate glass. The glass wiU be produced and poured into stainless steel
canisters in the Defense Waste Processing Facility (DWPF). Eventually these canistered waste
forms will be sent to a geologic repository for final disposal. In order to assure acceptability
by the repository, the Department of Energy has defined requirements which DWPF eanistered
waste forms must meet. These requirements are the Waste Acceptance Preliminary
Specifications (WAPS). The WAPS require DWPF to identify the crystalline phases expected
to be present in the final g!ass product. Knowledge of the thermal history of the borosilicate
glass during filling and cooldown of the canister is necessary to determine the amount and type
of crystalline phases present in the final glass product. Glass samples of seven projected
DWPF compositions were cooled following the same temperature profile as that of glass at the
centerlinc of the full-scale DWPF canister. The glasses were characterized by x-ray diffraction
and scanning electron microscopy to identify the crystalline phases present. The volume
percents of each crystalline phase present were determined by quantitative x-ray diffraction.
The Product Consistency Test (PCT) was used to determine the durability of the heat-treated
glasses.
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CHARACTERIZATION OF PROJECTED DWPF GLASSES HEAT
TREATED TO SIMULATE CANISTER CENTERLINE
COOLING (U)

INTRODUCTION

The high-level radioactive waste currently stored in underground carbon steel tanks at the
SavannahRiverSite(SRS)willbcimmobilizedina durableborosilicateglassintheDefense
Waste ProcessingFacility(DWPF). The canistcrcdwasteformswilleventuallybesenttoa
geologicrepositoryforfinaldisposal.The DepartmentofEnergyhasdefinedrequirements
whichthesecanistcredwasteformsmustmeettobeacceptablefordisposalintherepository.

These requirementsare the Waste AcceptancePreliminarySpecifications(WAPS).I
Specification1.1.IoftheWAPS requirestheidentificationofthecrystallinephasesexpectedto
be presentin theDWPF canistcrcdwasteforms. Thisrequiresexposureof theseven
projectedDWPF glassestothesamethermalregimenasisexpectedforthecanistcrcdwaste
formduringandaftercanisterfilling.

The sevenprojectedDWPF glasscompositionsaredescribedintheDWPF Waste Form

CompliancePlan0VCP).2 Fourofthesecompositionshavebeenprojectedfromexisting
high-levelwasteinventorywhilethreeofthemarehypotheticalglasscompositions.The three
hypotheticalglassesarethedesign-basiswaste(blend),highaluminum(HM) waste,which
representstheuppeldesignlimitof glassviscosity,and Purex(highiron)waste,which

representsthelowerdesignlimitofglassviscosity2,3The Purexrepresentsapossibleworst-
casecomposition.

In order to provide the necessary information required by the WAPS, large quantifies of the
sevensimulatedwasteglassesfromtheWCP werefabricated.The chemicalanalysesofthe
sevenglasscompositionsareshowninTable1.

To comply withSpecification1.1.1of theWAPS, samplesof theprojectedglasseswere
exposedtothethermalregimenrecordedduringsimulationoffullscalecanisterproduction.
"lhcamountofcrystallizationpresentwas measuredquantitatively.The quantitativeleachrate
enhancement for the glasses exposed to the thermal regimen was determined by. comparing the
durability of the devitrified glasses to nondevitrified, i.e., quenched glasses, using the Product
Consistency Test (pcr).
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Table 1.

DWPF Projected Compositions*
Glass
Components Batch Batch Batch Batch
Wt % Blend HM Purex #1 #2 #5 . #4

AI203 4.16 7.15 2.99 4.88 4.63 3.44 3.43

B203 8.05 7.03 10.33 7.78 7.88 7.69 8.14

BaO 0.18 0.11 0.20 0.15 0.16 0.18 0.25

CaO 1.03 1.01 1.09 1.22 1.08 0.99 0.84

Cr203 0.13 0.09 0.15 0.11 0.13 0.14 0.14

Cs20 0.08 0.06 0.06 0.06 0.02 0.06 0.09

CuO 0.44 0.25 0.42 0.40 0.42 0.40 0.45

Fe203 10.91 7.78 13.25 12.84 11.12 11.71 11.71

K20 3_68 2.21 3.41 3.33 3.38 3.40 3.86

Li20 4.44 4.62 3.22 4.43 4.50 4.51 4.29

MgO 1.41 1.49 1.41 1.42 1.42 1.42 1.43

MnO2 2.05 2.15 2.07 2.11 1.73 1.87 3.11

MoO3 0.15 0.22 0.08 0.11 0.17 0.12 0.20

Na20 9.13 8.56 12.62 9.00 9.21 9.01 9.16

Nd203 0.22 0.55 0.06 0.15 0.26 0.17 0.39

NiO 0.89 0.41 1.19 0.75 0.90 1.05 1.06

RuO2 0.03 0.04 0.01 0.02 0.04 0.03 0.05

SiO2 51.9 55.8 46.5 50.2 52.1 52.6 50.1

1302 0.89 0.56 0.68 0.68 0.69 0.68 1.03

Zi_2 0,14 0.33 0.05 0.10 0.17 0.12 0.22

Total 99.91 100.42 99.79 99.74 100.01 99.59 99.95

* Glassesproducedandanalyzed byComing EngineeringI_,b_ o_Ser_cesas a Level 1
procurement,CELS Report 11988-027 (DPSTN-4771 ano watt_-_t_-_-_y_).
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BACKGROUND

Since the late 1970's, experimental glass melters have been used to develop the vitrification
process for the immobilization of high-level liquid waste (HLLW) in the DWPF. Full scale
DWPF prototypic canisters were filled during the Large Slurry Fed Melter (LSFM) and Scale
Glass Melter (SGM) campaigns. During one of the LSFM campaigns a canister was
instrumented with thermocouples to measure canister surface and centerline temperatures.
Canister centerline temperatures were measured at heights of 15", 27", 39", 51", 63", 75", and
87".4 The canister was filled at a nominal 240 lb/hr feed rate.

Fun scale DWPF canisters were also filled during the Scale Glass Melter (SGM) campaigns.
During the eighth SGM campaign, three of the canisters filled were instrumented with
thermocouples to determine axial and radial canister temperature profiles during fiUing and
cooldown of the canisters. 5 Two of the canisters were filled under continuous pour conditions
at the DWPF glass pour rate of 240 lbs/hr. Canister centerline temperatures were measured at
heights of 15", 27", 39", 51", 63", 75", and 87".

The centerline temperature profiles obtained during the SGM work were compared to those
from the canister produced under simulated DWPF conditions with the LSFM. The two sets
of data were in reasonable agreement. The SGM work was performed prior to implementation

of a comprehensive Quality Assurance Program. Thus, this data was qualified 6 prior to using
it for this study. The SGM data was qualified by comparing it to the earlier LSFM canister

temperature profile study. As a result of this review, it was concluded that the uncertainty in
the SGM centerline cooling curve at a height of 51" was only :t: 20_2. The eenterline
temperature measurements made at a height of 51" were chosen as the "worst ease," since at
that location the glass cools at the slowest rate.

Centerline-cooled heat treatments had been conducted on earlier SRI., waste glass

formulations 7"10 using the first set of canister eenterline temperatta¢ profiles 4. The
devitrification occurring in the glasses heat treated to simulate canister cooling was measured
by quantitative x-ray diffraction (XRD) analysis. For high SiO2 containing glasses, like the
family of 165 frit glasses mixed with varying typ¢._of SRS I-ILLW, about 5-10 volume percent
spinel (nominally NiFe204) and 15-18 volume tmreent aemite (nominally NaFeSi206)
crystallized (T_ble 2). For higher Na20 containing glasses, such as the family of 131 flit
glasses mixed with varying types of SRS I-ILLW, less spinel and aemite crystallized but higher
concentrations of nepheline (nominally NaA1SiO4) crystallized (Table 2). The relative amounts

of spinel, acrnite, and nepheline which crystallized were dependent on the amc,mt of Fe203 or
A1203 in the waste being vitrified, and the total amount of Si20 and Na20 in the glass,

including the SiO 2 and Na20 contributions from both the waste and the frit being vitrified.

The durability of the quenched and eenterline-eooled deer'-trifledglasses of each composition
listed in Table 2 were compared by means of a 24-hour smile leach test developed by Coming,
Inc. for crushed glass and by a 28-day smile seeping leach test suggested by the Materials

Characterization Center (MCC-1P) for monoliths of glass. 11
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Table 2.

Volume Percent Devitrification of Simulated Canister Centerline-Cooled
(Sludge Only) Glasses Determined by Quantitative X-ray Diffraction (from

Ref. 9,10)*

Glass Waste Spinel Acmite Nepheline
Twe .. Twe ............ (Vol%_ (Vol%) ,,, (Vol%)

165 HM 5 0 0
(highAt)

165 Average 5-8 10-20 0

165 Pur¢_ 8-12 18 0
(high Fe)

131 HIV,_, 0 0 35-40
(highAI)

131 Average 6 4 13

131 Purex 10 0 14-16
(high Fe)

* error±2% spinel, +5% acmite, ±10% nepheline; all dataconfirmed by optical microscopy
and scanning electron microscopy



Crystallization of spinel was shown not to affect glass durability, while crystallization of large
,_'nounts of the alkali silicate phases (acmite and/or nepheline) were shown to significantly

increase leachability 9 For "the 165 average glasses devitrified during cooling regimens
simulating canister centerline cooldown, the total of--25 volume percent crystallization
increased the b_ron release by 2-3X relative to the boron release of a nondevitrified, i.e

quenched, glass. 9 For the 131 average and high Fe containing glasses devitrified by a canister
centerline cooling regimen, the appearance of the additional alkali silicate phase, nepheline,
caused a 5X increase in the boron release relative to a nondevitrified glass of the same
composition. 9

The durability of these earlier SRS glass formulations were examined using leach tests that
were not developed specifically to examine glass consistency and homogeneity, e.g. the one

day Coming crushed glass durability test and the MCC-1P monolithic durability test.9 A new
7 day crushed glass durability test, designated the Product Consistency Test (PCT), has been

developed for glasses produced in the DWPF. 12"18 The test was designed to be sensitive to
glass composition and homogeneity in order to evaluate the product consistency requirements
of the WAPS 1 and to evaluate the effect of heat treatments on glass durability. The PCT was
developed, in part, to satisfy the WAPS requirements by providing a test which is (1) sensitive
to glass composition and homogeneity, and (2) has the potential to be related to repository site-
specific release tests. The test was designed to provide confirmation of the consistency of
DWPF glass while considering the following:

• sensitivity of the test to glass composition and homogeneity
• time necessary to demonstrate product quality
• ease of sample preparation for radioactive glass
• ease of test procedure for remote operation
• precision of the test results
• acceptance by waste form developers and repository projects

The earlier SRS glasses studied 7"10were sludge-only glasses fabricated from 28 wt% HI.LW
on a dry basis and 72 wt% glass making frit. Process changes at SRS to aect;rnmodate in-tank

precipitation of Cs-137 necessitated formulation of new frit compositions. 19 Due to the in-
tank precipitation, an additional waste stream, composed primarily of 8 wt% Na20, K20 and
B20 3 was incorporated into the glass composition. Since the waste stream components were
the same or similar to the alkali and boron in the ft-it, lower amounts of frit could be used to
make glasses of similar composition to the sludge-only glasses by using the same 28 wt%
waste, 8 wt% frit components from the new precipita_¢ hydrolysis aqueous (PHA) process,
and only 64 wt% frit.

The PHA process frit formulations were recalculated to be similar to the sludge-only process
glasses. 19 The 202 glass (frit 202 + PHA + sludge) was formulated to be chemically and
physically sin,.ilar to 165 glass (frit 165 + sludge). The alkali and boron substitutions made
during the development of frit 202 were done on a weight percent basis rather than a mole
percent basis. Hence, the 202 PHA glasses are actually somewhat higher in SiO2 and lower in
alkali than the 165 sludge-only glasses.
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The 202 PHA frits were combined with the most recent waste tank composition projections
and these were used to formulate the PHA glasses in the WCP given in Table 1. The flute
hypothetical glasses in the WCP are the design-basis waste (blend), high aluminum (HM)
waste, and Purex (high iron) waste, which rcgresents a possible worst-case composition.

The current study was initiated to address the WAPS specification 1.1.1 which require that the
DWPF determine tile phases expected to be present in the DWPF glass product. The study
also determined the effects of crystallization on glass durability (measured by the PCT). This
study differed from earlier studies through use of

• updatedcanister centerline cooling curves

• updated quantitative x-ray diffraction calibrationcurves

• the seven PHA glasses from the WCP, which span the range of compositions
that may be processed in DWPF

• the Product Consistency Test (PCr), which is more sensitive to glass
homogeneity and more precise than previously available glass durability tests
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EXPERIMENTAL

Simulated Canister Centerline Cooling

In order to provide the necessary information required by the WAPS, Coming, Inc. was
contracted to supply large quantities of the seven simulated waste glasses from the WCP. The
Group A waste components are predominantly Mo and were added to the glass as MoO3. The
Group B waste components are predominately Nd and Zr. These were added to the glass in
the rat"o of 2:1 as Nd203 and Z_. Ali of the sodium, calcium, and barium compounds were
added as their oxide equivalents for simplicity. Coming, Inc. was unable to handle uranium

containing glasses and so the U30 s component of the WCP glasses6 was omitted and the glass
compositions renormalized. Reference amounts of the minor Ru component were added as
RuO 2. The Coming analyses of the seven glass compositions as fabricated is shown in
Table 1.

In order to simulate centerline canister cooling the WCP glasses were exposed to the
temperature profile measured at the centerline of the prototypic DWPF canister during the
eighth campaign of the SGM. The centerline temperature measurements made at a height of
51" were chosen as the "worst case" since at that location the glass cools at the _lowest rate.

Two samples of each of the glass compositions were heat-treated in separate furnace runs to
simulate canister cooling. Two furnace runs were used to compensate for any variation.
Approximately 60 grams of glass was placed in a covered high purity (99.8%) alumina
crucible. The crucibles were placed in a Lindberg programmable ftmmge and melted at the
DWPF melt temperature of 1150qC for four hours. The glasses were then cooled according to
the thermal regimen shown in Figure 1. As can be seen in the figure the furnace temperature
profile was within 20_ of the temperaturesmeasured at a height of 51" at the centerline of the
canister filled during the SGM campaign.

In order to simulate quenched glass which may be found at the outer surface of the canister, the
as-received glass from Coming was remelted and quenched. Approximately 60 grams of each
of the seven DWPF projected compositions was placed in a covered high purity (99.8%)
alumina crucible. The crucibles were placed in the same Lindberg furnace discussed above and
melted at 1150_ for four hours. After melting, the glasses were removed from the furnace
and air cooled rapidly to room temperature.

X.ray Diffraction and Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) coupled with energy dis]_-_ive analysis by x-ray
(EDAX) was used to determine the phase compositions of the crystalliT.irlgphases in the
centerline cooled WCP glasses. Determination of the approximate phase composition of these
solid solutions was nece,_sarybefore preparation of the phase pure standards for quantitative x-
ray diffraction (XRD) analysis.

Scanning electron microscopy with EDAX indicated that the spinel which crystallized in the
WCP glasses was the nominal NiFe204 containing some Ct', Ti and Mn as observed in

previous studies. ?'10 Therefore, phase pure NiFe204 was fabricated synthetically from NiO
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and Fe20 3 at 1400_ for 4 days and used to prepare the quantitative x-ray diffraction
standards.

The SEM/EDAX analysis indicated that the acmite that crystallized ki the WCP glasses was not

thenominalNaFeSi206 observedinpreviousstudies7-I0becauseitcontainedconsiderableCa,
Ti,andK. A naturalacmitcwas obtainedfromWard'sScientificandusedtopreparethe
quantitativex-raydiffractionstandards.

The nephelinephase,nominallyNaAISiO4 was not observedin SEM/EDAX analysis.

Repeatedattemptsatpreparingphaseptn'cnephelinefrombatchchemicalswereunsuccessftd

duetotheincongruentmeltingofthisphase.20FabricationofphasepureNaAISiO4 bysol-gel

techniquesisinprogress. For thepurposesof thisstudy,thequantitativeamountsof

nephelinewerecalculatedbythereferenceintensitymethod.21-23

Quantitativex-rayanalysisforNiFe204wasperformedbydevelopingx-raycalibrationcraves
from sixstandardsI made by mixingbothknown weightand volta'hefractionsofthephase
pm componentswithnondevitrifiedBlend glass.The "internalstandard"quantitative

tcclmiquewas usedand I0wt% Siaddedtoeachstandardandeachunknown.24 TheSi0li)
Braggreflectionwas chosenastheinternalstandardbecauseitdidnotinterferewithanyofthe
majorpeaksofNiFe204,acmitc,ornepheline.

The volumepercentcalibrationsusedinthisstudyforNiFe204 srecurvedversusthemore

common representationinweightpercent.Curvatm'cofthevolumepercentcalibrationsisdue

tothesignificantdifferencesindensitybetweentheglassandthespinel.Inpreviousstudies7"

I0thevolumepercentcalibrationsexhibitedroomcurvaturebecauseofthedensitydifference
coupledwiththeeffectsofplottingthevolumepercentNiFc204inthephase-purestandards

against the ratio of the integrated area of a NiF¢204 standard peal: divided by the integrated
area of a Si standard peak which is then normalized by the integrated area of the Si standard
peak in the glass alone. Use of the normalization accounts for the interferences in the mass

adsorption coefficients of the glass, the NiFe204, and the Si standard25 as well as for
differences in diff_ctometer parameters, diffractometer geometry, and sample preparation
between laboratories and rese_rchers.

Volume percent calibration curves were developed for the most intense NiFo204 Bragg

reflection, the (31 I)25 which ca,_ be used for quantitative analysis in the absence of acmite or
corrected for acmite interference when acmite is present, and for the less intense (440) used in

previous studies 7"I0which can be used in the presence of acmite.

An additional set of sixteen NiFe204 standards, 2 containing I0 wt% Si, were also used to

5.55, 11.1,22.2, 33.3, 44.4, 55.5 wt% NiFe204

2 2, 4, 6, 8, 10, 12, 14, 16, 18,20, 25, 30, 35,40, 45, 50 volume% NiFe,204in BlendI glasswhich

correspondsto a rangeof4 to66.4wt%NiFe204



verifytheinitialcalibrationcurvesoveralargercompositionalrange.Thevolumepercent
determinationsgiveninthisstudyweremadefromthevolumepercentcalibrationcurvesbased
onsixstandards.The useoftheweightpercentcalibrationcurveswouldhaveallowedfor
linearizationofthedatathroughtheoriginandenhancedtheaccuracybasedon fewer
standards.CalibrationcurvesweredevelopedfortheNiFe204(311)and(440)Bragg
reflections as discussedabove.

A set of threeacmite standards,3 containing 10wt%Si, wereused to determineweight percent
and volume percent calibrationcurves. Calibrationcurves were developed for the two most
intense Braggreflections, the(121) andthe (310)26 whichcanbe used for quantitativeanalysis
in the absence of nepheline and for the less intense (110) used in previous studies7"10which
can be used in the presence of nepheline.

Product Consistency Test

The seven duplicate centefline cooled glasses and seven as quenchedglasses from the WCP
were examined using Version 3.0 of the Pcr. 18 In the PCT analysis, crushedglass of 100-
200 meshis immersedin ASTMType I waterfor 7 days at90°C. The volume of solution(V)
used was the recommended 10 mL per gram of glass. Leachates were filtered to remove
colloids and/or particulates. The leachates were analyzed for pH and the elemental
concentrationof the glassspecies of interest.

A standardglass,ARM-1was used as a controlto eliminate long termbias in the experimental
analysisandin theanalyticaldam.DuplicatePC'Tcenterlinecooled glass analysesandtriplicate
as quenched glass analyses were performed along with triplicateglass standardswhichwere
runsimultaneously.

A multielementsolution standardwas usedduringthecenterlinecooled Pcr leachatear_lysis
to ensure that insu'umental drift did not significantly bias the short term analysis of the
leachates. Durability tests containing ASTM Type I water but no glass samples were run
simultaneously to ali the glasses as "blanks." The use of blanks ensure that test vessel
preparationwas adequateand thatthe sampleleachatescanbe correctedfor elementalvariation
occurringindependentlyof the glass-solutioninteractions.

The leachate concentrationsare reportedas normalizedelemental mass losses, NCi, released
from the glass in grams of glass per L of leachant. This has the advantage that the release
concenwationsin partspermillion arenormalizedby the weightfractionof thatelementpresent
in the glass.

The expression below for normalizedelementalmass loss, NCi has been used in thisstudy.

= oi.. (D
Fi

where NCi = normalizedelementalmass loss (gglass/L)

2.59,5.00,and10.6"/wt%ac'mite
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Ci - massof elemen_'T' in the solutioncorrectedfor the

averagemassof element"i" in the blanks(gi/m3)

Fi - fractionof element 'T' in the glass (gi/gglass)

The surface areaof the glass and the solution volume are constantduringPCT analyses and,
therefore,do notappearin equation1.
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RESULTS AND DISCUSSION

Simulated Canister Cooling

The furnace temperature profile used to simulate centerline canister cooling was within 20°C of
the temperature measurements made on the DWPF prototypic canister filled during the eighth
campaign of the SGM (Figure 1).

X-ray Diffraction and Scanning Electron Microscopy Analysis

The quantitative x-ray diffraction analysis indicated that there was less than 3.5 volume percent
crystallization in any of the centerline cooled WCP glasses (Table 3). Because of the small
volume fractions of spinel present the most intense x-ray diffraction Bragg reflection, the
(311), had to bc used rather than the (440) reflection used in previous studies7-10 and

recommended in the task plan 27. Likewise, the most intense x-ray diffraction reflection, the
(121), had to bc used for the acmite determinations rather than the less intense (110) and (221)

used in previous studies 7-10and recommended in the task plan 27 because of the small volumes
present and lack of interference from other phases.

The #asses based on blended waste (Blend-1 and Batches 1-4) crystallized primarily spinel
and smaller amounts of acmite except for the Batch 3 glasses in which the amount of spinel and
acmite was about equal. Batch 3 and 4 glasses had the highest total amount of crystallization,
approximately 3.1-3.2 volume percent. The high alumina waste glass (H) primarily
crystallizedmore acmitethanspinelwhilethehighironwasteglass(Purex)crystallized
primarilynepheline.

The WCP glassesarcmore resistanttodeviu'ificationthanthepreviouslytestedsludgeonly

glasses7-I0due to theirhigherSiO2 content19 and concomitanthighermeltviscosity.28

ComparingTable2 and Table3 demonstratesthattheaverageWCP glassesand thehigh
alumina(HM) containingWCP glassesmimic thephaseassemblagesofthesludgeonly165
glassesbutatmuch lowerconcentrationsofacmiteandspinel.The WCP highironcontaining
Purexglassesmimic thephaseassemblagesobservedinthesludgeonly131highironglasses.
AlthoughtheWCP highiron(Purex)glassisformulatedwiththesamehighSiO2 containing

202 fritthattheremainingWCP glasseswere formulatedwith,theupdatedPurexwaste
compositionismuch higherinNa20 thanthePurexwastesimulationsusedintheprevious

sludge-onlystudies.7"I0

The phasesidentifiedduringthescanningelectronmicroscopyanalyseswereconsistentwith
thex-raydiffractionphaseidentifications(Table4)exceptinthecaseofnepheline.Nepheline
was identifiedinthePurexglassduringtheXRD analysisbutcouldnotbeidentifiedinSEM.
Nephelinewas probablynotobservedintheSEM/EDAX analysisbecauseofthelowvolume
fractionsofthisphasepresentinthePurexglass(< 1.5vol%;Table3). Inaddition,the
observationof nephelineby SEM/EDAX islimitedby thelackofphasecontrastand the
similarityoftheEDAX specwaforthisphasetoEDAX spec_ oftheglassmatrix.Small
amountsof spineland acmitewereidentifiedinthePurexglassby SEM whichwerenot
detectedduringtheXRD analysis.



Table 3.
Volume Percent Devitrification of Simulated Canister Centerline.Cooled WCP

Glasses Determined by Quantitative X-ray Diffraction

SPINEL ACMITE NEPHEIJNE TOTAL
WCPGLASS f311) f121) f201)* VOL%
BLEND 1-1-7-1 1.6 0.9 BDL 2.5
BLEND 1-1-7-2 1.5 0.7 BDL 2.2
BLEND 1-2-7-1 1.6 BDL BDL 1.6
BLEND 1-2-7-2 1.9 0.8 BDL 2.7
A VERAGE 1.7 0.8 2.3
STANDARD DEV 0.2 0.1 0.5

BATCH 1-1-7-1 1.6 1.0 BDL 2.6
BATCH 1-1-7-2 1.4 0.9 BDL 2.3
BATCH 1-2-7-1 1.6 0.8 BDL 2.4
BATCH 1-2-7-2 1.6 0.8 BDL 2.4
AVERAGE 1.6 O. 9 2.4f
STANDARD DEV 0.1 O. 1 0.1

BATCH 2-1-7-1 1.7 0.9 BDL 2.6
BATCH 2-1-7-2 1.9 1.1 BDL 3.0
BATCH 2-2-7-1 1.8 0.8 BDL 2.6
BATCH 2-2-7-2 1.8 0.7 BDL 2.5
A VERAGE 1.8 O. 9 2.7
STANDARD DEV O. 1 O. 2 0.2

BATCH 3-1-7-1 1.5 1.1 BDL 2.6
BATCH 3-1-7-2 1.5 1.2 BDL 2.7
BATCH 3-2-7-1 1.5 1.8 BDL 3.3
BATCH 3-2-7-2 1.5 2.1 BDL 3.6
AVERAGE 1.5 1.6 3.1
STANDA RD DE V O. 0 O. 5 O.$

BATCH 4-1-7-1 2.6 1.0 I_DL 3.6
BATCH 4-1-7-2 2.6 0.7 BDL 3.3
BATCH 4-2-7-1 2.5 BDL BIX. 2.5
BATCH 4-2-7-2 2.5 0.8 BDL 3.3
AVERAGE 2.6 0.8 3.2
STANDARD DEV 0.1 0.2 0.5

HM-1-7-1 0.7 1.6 BDL 2.3
HM-1-7-2 0.6 1.7 BDL 2.3
HM-2-7-1 0.5 2.6 BDL 3.1
HM-2-7-2 0.5 2.7 BDL 3.2
AVERAGE O. 6 2.2 2.7
STANDARD DEV 0.1 0.6 0.5

PX-1-7-! BDL BDL 1.7 1.7
PX-1-7-2 BDL BDL 1.4 1.4
PX-2-7-1 BDL BDL 1.2 1.2
PX-2-7-2 BDL BDL 1.3 1.3
AVERAGE l.d l.d
STANDARD DEV 0.2 0.2

DETECTION LIMITS 0.4 0.4 0. $

*Dam in WSRC-NB-91-198: Data for Nepheline volume percent is calculated.



Table 4.

Comparison of Phases Identified in Simulated Canister Centerline.Cooled
WCP Glasses Determined by Scanning Electron Microscopy (SEM) and X.ray

Diffraction Analysis (XRD)

Phases Identified*
WCP Glass XRD $1_M ,

Blend I Spinel + Acmite Spinel + tr. Acmite

Batch 1 Spinel + Acmite Spinel + Acmite

Batch 2 Spinel + Acmite Spinel + Acmite

Batch 3 Spinel + Aemite Spinel + Acmite + RuG2

Batch 4 Spinel + Aemite Spinel + Acmite

HM Spinel + Acmite Spinel + Acmite + RuG2

Purex Nepheline Spinel + Aemite + RuG2

*DatainWSRC-NB-92-124



The SEM analysis indicated that the nominal composition of the NiFe204 was enriched in Ti

and Mn (Figure 2a ). The nominal composition of the NaFeSi20 6 acmite was enriched in Cr,
Ti, and K(Figure 2b). The SEM analysis also conf'm'ned the crystallization was heterogeneous
in that the spinel formed on melt insolubles such as RuO 2 while the acmite nucleated on the

spinel (Figure 3). This sequence of heterogeneous nucleation was observed in previous
studies.7-10

Product Consistency Test

Multielement StandardAnaNsis

During Pcr analysis, a multielement solution standard was used to ensure that instrumental
drift did not significantly bias the short term analysis of the leachates. The multielement
solution standard was run befor__leaehate analysis began and after every 5 leaehate samples
(Appendix I). Analysis of the solution standard data indicated that there was less than 0.5 ppm
bias in the ICP analyses for B, Li, K, le, a less than 0.75 ppm bias in Na and Al and a greater
than 5 ppm low bias for Si in solution.

Standard Glass Analysis

Historical control charting using PNL's Approved Reference Material (ARM-1) as the standard
glass as the Pcr standard glass did not indicate any significant bias in the elemental releases
(in ppm) for all elements since May 1989. Ali the standard glass elemental releases used in this
study fell within one-sigma of the average elemental release for ARM- 1 glass since May 1989.

WCP Certerline Cooled vs As-Oufnehed Glass Analysis

The leaehate pH, the raw data, and the conversions of the ieachate concentrations to NCi (g/L)
are given in Tables 5 to 8 for the centerline cooled WCP glasses and for the as quenched WCP
glasses. The normalized releases were calculated using the analyzed glass compositions given
in Table 1. The normalized releases were calculated in gems of glass (grams of B, Li, and Na)
leached per liter of leachate (g/L) as given in Equation 1. The leach rate enhancement ratio, is
also indicated in Tables 6-8 and was calculated from the average durabilities of the crystallized
and quenched glasses by the following equation:

leach rate enhancement - durabiliw of crystallized glass
durability of as quenched glass

The leach rate enhancement was minimal, e.g. values of 1.0 to 1.2 except for the high iron
(Purex) glass where nepheline was the major crystalline phase to devitrify. The data is shown
graphically in Figure 4. The maximum leach rate enhancement for the Purex glass based on
the lithium release was 3.2. The range of leach rate enhancements (1-3X) is lower than the
factors of 3-5X observed previously. Increased leach rate enhancement in the presence of

nepheline, is, however, consistent with the previous studies. 7"10
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Figure 2a.

SEM/EDAX Analysis of Spinel Phase
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Figure 2b.

SEM/EDAX Analysis of Acmite Phase



Figure 3.

SEM Micrograph Showing Heterogeneous Nucleation



Table 5.

Leachate _H for Quenched and Centerline--Cooled DWPF Glasses

pH pi4(nJLO) pH Vi (CC) nATK)
GLASSlO RL=M_I-r.O& STANOARO CANmlEn STAm)AnO Id4lCC_llniO)

QUIBIOID DIVIATION CEHTI[RLME DEVIATION
O0(XID

BLEND1.1-7-1 9.60 10.211
kEND 1-1-7-2 9.S9 10.28
BLEND 1.2-7-1 9.61 10.34
BLEND 1-2-7-2 10.$I
AVERAGE 8.110 II.til Ill.Jr m.04 f.O7

BATCH 1.1-7-1 9.69 10.40
BATCH I-1-7-2 9.66 10.30
BATCH 1.2.7-1 9.U 10.$1
BATCH 1._.7-_ 10.$S
AVIM4_ 11.117 £.lur 10.JT II.iii hilt

BATCH H-I-7-1 9.69 10.H7
BATCH H-I-7-H 9.63 10.00
BATCH 2-H-7-1 9.U 10.00
BATCH H-H-7-H 10.H7
AVIMOI I.Jl li.li8 _tl.14 II. li; |.lM

BATCH _1-7-1 I.IO 10.Sti
RATCH $-1-7-H 9._ 10.00
TJATCH$-H-7-1 0.IS 10.N
BATCH _2-7-2 10.N
AIIIIMOK lP.li1 4.1141 |O.,IIT I1.|8 |.eT

BATCH 4-1-7-1 9.67 I0.00
BATCH _1-7-H 9.70 10.47
BATCH 4-_-7-1 1.71 10.48
BATCH 4-2-7-H 10.00
AUIMOl II.III li.II I0._I 11.2T I.N

HId-1-7-1 li.S? 10.27
H_1-7-2 |._ 10.Ii
HM-|-7-1 |.Sl 10.00
HM-_-7-H IO.OQ
AltIMOm I.,llJI O.N II. 14 0. II I.II

PX-I-7-1 9.11 IILII
PX-1-7-H 9.N f0._
PX-H-7-1 9.M I 0.0O
PX-I- ,r-H I0.00
A_MOl I.N e.el ILSI e.u f.u

•oua M WERC_71,1C.N_@l.1R, and WLq_NB41.MM

t .., _ .i. e
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Figure 4.

Effect of Canister Centerline Cooling on PCT Release of
DWPF Projected Glasses
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CONCLUSIONS

Centerline cooling studies of the seven DWPF projected glass compositions show that while
some crystallization does occur during canister cooling it is minimal and concomitantly has a
minimal effect on glass durability. These studies of the seven glasses in the WCP have

revealed the same phase assemblages as observed in previous studies7-10 but a factor of~10
less total amount of crystallization. The crystallization mechanism is by heterogeneous
nucleation of spinel on melt insolubles such as RuO 2 and nucleation of acmite on spinel as

observed previously. 7-10 The lower volume percentages of total crystatlization are attributed to
the higher SiO2 content of the family of 202 glasses represented in the WCP compared to the

previous 165 and 131 SRS glasses studied. The lower volume percentages of total crystallinity
indicate only marginal leach rate enhancement, where

leach rate enhancement = durability of crystallized class
durability of as quenchedglass

Leach rate enhancements of 1.00 to 1.25 were observed for ali the WCP glasses except for the
high iron containing Purex glass where leach rate enhancements of up to 3.4 were observed.
The larger leach rate enhancement was associated with the crystaUization of nepheline as

observed in previous studies. 7"10

QUALITY ASSURANCE

The SRI.. Glass Technology Task Control Matrix for all the tasks in this study is given in
Reference 26. All tasks were carried out in accordance with RW-0214 and NQA-I. The Pcr
Version 3.0 is a Glass Technology Category 1 Procedure requiring experimenter data input and
signoff at every step. 18 All the ovens, balances, and water purification systems used for the _,..
PCT are M&TE Category I.

Analytic Development Services (SR.L/ADS) procedures were followed for all chemical
analyses.

Glass fabrication and analyses are recorded in DPSTN-4771 and WSRC-NB-90-392. All the
heat treatment data for this study is recorded in WSRC-NB-90-229. The quantitative x-ray
diffraction analyses and the scanning electron microscopy analyses are recorded in WSRC-
NB-91-198 and WSRC-NB-92-124. Ali the PCT data and analyses for the centerline cooled
glasses are recorded in WSRC-NB-90-271 and WSRC-NB-91-199. Ali the PCT data aud
analyses for the as quenched glasses is recorded in WSRC-NB-91-200.
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