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THE LONG-TERM ALTERATION OF BOROSILICATE WASTE GLASSES

W.L. Ebert, J.K. Bates, C.R.Bradley,E.C. Buck,N.L Dietz, and N.R. Brown,

Argonne National Laboratory, ChemicalTechnology Division,9700 S. CassAve.,

Argonne, IL 60439

Prediction of the long-term durabilityof glasswaste forms under
potentialdisposalconditionsis basedon a mechanisticmodelof glasscorrosion
whichhasbeen derived from short-term laboratorytests. The modelof glass
reactionthat has evolvedidentifiesthe hydrolysisof an Si-Obondto release
silicicacid as the step which controlsthe long-term glassreactivity [ 1-3].
This reaction step is initiallyfast underdilute solutionconditions,but slowsas
the silicicacid concentration in solutionincreases. An increasein the solution
concentrationsof glass componentswilloccurwith progressiveglasscorrosion,

• andso the solutionswhichcontactwaste glassesoverlongreactiontimes will
have highconcentrationsof glasscomponents. Therefore,the glassreactivity is
usuallyexpectedto decreasewith the reactionprogressas the contactingsolution
becomesmoreconcentrated. The corrosionbehaviorof glassescontactedby
highlyconcentrated solutionsmustbe characterizedto assessthe long-termglass
stability.

A commonlyusedmethod to attain highsolutionconcentrationswithin
short reaction times is to performstatic leachtests at highglasssurface
area/leachant solution volumeratios (S/V). Underthese conditions,very little
glassmust react to generatehighsolutionconcentrations,lt hasbeensuggested
that short-term tests at highS/V maybe equivalentto longer-termtests at low
S/V andequivalentvaluesof (S/V)t becausethe samesolutionconcentrationsare
attained [4, 5]. Other workhasshownthat the different pHvaluesattained in
tests at different S/V mayaffect the reactionrate andmustbe accountedfor when
comparingthe results of tests at equivalent(S/V)t [6-9]. Inadditionto the
solutioncompositions,it must also be demonstratedthat the glassalteration is
equivalentin tests at differentS/V to provideevidencethat the corrosion
mechanismisthe same at differentS/V, andthat tests at highS/V canbe utilized
to characterize the long-termcorrosionbehaviorof wasteglass.



Recent hydrothermal leach tests of borosilicate glasses developed for
vitrifying high-level waste at the Defense Waste Processing Facility (DWPF)
have shown that the glass reactivity initially decreases as reaction products build
up in solution, but then increases about ten-fold after secondary phases form
[9,10]. Tests with other glass compositions have shown similar acceleration of
the reaction when secondary phases form [11-13]. Acceleration of the reaction
has been interpreted as an effect of secondary phase formation on the glass
corrosion rate. Detailed analyses of reacted glasses are presented to compare the
surface alteration in tests at different S/V conducted for different reaction times,
both before and after the reaction is accelerated.

EXPERIMENTAL

A series of static leach tests has been conducted at S/V of 10 and 340 m"1

following a modified MCC-1 protocol [14] and at S/V of 2000 and 20,000 m"1
following a modified PCT protocol [ 15]. The results were used to compare the
glass reactivity at different S/V for reaction times up to one year [9, 10]. Tests
were conducted at 90°C in deionized water (DIW) or in tuff groundwater (F.J-
13) using SRL 202 glass, which represents the initial glass composition to be
produced by the DWPF [16]. The glass and F_J-13compositions and the results
from analysis of leachate solutions of tests through one year have been presented
previously [9, 10, 17]. Results of solids analyses to compare the alteration of
the SRL 202 glass surface at different S/V are presented here.

Reacted glass monoliths from the MCC-1 tests and reacted glass grains
from the PCT tests were analyzed using analytical electron microscopy (AEM),
which combines high resolution transmission electron microscopy with energy-
dispersive x-ray spectroscopy (EDS). Representative samples of the reacted
glass were fixed in epoxy and thin-sections prepared using an ultramicrotome.
Grains of powdered glass were fixed in resin directly while sample chips were
removed from reacted monoliths using a diamond knife. Secondary phases found
distributed among the reacted grains were isolated and analyzed separately.

RESULTS

The AEM images of representative alteration layers that formed on SRL 202
glass in tests at S/V of 340 and 2000 m'l are shown in Figure 1. The unreacted
glass was chattered during sectioning, although the alteration layers were not
chattered. Crystalline layers were observed to form at the glass surface in tests at
ali S/V and at ali reaction times. Fibrous clay crystals formed oriented
perpendicular to the glass surface at the shortest reaction times tested at ali S/V
(3 days in the PCT tests and 7 days in the MCC-1 tests). These became consolidated
into laths of clay that were generally oriented perpendicular to the glass surface as
the reaction continued. A mostly amorphous inner layer developed beneath the
original crystalline layer in tests in DIW at longer times, with small, randomly
oriented crystallites sometimes being distributed throughout the inner layer.
Eventually, the inner layer crystallized into discrete laths oriented perpendicular
to the surface and resulted in a twinned layer of crystalline laths. A mostly
amorphous phase remained as a thin band



b.

=,

e. f.

Figure1 High ResolutionAEMImagesof Alteration LayersFormedDuringthe
Reactionof SRL202 Glass: a) 28 days/DIW, b) 360 days/DIW,and c) 360
days/EJ-13 at 340 m"1 , and d) 140 days/DIW, e) 360 days/DIW, and f) 360
days/EJ-13 at 200_ _m"1 .



between the two crystallized layers in some samples.
Samples reacted in either DIW or EJ-13 at 20,000 m"I for 364 clays or

longer acquired much thicker layers than samples reacted for shorter times.
While the glass reacted for shorter times appeared visually unreacted, the glass
reacted for 364 days or more was coated with a chalky white phase, which
readily spalled from the glass. The layers formed in DIW at 20,000 m"1 after
182 and 364 days are shown in Figures 2a and 2b. The 182-day layer is
similar to that formed after 360 days at 2000 m"1 (Figure le). The 364-day
layer has two sublayers: an oriented outer layer and a thick inner layer. Figure
2c shows the unreacted glass/inner layer interface at a higher magnification.
The glass is corroded unevenly and crystalline material persists to the interface.
Figure 2d shows a relatively even interface between the orientec_outer layer and
the inner layer. Flocculated clay laths are seen at the surface of the outer layer.

Compositional analysis using EDS and structural analysis using selected
area electron diffraction (SAD) showed that the outer and inner layers were
composed of the same polycrystalline material, which is identified as a smectite
clay. Table 1 gives a representative composition of the clay laths in the oriented
outer layers and the random inner layer formed in DIW. The compositions of the
inner and outer layers are similar; both are depleted of soluble glass components
and enriched in aluminum and chloride. Clays with a similar composition are
formed in EJ-13 [ 17]. Table 2 gives the lattice spacings measured using several
representative SAD patterns and those of some smectite clays.

The structure and composition of isolated secondary phases were analyzed
by AEM and SEM. Phases identified include the uranium-bearing phases weeksite
and uranophane, chabazite and heulandite group zeolites, clinoptilolite, and
nagelschmidtite. A noncrystalline feature beadng uranium and titanium was also
identified within the clay phase or between the clay layer and the underlying
glass. Detailed analyses of secondary phases will be presented elsewhere.

DISCUSSION

Many studies have shown that the S/V used in a test can be employed to
accelerate the attainment of high solution concentrations of released glass
components [4-1 O, 12]. The present tests show that 1) tests at high S/V also
accelerate the alteration of the glass surface and the precipitation of other
secondary phases from solution, 2) the layer thickness increases upon the
generation of other secondary phases, and 3) the same alteration phase forms
before and after the corrosion is accelerated (smectite clay), but its morphology
changes. Similar layer structures are seen to form on glasses reacted at
different S/V, although secondary phases develop faster in tests at higher S/V due
to the higher solution concentrations. This implies that tests at low S/V can be
used to characterize the initial glass reaction and tests at high S/V used to
characterize the reaction in the presence of secondary phases.

The secondary phases are interpreted to affect the glass reaction rate
through the solution chemistry, and their effect can be understood by considering
the glass reaction mechanism. The glass reaction rate is usually expressed as the
product of a rate coefficient (which depends on the intrinsic reactivity of the glass
and the reaction temperature), and a reaction affinity term (which is a
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Figure2 High ResolutionAEMImagesof AlterationLayer Formedon SRL202
Glassin Tests in DiW at 20,000 m'l: a) after 182 days, b) after 364 days, c)
HighMagnificationImage of UnreactedGlass/InnerLayer Interface, d) High
MagnificationImage of Oriented Outer Layer/Inner Layer Interface.

measureof the disequilibriumbetweenthe glassand the solution)[1-3]. The
reaction affinity is expressedasthe differencebetween the silicicacid
concentrationin solution anda "saturation"concentrationthat is uniquefor
every glasscomposition,but isusuallyfoundto be similarto that of amorphous
silica[2]. The glassreactiondoesnot stop whensilicicacidreachesthe
"saturation" concentration,ratherthe glassis continuesto react at a low,
constant rate. An ad hoc term is sometimesaddedto the analyticalrate
expressionto account for experimentalobservationsof continuedreactionunder
saturated conditions[2, 18, 19].

As the glassdissolves,the solutionmay becomesaturatedwithrespectto
severalstablesecondaryphases. If these phasesform, they may equilibratewith
the solutionand controlthe solubilitylimitsof someglasscc#nponents.The



Table 1. Compositionof LayersFormedon SRL202 GlassReactedinDIW at
20,000 m"1 for 364 Days*

.E!ement Outer Layer Inner.Layer UnreactedGlass
AI 8.5 10 4.9
Ca O.1 0.1 2.2
CI 3.2 3.2 <0.5
Fe 20 16 21
K 0.6 0.9 7.5
Mg 1.1 1.S 0.2
Mn 4.4 4.7 4.3
Na 0.5 0.1 8.2
Ni 2.5 2.9 2.1
Si 57.8 59.5 48
Ti 1.3 1.1 1.6

*in elementalweight per cent, normalizedto 100% total

Table 2. d-Spacingsfrom SelectedArea ElectronDiffractionAnalysisof SRL 202
GlassReactedat 20,000 m"1 for 364 Days, in angstroms

Layer I Layer II Layer III Nontronite Montmorillonite Saponite
(2cj-1497) * (12-219) (29-1491)

15.2 17.6 15.5
9.0** 9.00

7.44 7.73
5.99 5.11

4.48 4.48 4.42+0.12"** 4.48 4.49 4.57
3.20±0.07 3.58 3.58 3.834

3.05 2.99 3.07
2.57 2.53 2.58±0.05 2.564 2.57 2.61

2.242
1.70±0.03 1.699 1.731

1.50 1.50 1.50+0.02 1.51 1.504 1.533
1.29 1.29 1.30+0.02 1.336 1.294 1.321

Layer I: outer layer/E J-13; I1: inner layer/DIW; II1:outer layer/DIW
*JCPDSFile number of representativesmectite clay.
**Measured from lattice fringes in image.
***Estimated measurement errorscommonto ali experimentalvalues.

solutionmay be prevented from attaining"saturation" conditionsinthe presence
of somesecondaryphases,andsothe glassmaycontinueto react at a highrate. If
nucleationof these phasesisdelayed,the solutionmaybecomesupersaturated
with respectto the potentialsecondaryphasesandapproachthe "saturation"
conditionsof the glass. The glassreactionwillbe slow untilthe secondaryphases



precipitate, at which time the reaction will be accelerated. As long as a given
assemblage of secondary phases controls the solution chemistry, the glass is
expected to react at a constant rate. Under these conditions, the assemblage of
secondary phases and their effects on the glass reaction rate must be known to
project the long-term glass reactivity.

The reaction of borosilicate glasses can be described as proceeding in
three stages: an initially high rate in dilute solutions, a decreasing rate in more
concentrated solutions, and an increased rate after secondary phases form. The
development of the alteration layers reflects the progress of the reaction through
these stages. Layers formed initially consist of isolated crystallites, which
develop into thicker laths as the solution becomes more concentrated. Both the
glass corrosion and layer growth rates are low under high solution
concentrations, and the layer may become well structured. After the glass
corrosion accelerates, the layer crystallizes at a high rate, and so the crystals
formed in the inner layer are smaller and more randomly oriented, in part,
because they are not as readily accessible to the bulk solution as the outer layer.
Continued reaction leads to an increase in the thickness of the inner layer, while
the outer layer retains a nearly constant thickness.

Analyses of the reacted solids in these tests provide a partial compilation
of the secondary phases formed as these particular glasses corrode. Further
work is required to identify critical phases responsible for acceleration of the
glass reaction. While most current reaction models identify the solution
concentration of silicic acid as controlling the glass reaction rate, other glass
components may also affect the rate. lt is important to reach the stage of the
glass reaction where secondary phases affect the reaction rate in performance
tests because the reaction under these conditions represents the long-term
reaction rate. The reaction rates observed prior to secondary phase formation
may be much lower than those achieved after secondary phases precipitate. The
effects of secondary phase formation on the glass reaction rate and the
distribution of released radi')nuclides must be fully accounted for in performance
assessments to reliably predict the long-term durability of waste forms.

ACKNOWLEDGMENTS

Work supported by the U.S. Department of Energy, Office of Environmental
Restoration and Waste Management under Contract W-31-109-ENG-38.

REFERENCES
1. B. Grambow, "A General Rate Equation for Nuclear Waste Glass Corrosion,"
Mat. Res. Soc. Symp. Proc., 4__4 15-24 (1985).
2. B. Grambow, "Geochemical Approach to Glass Dissolution," in Corrosion of
Glass, Ceramics and (_eramic Superconductors: Principles, Testing,
Characterization and Applications. D.E. Clark and B.K. Zoitos, eds., Noyes
Publications, Park Ridge, NJ, pp124-152 (1991).
3. W.L. Bourcier, D.W. Peiffer, K.G. Knauss, K.D. McKeegan, and D.K. Smith, "A
Kinetic Model for Borosilicate Glass Dissolution Based on the Dissolution Affinity



of a Surface Alteration Layer," Mat. Res.Soc. Symp.Proc.,176. 209-Z16
(1990).
4. L.R.Pederson,C.Q.Buckwalter,G.L McVay,and B.L Riddle,"GlassSurface
Area to SolutionVolumeRatioand its implicationsto AcceleratedLeachTesting,"
Mat. Res. Soc. Symp. Proc.,1__ 47-54 (1983).
5. J.E.Mendel, compiler,"Final Reportof the Defense High-LevelWaste
Leaching MechanismsProgram,"PacificNorthwest Laboratory Report PNL-
5157 (1984).
6. P. van Iseghem,W. Timmermans,andR. DeBatist, "ParametricStudy of the
CorrosionBehaviorin Static DistilledWater of SimulatedEuropeanHigh-Level
Waste Glasses," Mat. Res.Soc. Syrup. Proc.,_ 55-62 (1985).
7. E. Vernaz,T. Advocat,andJ.L Dussossoy,"Effectsof the SA/V Ratioon the
Long-Term CorrosionKineticsof R7T7 Glass,"NuclearWaste Management III,
175-185 (1990).
8. W.L Ebert,"The Effects of the LeachatepHand(GlassSurfaceArea/Leachant
Volume) on GlassReaction," Phys.Chem.Glasses(in press).
9. W.L Ebert andJ.K. Bates, "Comparisonof GlassReactionat HighandLow
SA/V," Proceedingsof the Third InternationalConferenceof High-Level
RadioactiveWaste Management,Vol 1, LasVegas,NV, pp. 934-942 (1992).
10. J.K. Bates, W.L. Ebert, X. Feng,andW.L Bourcier,"IssuesAffecting the
Prediction of GlassReactivity in an UnsaturatedEnvironment,"J.Nucl. Mater.,
190, 198-227 (1992).
11. C.C.Allen,D.L Lane,R.G.Johnston,A.D. Marcy,andR.R.Adee,
"Hydrothermal Studiesof SimulatedDefense WasteGlassRus Basalt," Nat. Res.
Soc. Symp. Proc., 44. 451-458 (1985).
12. J. Patyn, P. Van Iseghem,andW. Timmermans,"The Long-TermCorrosion
and Modelingof Two SimulatedBelgianReferenceHigh-LevelWaste Glasses-Part
I1," Mat. Res. Soc. Symp. Pr(x:., _ 299-307 (1990).
13. B.GrambowandW. Lutze, "PerformanceAssessmentof Glassas a Long-
Term Barrier to the Releaseof Radionuclidesinto the Environment,"Mat. Res.
Soc. Symp. Proc., 112, 713-724 (1988).
14. U.S. Department of Energy,"NuclearWaste MaterialsHandbook"DOE/TIC-
11400 (1982).
15. C.M.Jantzen and N.E. Bibler,"The ProductConsistencyTest for the DWPF
Wasteform," WestinghouseSavannahRiverReport WSRC-MS-90-149 (1990).
16. J.R. Fowlerand M.J. Plodinec,"ProjectedCompositionsand RadiogenicPropertiesof DWPF
Glasses," Proc. of Third InternationalHigh-LevelRadioactiveWaste Management (IHLRWM)
Conference, Las Vegas, NV, Apr. 12-16, 1992, pp 904-910 (1992).
17. W.L Ebert, J.K. Bates, E.C.Buck,andC.R.Bradley,"Accelerated Glass
Reaction UnderPCTConditions,"Mat. Res.Soc.Symp. Proc. (in press).
18. B. Grambowand D.M. Strachan,"A Comparisonof the Performanceof
Nuclear Waste Glassby Modeling"=PacificNorthwest Laboratory Report PNL-
6698 (1988).
19. D.M. Strachan, B.P. McGrail,M.J. Apted, D.W. Engle,and P.W. Eslinger,
"Preliminary Assessment of the ControlledReleaseof Radionuclidesfrom Waste
Packages Containing Borosilicate Waste Glass," Pacific National Laboratory
Report PNL-7591 (1990).











+ _\.+ .......





°





!






