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ABSTRACT

Alterationphases, found on the leached surfacesand present as colloids in the
leachates of 200-based frit (fully active and simulated) nuclear waste glass, reacted
under static test conditions, at a surface area to leachate volume ratio of 20,000 m-1 for
15 days to 728 days, have been examined by analytical electron microscopy. The
compositions of the secondary phases were determined using X-ray energy
dispersive spectroscopy and electron energy loss spectroscopy, and structural
analysis was accomplished by electron diffraction. Long-term samples of simulated
glass, which had undergone an acceleration of reaction after 182 days, possessed a
number of silicate secondary phases, including; smectite (iron silicate and potassium
iron alumino-silicate, weeksite (uranium silicate), zeolite (calcium potassium alumino-
silicate), tobermorite (calcium silicate), and a pure silica phase. However, uranium
silicates and smectite have also been observed in tests, which have not undergone
the acceleration of reaction, in both the leachate and leached layer, suggesting that
these phases are not responsible for the ac,celeration of reaction.

INTRODUCTION

A comparisonof the behaviorof simulatedand fully activenuclearwaste
glasses, reactedunderstatictest conditions,has been publishedpreviously[1-3].
Feng et al. (1993), have foundthat 200 simulated(S) glass, reactedat 20,000 m"1,
undergoesan accelerationof reactionbetween 182 days and 330 days. This
coincideswith the formationof a zeolite phase,whichhas been identifiedas
clinoptilolite,and an amorphoussilicaphase [3].

This paper describesthe use of analyticalelectronmicroscopy(AEM) to identify
secondaryphases that have formed duringthe reactionof 200-type glass. Phases
were identifiedboth on the leached layersof glassand as colloidalparticleswithinthe
leachate. Becausehigh-energyelectronsinteractstronglywith matter,electronbeam
techniquesprovidea powerfulmeans of characterizingphases that are lessthan a
micronin diameter. However,the stronginteractioncan result in beam damage to the
sample and loss of structuralinformation. Careful workhas been requiredto
overcomethisproblemso that AEM couldbe used to identifythe secondaryphases
producedduringglasscorrosionin these tests.

EXPERIMENTAL

Detailsof glass preparationand experimentaldesignhave been published
earlier [4-9]. Powdersamplesof the 200 glass were reactedat 90°C with simulated
EJ-13 groundwater. The glass surfacearea to leachatevolume ratiowas 20,000 m-1,
and the reactionswere runfor 15 to 728 days. Electron-transparentthinsectionsof
the reactedglass, suitablefor transmissionelectronmicroscopy(TEM), wereproduced
by ultramicrotomy[10]. UltramicrotomytendedtOshatterthe zeolitephase,but
enoughwas preserved to showthe spatialrelationshipsbetween secondaryphases.
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Phases were characterizedusinga JEOL2000 FXII TEM, operatingat 200 kV
(occasionallyusinga liquidnitrogencoldstage). The instrumentwas equipped for
X-ray energydispersivespectrometry(EDS) and electronenergy lossspectrometry

L (EELS). Electron diffractiondata from the secondary phases were compared to X-raydiffraction(XRD) data from the literature,and in somecases from experiment,to assist
in identifications.The camera lengthsfor selectedarea electrondiffraction(SAED)
were determinedby usinga polycrystallinealuminumsample. Experimentallyderived
k-factorsfor the TEM were obtained,usingthe Cliff-Lorimermethod, from glassand
mineral standards[11].

RESULTS

SimulatedGlass ('200S)

A numberof silicatephaseswere identifiedinthe 200 glasstests, bothin the
simulatedand radioactiveglasses. The dominantphase, as determinedby XRD and
scanningelectronmicroscopy(SEM) analysis, inthe 200S series tests which
underwentaccelerated reaction,was a potassiumalumino-silicate.This phase was
extremelyelectronbeam sensitiveinthe TEM, whichmade structuralanalysisby
SAED difficult.

Potassium Alumino-Si/icate Phases

200S glass reactedfor 364 and 728 <:laysrevealed a potassiumalumino-
silicatephase, the electrondiffractionand XRD data of which is shownin the table
below. The XRD spacings,fromthe 728 day test,of the zeolitephase matchedwith
phillipsiteof the harmotome group_ideally [K2(CaosNa)4(AI, Si)ls O32o13H20], a
monoclinic zeolite with a = 9.88 A, b = 14.30 A,'¢ = 8.67 A, and 13= 124°, (zeolite
structuraltype S4R) [12] (see Table I). TEM had indicatedthat the zeolitephase was

TABLE I. d-spacin_lsfor Potassium Alumino-Silicate
TEM d-spacing (A) TEM d-spacings (A) XRD d-spacings (A) .....

36.4 days ,728 days 728 daysa, b Phillipsite,b [12]
8.2 8.14

6.9 - 7.29 7.2 7.1 8
5.67 5.62
5,20 5.23 5.37 5,38

4.82 5.0 5.07
4.72 4.56

4.25 4.23 4.30 4.30
3.91 4.18 4.12 4.12
3.79 3.73 3.69

3.57 3.48
3.35 3.33- 3.36 3.5
3.29 3.26 3.28

3.23 3.1 8 3.21
3.03 2.93 2.93

2.75 2.75
2.56 2.65 2.69 2.69
2.41 2.35 2.40

aXRD obtained usingthe Debye-Scherrermethod.
bFigures in boldare high-intensityreflections.
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clinoptilolitein the 364-day test and XRD data suggested that this phase might also be
present. X-ray energy dispersivespectroscopy(EDS) showeda highAi/Si ratio,and
that bothCa and Kwere present(see Table II). In the 728-day test, the potassium
concentrationappeared to be higher,and the phase was, at times, considerablymore
beam-stable.

Figure 1 showsthe interfacebetweenthe smectiteclay andthe zeolitephase
(the zeolite phase became amorphouswhilethe micrographwas taken, which is why
ithas the appearanceof glass).

The mineralparagenesisduringborosilicateglass reaction,in vapor conditions,
has been shown by Wronkiewicz[13] to be the following:

unalteredglass=_smectiteclays=_Na chabazite==_analcime+ phillipsite=_K-feldspar

The alterationof 200 glassappears to be followinga similarparagenicsequence;
however,tc date, analcimehas not be identifiedinany of the 200 tests. Chabazite
has been tentativelyidentifiedin the leachedlayersof 202U glassreacted at
20,000 m"1for >300 days [14].

Uranium Silicate Phases

Uraniumsilicatephaseswere observedin accelereted200 S glass, but results
from othertests,whichwillbe describedlater,suggestthat this phase is not
responsiblefor the observed acceleration. In Fig.2, a uranium-bearingphasecan be
seen attached to the clayphasesof the corrodedlayer. Tl',e uraniumsilicateswere
most often elongated crystallites which are _dentifiedas weeksite.

Table III also demonstrates the kind of precision that can be achieved with
SAED data for identifying, in this case, a uranium silicate phase.

Calcium Silicate Phases

A calcium silicate phase, consisting of wispy long needles, similar to smectite
clay but much straighter, was found in many regions of the leached surface (see
Fig. 3). Electron diffraction was obtained from this phase but was weak (see
Table IV). Quantitative analysis by EDS suggests Ca2Si7Ox. Wollastonite is a
possible match, but it is a high temperature phase. Other possibilities might be
calcium-boron containing feldspar, however solution data, as well as EELS analysis of
this phase, suggests that boron is not incorporated into secondary phases. The best
match with SAED data was found with orthorhombic tobermorite
[Cas(OH)2Si6016.4H20], but a reasonable match was also made with synthetic triclinic
gyrolite [CasSi12030(OH)4.7H20], whichmatched,in termsof composition,closerthan
the tobermorite. A Si-K EELS absorptionedge from the phase hasbeen Fourier
transformedto reveal the radialdistributionfunction(RDF) whichshowsthe nearest
neighbordistancesfor silicon(i.e., Si-O bond lengths)(see Fig. 3d).

The tobermorite identified,does notappear to possessenoughcalcium,
suggestingthat there is a largeamountof silicabetween the crystallites.Tobermorite
and gyroliteare commonreactionproductsassociatedwiththe accelerationof glass
reactionin vapor conditions[15].

Iron Silicate Phases

A silica-richphase has been describedpreviously[3], althoughthe phase was
rare. More commonly,an ironsilicatephasewas found that displayedpolycrystalline
electrondiffractiontypicalof a smectiteclay.
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• TABLE II. Composition of Zeolite Phases Found
' in 200S Glass Tests. Zeolites were not homogeneous

with respect to K and Ca. Si and AI errors <10%;
K and Ca error >50%

At%
...... Si AI ..... K Ca

364 Days 65.9 25.5 5.1 3.0
728 Days 59.2 28.95 9.15 2.75
_ltis not possible to quantify oxygen by EDS due to self-
absorption of low energy O-K X-ray and low fluoresence yield
((oK).

Figure 1. Micrograph (a) of clay
:. and zeolite phases found in

200S glass reacted for 364 days.
The zeolite has become
amorphous due to the electron
beam. (b) Electron diffraction
along a major zone axis in
zeolite phase from a 728-day
test.
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Figure 2. (a) Micrographof
uraniumsilicate particleattached
to clay layer of a 200S glass
reacted for 728 days, (b) electron
diffractiontaken along a minor

,_._ axis, and (c) EDS compositional
analysis (Cu-Kml3fluorescence
due to support grid).

TABLE III. d-spacin s for Uranium Silicate
d spacings (A) d spacings (/_)

364 days 728 days Error + (A)a Weeksiteb [18]

9.07 9.09 0.25 8.98
7.08 7.09 0.16 7.1 1
5.63 6.01 0.11 5.57
4.53 4.60 0.08 4.58

3.69 0.07 ....
3.56 3.55 0.06 3.55
3.26 3.32 0.05 3.20- 3.30
3.03 3.07 0.05 3.06
2.79 0.04 2.80
2.44 2.51 0.04 2.41

2.39 0.04 2.37
2.29 2.30 0.03 2.28

1.98 0.02 1.97

aErrors based on microscopeaberrationsand experimental
accuracyof measurements.

bFiguresin boldare high-intensityreflections.
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Figure 3. Analysis of a calcium silicate phase found in 200S glass. (a) Micrograph
of phase attached to clay layer, (b) polycrystalline electron diffraction pattern,
(c) EDS analysis using Be-window detector, and (d) RDF of the Si-K edge, showing
Si-O bond length at -16 ,&,.

TABLE IV. d-spacin( s for Calcium Silicate
d spacings d spacings

(A) Error + (A)a Tobermoriteb,c (A) Error + (A)a Tobermoriteb, c
5.51 0.11 5.49 2.15 0.03 2.15
4.59 0.08 2.03 0.03 2.00
3.57 0.06 3.55 1.86 0.03 1.87
3.15 0.05 3.1 6 1.69 0.02 1.84
3.04 0.05 3.09 1.54 0.02 1.54
2.97 0.04 3.005 1.43 0.02 1.44
2.81 0.04 2.83

aErrors based on instrument instabilities.

bFigures in bold are high-intensity reflections.
cJCPDS card 19-1364.



, The diffraction pattem in Fig. 4 showsthe hk0 reflections of a smectite. The clay
- was found within the alteration layer, underneath the backbone structure, which is

often found in reacted glasses.

Radioactive Glass (200R_

200R glass has not been shown to undergo acceleration by 728 days, so a
direct comparison between the two tests can not, as yet, be made. However, a
number of secondary silicate phases have been observed in these tests in the
leachate from the 200R glass, even though the reaction did not accelerate. The 200R
glassesdisplayed a smectite clay layer, which was depleted of potassiumand sodium. "
This outerclay layer was foundto be around100-150 nm thick at 364 daysand 200
nm thick at 546 days, with no evidenceof _.nacceleratedreaction.

Colloidal and Susoended Material

The developmentof colloidsinthe 200 seriesof testswillbe treatedin more
detail in a futurepaper [16]. Smectiteclay, identifiedby its obliquetexturedelectron
diffractionpattern[17], was found inthe leachatefrom 200S testsreactedat
20,000 m"1up to 180 days;after thisperiodno colloidalmaterialwas foundby TEM.
In contrast, leachatefrom 200R glasstestscontainedpotassium-richclaycolloidal
materialat 364 days,as wellas uraniumsilicateparticles(see Fig.5). In fact, uranium
silicatephaseshave been observed in the leachedlayers and in the leachate as
colloidalparticles,in lower SAN experimentswith 200S glass, whichhave not
undergoneacceleration. These observationssuggestthat uraniumsilicatesand
smectite clayphasesdo not cause the accelerationof reaction.

DISCUSSION

Comparisonof the 200R glassand the nonradioactive200S glass, interms of
solutionanalysisand TEM layeranalysis,has been reportedelsewhere[2,3]. The
zeolite phase, which becomesprevalentduringthe observed accelerationin reaction,
has undergoneslightchangesbetween 364 and 728 days,which have resultedin a
more beam-stable phase. Uraniumsilicate(weeksite)phaseswhichwere observed in
200S glass reacted at 340 m"1(both in leachateand on the leachedlayer) and in
200R glassreactedat 20,000 m"1(in leachate)suggeststhat weeksiteis not
responsiblefor the acceleratedreaction. The compositionof the zeolitephase varies,
with somephases possessinga higherpotassiumcontent. We have notobserved
evidenceof the formationof feldspar,althoughthe zeolite phases inthe 728-day
sample do appear to be morestable, withincreasingpotassiumcontentand lower
aluminumcontent.

We have foundthat,despitethe electronbeam sensitivityof manyof the
secondary phases,good structuralanalysisby SAED can be obtained. The electron
irradiationeffectsdo impededetailedcharacterizationof these phases;as a result,
fine structures(suchas extendeddefectsand twins)that are commonto mineral
phasesand that may providefurther insightintohow these phasesare forming),
cannotbe observed;and the electronbeamtechniqueis unable to obtainmuchmore
informationthan the moreconventionalmethodssuchas XRD. Often the data
collected,throughdiffractionand EDS, do not matchexactlywiththe mineraldata
base. However, as many of the phasesexhibitsolidsolutionsequences,small
variationsin compositionand structurecan be expected.
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Figure 5. (a) TEM image of clay colloids collected on a "holey" carbon film and
(b) uranium silicate particle in 200R leachate reacted for 546 days at 20,000 m"1.
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The integration times required to collect EELS analysis of uninterrupted K
edges, mostly results in amorphization of the studied alteration phase. However, the
bond lengths of covalent phases are unlikely to change during amorphization, (unless
there are redox modifications), and therefore radial distribution functions, obtained
from the extended fine structure, will still provide information on nearest neighbor
distances, so providing some structural data [19].
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