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SUMMARY

Glass ceramic waste forms have been investigated as alternatives to boro-
silicate glasses for the immobilization of high-level radioaétive waste at
Pacific Northwest Laboratory (PNL). Three glass ceramic systems were investi-
gated, including basalt, celsian, and fresnoite each containing 20 wt% simu-
lated high-Tevel waste calcine. The purpose of this study was to assess
chemical durability of glass ceramic waste forms and to compare the results
for the three glass ceramics with a reference borosilicate glass, 76-68.

The glass ceramic materials used in this study were prepared by melting
base materials (basalt, celsian glass frit, fresnoite glass frit) with 20 wt%
simulated waste calcines. The calcines included PW-9, PW-4b-7, PW-8a-2, and
two calcines used at Hahn Meitner Institute in Berlin in the development of
celsian and fresnoite glass ceramics. The vitreous materials were annealed
and subjected to a two-stage heat treatment for nucleation and crystal growth.
The crystal phases formed, represented by idealized formulas, are:

s Basalt glass ceramic - augite (Ca,Fe,Mg)SiO3
- spinel NiFe204
- powellite (Ca,Sr)MoO4

e Celsian glass ceramic - celsian BaA1251208
- scheelite BaMoO4
- pyrochlore (R.E.)T1207

e Fresnoite glass ceramic - fresnoite Ba2T1208
- scheelite BaMoO4
- perovskite Ca(R.E.,Ti)O3

Static leach tests were performed on seven glass ceramic materials and
one parent glass (before recrystallization) using procedures outlined by the
Materials Characterization Center (MCC). Samples were leached at 90°C for 3
to 28 days in deionized water and silicate water. The resuits, expressed in



normalized elemental mass loss, (g/mz), show comparable releases from celsian
and fresnoite glass ceramics. Basalt glass ceramics demonstrated the lowest
normalized elemental losses with a nominal release less than 2 g/m2 when

leached in polypropylene containers. The releases from basalt glass ceramics
when leached in silicate water were nearly identical with those in deionized
water. The overall leachability of celsian and fresnoite glass ceramics was

improved when silicate water was used as the leachant.
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INTRODUCTION

One important aspect of radioactive waste management involves the solidi-
fication of the waste into a stable solid. The two solid hosts having received
the greatest development for high-level wastes (HLW) are glasses and crystal-
line ceramics. Borosilicate glasses, which are the most widely studied waste
form, in the ideal case homogeneously incorporate fission products, transuran-
ics, corrosion products and processing chemicals. In practice, waste glasses
9> Zr02) and
noble metals (Rh, Pd) (Guber et al. 1979). Other secondary phases such as

often contain a small percentage of undissolved oxides (Ru02, Ce0

spinel and a water soluble molybdate (Wald and Westsik 1979) have also received
special attention in glass development studies. A1l of these may act as nuclei
for further crystallization. 1In a supercooled state, glasses are highly resist-
ant to alteration; however, as the viscosity decreases (i.e., at high tempera-
tures), the susceptibility for structural change (crystallization) increases.
Spontaneous crystallization may occur at temperatures between the glass soft-
ening point and the Tiquidus temperature. If not controlled, unfavorable
phases and/or microstructures may form. This tendency, along with the possi-
bility of forming stable, highly durable crystalline phases, led to evaluation
of glass ceramics as possible waste forms, especially at the Hahn Meitner
Institute (De, et al. 1976, De, et al. 1977, and Lutze, et al. 1979) but also
in Japan (Oguino, et al. 1979) and at Battelle's Pacific Northwest Laboratory
(Lokken and Rusin 1980).

Glass ceramics, as the term implies, are glasses which have been either
partially or completely crystallized through controlled heat-treatment proc-
esses. Commercial glass ceramics are designed for maximum crystallinity (>98%)
(McMillan 1979) while glass ceramics studied for radioactive waste may contain
less than 35% crystals (Lutze, et al. 1979). The structure of these materials
has been intentionally altered to provide greater resistance to further, unde-
sirable crystallization at elevated temperatures, and to improve thermal and
mechanical properties. The preparation of glass ceramics requires a chemical
composition such that the material can be homogeneously melted, shaped or cast,



and cooled to below the annealing point while maintaining its vitreous condi-
tion. In addition, the material must contain a nucleation catalyst upon which
crystal phases may grow. One of the main requirements of a crystallization
catalyst or nucleating agent is the capability of existing in the glass as a
dispersion of particles of colloidal dimensions (McMillan 1979). Nucleating
agents may include metallic colloids, oxides, or halides. As suggested above,
HLW ordinarily includes a variety of suitable nucleating metallic and oxide
phases without requiring additional additives.

Numerous glass ceramic compositions have been studied for solidification
of high-level radioactive waste as reviewed by Rusin (1981). Several composi-
tions merited further study. This report describes the preparation and leach

testing of celsian, fresnoite, and basalt glass ceramics. Celsian and fresnoite

glass ceramics were prepared with simulated power reactor waste calcines used
in their development at the Hahn Meitner Institute (Lutze, et al. 1979) and
one additional composition. Basalt glass ceramics were studied because of the
possibility of producing a waste form in near equilibrium with the final rock
system. Basalt dominates the geology of any possible Hanford repository, as
being evaluated by the Basalt Waste Isolation Project (Deju and Evans 1980).
Basalt glass ceramics in this study were prepared with Pomona basalt and three
simulated power reactor waste calcines to assess the ability of basalt to
accept variations in waste stream composition. The waste loading of all mate-
rials tested was 20 wt% on an oxide basis. The glass ceramics were tested for
chemical durability using procedures similar to those defined by the Nuclear
Waste Materials Characterization Center for the MCC-1 Static Leach Test.



EXPERIMENTAL

MATERIAL PREPARATION

Eight materials were prepared for characterization and leach testing,
including three types of glass ceramics and one parent glass. Each waste form
contained 20 wt% simulated waste calcine. The materials included:

e Basalt glass ceramic with PW-9 calcine (BGC-9)

e Basalt glass ceramic with PW-4b-7 calcine (BGC-4)

e Basalt glass ceramic with PW-8a-2 calcine (BGC-8)

e Basalt glass with PW-8a-2 calcine (BG-8)

s Celsian glass ceramic with PW-9 calcine (CGC-9)

e Celsian glass ceramic with HMI calcine (CGC-HMI)

s Fresnoite glass ceramic with PW-9 calcine (FGC-9)

e Fresnoite glass ceramic with modified PW-4b-7 calcine (FGC-M4)
The abbreviations noted in the above Tist will be used in following
discussions.

Basalt

Four basalt-based products were prepared by melting 80 wt% Pomona basalt
(-25 + 70 mesh) with 20 wt% simulated high-level waste calcine. Three types
of calcine were used—PW-9, PW-4b-7, and PW-8a-2. Each mixture was melted for
2 hours in platinum crucibles at 1300°C in air. After an additional 10 min-
utes at 1400°C (to aid in casting) the glass was poured into a heated steel
bar mold and when the temperature was “700°C, the glass bar was transferred to
an annealing furnace operating at 550°C. Following 2 hours of annealing the
sample was slow cooled to room temperature. The glass bars were nominally
19 mm by 19 mm by 75 mm. A bar of each material was then heat treated for con-
trolled crystallization using a two-stage process developed at Corning (Beall
and Rittler 1976). The materials were heated at 240°C/h to 670°C for 1 hour,
followed by 240°C/h to 920°C and held for 8 hours.

Celsian

Two simulated waste calcines were incorporated in a celsian-based mate-
rial. One was PW-9 calcine, the other a simulated calcine from HMI. The



latter calcine was used in developing the composition and heat treatment sched-
ule for celsian glass ceramics. The celsian glass mixture was prepared with
oxides and carbonates plus 20 wt% simulated calcine powder on an oxide basis.
The mixture was melted at 1200°C for 2 hours and cast into bars as described
above. The materials were annealed for 2 hours at 500°C, slow cooled to room
temperature, and heat treated. Again a two-stage heat treating schedule was
used, nucleating at 600°C for 3 hours, followed by a 12 hour crystallization
treatment at 800°C.

Fresnoite

Fresnoite glass ceramics, like the celsian type, were also developed at
HMI. This type of glass ceramic is formulated without boron in an effort to
increase the durability of the residual vitreous phase remaining after crystal-
lization. Materials for this study were prepared with 20 wt% PW-9 calcine and
20 wt% PW-4b-7 calcine containing additions of 0.46 wt?% Eu203 and 0.32 wt%
Mn02. The two additions to PW-4b-7 were necessary to approximate the com-
position of the HMI calcine used in the development of fresnoite glass ceram-
ics. Chemical oxides were mixed with 20 wt% waste calcine and melted for
2 hours at 1200°C and cast into heated steel bar molds. The glass bars were
annealed for 2 hours at 500°C and furnace cooled to room temperature. Crys-
tallization was affected by heating at 250°C/h to 700°C, holding for 4 hours,
heating to 860°C at 250°C/h, holding for 12 hours, and slow cooling to room
temperature.

Composition

The nominal compositions of the base materials for the three glass ceramic
materials are listed in Table 1. The materials comprised 80 wt% of the waste
forms with various simulated calcines making up the balance. Table 2 shows the
nominal and analyzed oxide composition of the materials after preparation.

The materials were analyzed by a KOH or NaOH fusion/ICP technique.

One concern expressed with the use of high-melting temperature glasses
is that of volatility of certain waste constituents. An approximation of vola-
tility losses was made by comparing the analyzed compositions of the starting
materials with those of the prepared waste forms. Cesium was found to be one

4



TABLE 1. Oxide Composition of Base Materials for Basalt, Celsian,
and Fresnoite Glass Ceramics

Oxide Basalt Celsian Fresnoite
A]ZO3 13.90 16.1 -
Cal 10.20 5.0 -
Fe203 11.70 - -
K20 0.50 - -
Mg0 6.68 1.5 6.25
MnO2 0.20 - -
S1'02 51.70 3.2 25.00
T1'02 1.60 5.0 18.75
Na20 2.73 2.0 -
8203 - 8.0 -
L120 - 3.0 -
Ba0 - 18.6 35.00
Zr‘O2 - 1.0 -
Zn0 - 4.5 -
PbO2 - - 15.00
99.2 99.9 100.0

of the most volatile of the elements considered with losses of 43, 38, and

32 wt% Cs from BGC-9, BGC-4, and BGC-8, respectively. These materials were
melted in air at 1300°C for 2 hours. Similarly, the weight percent of cesium
lost from CGC-9 and FGC-9 after 2 hours at 1200°C was 19 and 59 wt%, respect-
ively. These values are not unrealistic with respect to losses from other
high-level waste glasses (Gray 1980). For example, 72-68 glass demonstrated
cesium losses of 30 and 100 wt% at 1100 and 1200°C, respectively. The volatil
losses of molybdenum and sodium from the glass ceramics were near zero.

CHARACTERIZATION

The eight waste forms described in the previous section were characterize
by optical and scanning electron microscopy, energy dispersive x-ray analysis
(EDAX), x-ray diffraction, and immersion density measurements.



TABLE 2. Nominal and Ana]yzed(a) Composition of Glass Ceramic Waste
Forms, Wt%

Detection

Limit BGC-9 BGC-8 BGC-4

{ppm) Nominal Analyzed Nominal Analyzed Nominal Analyzed
A1203 0.03 11.13 11.1 11.13 10.8 11.15 10.1
3203 0.01 0.01 0.08 0.01 0.04 0.03 0.07
Bal 0.002 0.67 0.73 0.25 0.30 0.50 0.50
Ca0 0.01 8.24 8.65 8.26 8.19 8.26 7.66
Cdo 0.004 0.07 0.07 0.02 0.02 0.04 0.4
Ce203 0.04 1.11 1.45 1.84 2.00 1.19 1.22
CoO3 0.01 0.13 0.16 0.05 0.07 0.03 0.01
Cr203 0.02 0.18 0.21 0.22 0.24 0.17 0.15
CuO2 0.004 - 0.01 - - - -
Dy203 0.004 0.02 0.02 0.02 0.02 0.01 0.01
Eu203 0.002 - 0.01 0.01 0.01 0.08 0.08
Fe203 0.005 9.98 10.2 13.96 13.9 10.1 9.36
Gd203 0.01 0.08 0.08 0.07 0.07 0.08 0.08
KZO 0.3 0.42 0.72 0.46 0.87 0.40 0.6
La203 0.008 0.85 0.95 0.93 0.95 0.59 0.58
L120 0.004 - 0.02 - 0.02 - 0.01
Mg0 0.06 5.37 5.06 5.37 4.98 5.37 4.82
MnO2 0.002 0.17 0.19 0.17 0.18 0.17 0.18
MoO3 0.01 2.80 2,73 1.09 1.16 2.24 2.12
Na20 0.01 5.30 7.16 5.36 6.11 4.36 6.10
Nd203 0.02 0.60 0.67 0.78 0.80 1.68 1.64
Ni0 0.02 0.40 0.43 0.24 0.21 0.05 0.05
PZOS 0.1 0.28 0.6 0.24 0.4 0.26 0.4
Pb0 0.06 - 0.06 - 0.07 - 0.15
RuO2 0.05 0.36 0.06 0.07 - 1.16 0.09
SiO2 0.02 41.39 40.2 41.42 39.8 41.59 37.2
Sr0 0.002 0.50 0.58 0.18 0.21 0.41 0.43
TeO2 0.06 0.26 0.22 0.10 0.12 0.22 0.10
TiO2 0.002 1.29 1.42 1.28 1.37 1.29 1,31
In0 0.02 0.01 - - - 0.20 -
ZT‘OZ 0.008 0.92 1.89 0.79 0.64 "1.32 1.98
cs,0®)  0.05 125 071 050 03 L0y _0.68
TOTAL 93.8 96.4 94.8 94.0 93.8 88.3

(a) Analyzed by ICP with KOH fusion.
(b) Analyzed by Atomic Adsorption.



SrQ
TeO2
Ti0
Zn0
ir0

2

(b)

CSZO
TOTAL

2

TABLE 2. (contd)

CGC-9 ,CGC-HMI FGC-9 FGC-M4
Nominal Analyzed Nominalld) Analyzed Nominal Analyzed Nominal Analyzed
12.89 11.0 10.8 0.01 1.1 0.03 0.88

6.41 8.26 7.99 0.01 0.055 0.03 -
15.55 15.3 14.8 28.67 28.3 28.48 26.6
4.08 4.08 3.94 0.08 0.14 0.09 0.40
0.07 0.07 - 0.07 0.07 0.04 0.04
1.11 1.15 1.04 1.11 1.09 1.15 1.25
0.13 0.14 - 0.13 0.16 0.02 -
0.18 0.18 0.36 0.18 0.18 0.17 0.14
- 0.01 0.12 - 0.06 - 0.16
0.02 0.02 0.01 0.02 0.02 0.01 0.01
- 0.01 - - - 0.59 0.54
0.62 0.68 1.55 0.62 0.76 0.62 0.89
0.08 0.10 - 0.08 0.14 0.07 -
0.42 0.27 - 0.02 - - -
0.85 0.88 0.55 0.85 0.88 0.57 0.65
2.40 2.38 2.58 - 0.03 - -
1.23 1.21 1.17 5.03 4.57 5.02 4,65
0.01 0.01 0.27 0.01 - 0.33 0.35
2.80 2.78 2.19 2.80 2.92 2.15 2.16
4.72 5.38 4.16 3.12 5.09 2.09 4.33
0.60 0.62 1.94 0.60 0.63 1.62 1.81
0.40 0.4 0.22 0.40 - 0.05 0.05
0.28 0.32 0.58 0.28 0.28 0.25 0.85
- 0.12 - 12.00 10.5 12.00 10.10
0.36 0.24 - 0.36 0.17 1.11 1.05
28.19 28.8 27.2 20.03 23.6 20.22 21.7
0.50 0.59 0.61 0.50 0.65 0.40 0.54
0.26 0.30 0.23 0.26 0.29 0.21 0.24
4.01 4.35 4.42 15.01 19.9 15.01 15.1
3.61 3.69 3.46 0.01 0.03 0.02 -
1.72 3.05 - 0.92 2.24 1.27 -
125 Lol 138 125 0.51 1.05 0.8
95.8 96.4 91.6 94.4 100.4 94,7 95.4

{a) Nominal composition not available.

(b) Analyzed by Atomic Adsorption.



Microstructure

Optical micrographs of the basalt glass ceramics are shown in Figure 1.
The three materials—BGC-9, BGC-4, and BGC-8—are characterized by fine, homo-
geneous textures. The small bright particles, seen in the upper right of the
BGC-8 optical micrograph, are detailed in a SEM micrograph also seen in Figure
1. Two particle shapes are seen in the figure--semirectangular, and dendritic.
Both were identified by EDAX as spinel composed of Fe, Cr, Ni, and Ru. Simi-
lar particles are seen in the BG-8 sample as evidenced by Figure 2. The opti-
cal micrograph reveals a large number of spinel particles; these are detailed
by SEM in the micrograph on the right.

The celsian glass ceramic microstructures are characterized by more irrequ-
larities than the basalt glass ceramics, as seen in Figure 3. CGC-9 contains
light-colored inclusions within a grainy matrix. Examination at Tower magnifi-
cation reveals small amounts of porosity. The microstructure of CGC-HMI is
characterized by needle-1like crystals and small bright particles within a gray
matrix. The bright particles were identified by EDAX as scheelite, while the
needle-1ike features are celsian crystals.

The microstructures of fresnoite glass ceramics are shown in Figure 4.
FGC-9 is similar in appearance to the basalt glass ceramics being fine-grained.
The microstructure of FGC-M4 is characterized by numerous crystal clusters
within a fine-textured matrix. The structure is seen more clearly in the SEM
micrographs which reveal four distinct features. The bright particles were
identified by EDAX as palladium. Unlike the celsian glass ceramics, individual
phases cannot be clearly identified because of numerous peak overlaps, i.e.,
barium and titanium, molybdenum and lead. The dark area of the matrix, which
is similar in texture with the lighter, continuous matrix, is enriched in
magnesium.

X-Ray Diffraction

During the heat treatment of the basalt glass ceramics three principal
nhases crystallized. These phases and their relative yield, based on A]203/
glass standards with a relative standard deviation of *10%, are listed in















TABLE 3. Crystalline Phase Yield in Glass Ceramics, wts(a)

Augite Spinel Powellite
(Ca,Fe,Mg)SiO3 NiFe 0, (Ca,Sr)Mo0,  Total
BGC-9 7 4 5 16
BGC-4 12 6 4 22
BGC-8 7 8 2 17
BG-8 - 3 - 3
Celsian Scheelite Pyrochlore
BaA]2§1298__ BaMoOcI gR.E.2211297_ Total
CGC-9 12 6 6 24
CGC-HMI 9 5 6 20
Fresnoite Scheelite Perovskite
__Engisizgg__ BaMoO:I Ca(R.E.,Ti)O3 Total
FGC-9 15 6 9 30
FGC-M4 21 4 6 31

(a) Crystalline yield is +10% of listed value.

TABLE 4. Densities of Glass Ceramic Waste Forms

Waste Form Density, g[cm3
BGC-9 3.071 + 0.001
BGC-4 3.105 + 0.007
BGC-8 3.088 + 0.002
BG-8 2.956 + 0.003
CGC-9 3.105 + 0.003
CGC-HMI 3.122 + 0.004
FGC-9 4.153 + 0.010
FGC-M4 4.309 + 0.016
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LEACHING

Consistent Teach procedures were used throughout this study to allow for
intrastudy comparison of chemical durability. The methods used were similar to
those proposed by the Materials Characterization Center's (MCC) static leach
test procedure. The major deviation from recommended procedure was the use of

® containers in an

polypropylene containers in an o0il bath instead of Teflon
oven. In addition, at the time testing began, the procedure outlined by MCC
was in draft form and has since been modified to accomodate new or improved
methods. Therefore, caution must be exercised in referring to the methods

reported herein as standard MCC procedure.

Eight waste forms were tected to compare the chemical durability of the
various glass ceramic waste forms. Each material was produced in the form of
rectangular bars nominally 19 mm by 19 mm by 75 mm. Leach samples were cut
from the bars using a low-speed saw with a diamond impregnated wafering blade.
Isopropyl alcohol was used as the lubricating/cooling medium. The sample size
was consistent for all materials with dimensions of 10 mm x 10 mm x 4.8 mm
resulting in a sample surface area of 392 mm2. After cutting, the samples
were cleaned in acetone followed by three cleanings in ethanol with ultrasonic

agitation.

The samples were suspended by monofilament polypropylene and placed in
polypropylene bottles. One of two solutions—deionized water, or silicate
water--was added to the bottles to achieve a sample surface area to solution vol-
ume ratio of 10 m']. The bottles were then sealed and placed in a bath operat-
ing at 90°C +1°C. Nine samples of each waste form were tested with times of
3, 7, 14, and 28 days. One sample was leached at the shorter times, while
three samptes were leached for 28 days in each of the two solutions. In addi-
tion, bottles containing only solution were prepared as above and tested for

28 days under identical conditions as the samnles.

After the allotted Teaching time, the bottles were removed from the bath
and the samples removed and rinsed with deionized water. The bottle was
recapped and the solution allowed to cool to room temperature after which

Tef]on® is a registered trademark of E.I. duPont de Nemours Co., Inc.

14



point the leachate pH was measured. If the liquid level had changed during
testing, the container was filled to its original volume with the appropriate
starting solution. A normal loss was <5% of original volume after 28 days of

testing.

The solutions were analyzed for cations using inductively-coupled plasma
emission spectroscopy (ICP) with the detection limits listed in Table 2.
Cesium was analyzed by atomic adsorption {AA) with a detection limit of
0.05 ppm.

15






RESULTS

The results from the static leach tests are reported in units of "grams of
waste form" based on specific elements measured. Thus, the data are normalized
to reflect the initial fraction of individual elements present in the material.
Results are calculted with the following equation:

where (NL)i the normalized mass of element "i" lost per unit surface area

of the sample (g/m2)

m. = the mass of element "i" in solution at the end of the experi-
ment (g)

f. = the mass fraction of element "i" in the sample when the experi-
ment began (unitless)

SA = surface area of the sample (m2)

Standard deviations were calculated from data of triplicate samples
leached for 28 days.

LEACHING RESULTS

Basalt Glass Ceramics

Three glass ceramics prepared with Pomona basalt and 20 wt% PW-9 calcine
(BGC-9), PW-4b-7 calcine (BGC-4), or PW-8a-2 calcine (BGC-8) were tested under
conditions outlined above. In addition, a vitreous material containing 20 wt%
PW-8a-2 calcine (BG-8) was tested to assess the effect of crystallization on
chemical durability. '

Tables 5, 6, 7, and 8 show results of the basalt-based products leached
at 90°C for 3 to 28 days in deionized water and for 28 days in silicate water.
The values for 28 days are averages of three replicate samples. The normalized
elemental losses of all species leached from the three glass ceramic materials
are very low (<3 g/m2) with the most leachable ion being sodium. The use of
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TABLE 5. Normalized Elemental Losses (NLj) for BGC-9 Leached at 90°C

Deionized Water as Leachant, g/m2

Time, d Al Ba Ca Mg Mo Na Si Sr Cs pH
3 0.33 0.30 TTET_ - - - 0.26 0.21 - 5.63
7 0.50 0.60 - - - - 0.42 0.42 0.49 4.62
14 - 1.06 0.49 0.55 0.56 1.52 0.79 0.85 1.21 4.30
28 0.07 1.56 0.62 0.40 1.14 1.97 1.25 1.28 1.48 3.92

ol®) 4012 40.23 +0.07 +0.11 +0.04 +0.18 +0.03 +0.23 +0.20 +0.03

Silicate Water as Leachant, g/m2
Time, d Al Ba Ca Mg Mo Si Sr Cs pH

28 1.50 1.21 0.17 -  1.67 1.48 1.27 1.59 7.71
o® 40 w0 40 40 +0.06 +0  +0.05 +0.02

(a) Concentration in solution was below the detection limit.
(b) o = one standard deviation from average of data of triplicate samples
leached for 28 days.

TABLE 6. Normalized Elemental Losses (NLj) for BGC-4 Leached at 90°C

Deionized Water as Leachant, g/mé

Time, d Al Ba Ca Mg Mo Na Si Sr Cs pH
3 @ g6 - 0.18 0.53 0.09 0.13 0.14 4.98
7 - 0.29 0.12 - 0.28 0.7 0.22 0.30 - 4.3
14 0.09 0.45 0.16 0.42 0.38 1.38 0.33 0.43 0.36 4.13
28 0.07 1.02 0.59 0.46 0.65 1.54 0.82 0.84 0.86 3.98
ol)  40.13 +0.07 +0.08 +0.10 +0.04 +0.94 +0.08 +0.15 +0.19 +0.05

Silicate Water as Leachant, g/m

Time, d Al Ba Ca Mg Mo Si Sr Cs pH
28 1.10 0.65 0.21 - 1.46 1.26 1.09 1.17 7.77
o(b) +0 +0.41 +0.09 +0.36 +0.03 +0.14 +0.04 +0.03

(a) Concentration in solution was below the detection limit.
(b) 0 = one standard deviation from average of data of triplicate samples
leached for 28 days.
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TABLE 7. Normalized Elemental Losses (NLj) for BGC-8 Leached at 90°C

Deionized Water as Leachant, g/m2

Time, d Al Ba Ca Mg Mo Na Si Sr Cs pH
3 @ g2 0.08 - 0.47 1.08 0.25 0.32 0.33 5.40
7 - 0.67 0.19 -  0.40 1.66 0.46 0.65 -  4.25
14 0.05 1.12 0.30 0.30 0.66 2.56 0.75 0.97 0.98 4.15
28 0.05 1.66 0.60 0.42 0.42 2.87 1.28 1.29 1.47 4.06

ol®) 40,08 +0.30 ¥0.07 +0.16 +0.72 +0.73 +0.16 +0.37 +0.16 +0.03

Silicate Water as Leachant, g/m2
Time, d Al Ba Ca Mg Mo Si Sr Cs pH

28 1.17 0.99 - 0.04 - 1.26 1.08 1.31 7.85
oP) o s0.21 +0.02 +0.11 40 +0

(a) Concentration in solution was below the detection limit.
(b) o = one standard deviation from average of data of triplicate samples
leached for 28 days.

TABLE 8. Normalized Elemental Losses (NLj) for BG-8 Leached at 90°C

Deionized Water as Leachant, g/m2

Time, d Al Ba Ca Mg Mo Na Si Sr Cs pH
3 0.12 2.01 0.52 0.27 1.25 3.69 1.46 1.72 1.47 7.13
7 (@ 201 2,29 1.93 2.18 2.35 2.29 2.31 1.96 6.79
14 - 3.31 3.29 2.80 2.70 3.41 3.32 3.33 2.61 5.50
28 - 4.19 5.66 4.25 2.58 3.81 4.50 4.00 3.37 4.92
o(b) +0.17 +1.02 +0.46 +0.11 +0.58 +0.18 +0.40 +0.09 +0.14

Silicate Water as Leachant, g/m?
Time, d Al Ba Ca Mg Mo Si Sr Cs pH

28 1.76 0.50 1.76 1.51 2.52 2.03 1.61 1.63 7.9
o(P) 40 40.21 40 +0.13 +0  +0.13 +0  +0  +0.12

(a) Concentration in solution was below the detection limit.
(b) ¢ = one standard deviation from average of data of triplicate samples
leached for 28 days.
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different simulated calcine powders had a minimal effect on chemical durability
as the results show. Of the basalt glass ceramics, BGC-4 demonstrated the Tow-
est normalized elemental losses—1less than 2 g/m2 for any element analyzed
after 28 days of leaching.

The effect of crystallization on leachability is seen by comparing the
data in Tables 7 and 8. The first shows results of BGC-8 and the second the
results of its vitreous counterpart (BG-8), i.e., the same material before
crystallization. A decrease in leachability of all elements was noted for the
glass ceramic. The largest decreases were observed for those elements present
in the predominant crystalline phases. The release of calcium and magnesium
after 28 days, for example, decreased by factors of 9 and 10, respectively
after recrystallization. Similarly, the formation of powellite (Ca,Sr)MoO4
resulted in strontium and molybdenum releases 3 and 6 times lower from the
glass ceramic.

Tables 5 through 8 also present results of the basalt-based products
leached for 28 days in silicate water. Comparing the results of the glass
ceramics with those from deionized water shows very little difference except
for small increases in aluminum and molybdenum releases and decreases in the
release of calcium and magnesium. The results for BG-8, however, show a
marked decrease in leachability for silicate water for all elements except
aluminum which was slightly higher, and for molybdenum which remained the
same. The greatest difference was observed for barium which decreased by a
factor of 8 over deionized water.

Celsian Glass Ceramics

Tables 9 and 10 show the resuits of leaching two celsian glass ceramics
at 90°C for 3 to 28 days. The values at 28 days are the average of three
samples. The normalized elemental losses of barium and silicon are lowest of
those elements considered, supporting the premise that crystalline phases are
more durable than the residual glass in these products. The main crystalline
phase produced in these materials is a celsian (BaA1251208) phase. Comparing
the results of the two CGC's indicates no major differences in chemical dura-
bility with differing waste calcines.
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TABLE 9. Normalized Elemental Losses (NLj) for CGC-9 Leached at 90°C

Deionized Water as Leachant, g/m2

Time, d B Ba Ca Mg Mo N Sr Cs Li pH
3 7.3 3.2 5.4 5.4 13.6 4.3 6.4 7.1 8.8 7.76
7 9.5 3.8 7.9 10.8 17.0 4.7 8.3 8.4 12.0 7.57
14 14.5 4.2 10.8 10.0 21.2 6.4 11.6 6.5 17.4 7.75
28 21.8 5.3 16.8 14.4 27.6 7.5 6.4 18.8 30.3 6.95

ola) 406 402 +0.4  +0.8 +1.2 +0.2 +0.5 +0.6 +0.8 +0.16

Silicate Water as Leachant, g/m?
Time, d B Ba Ca Mg Mo Sr Cs Li _pH

28 6.5 1.0 4.0 5.5 12.5 4.4 6.9 8.8 7.78
old) 406 +0.1 +0.2 40 +1.5  +0.3 +1.3  40.7 +0.02

(a) o = one standard deviation from average of data of triplicate samples
leached for 28 days.

TABLE 10. Normalized Elemental Losses (NLj) for CGC-HMI Leached at 90°C

Deionized Water as Leachant, g/m?

Time, d B Ba Ca Mg Mo Si Sr Cs Li pH
3 7.9 2.9 5.5 6.4 12.7 4.4 7.5 8.1 8.8 7.89
7 10.8 3.7 8.5 12.3 15.8 5.0 10.1 10.8 13.0 7.79
14 13.8 3.7 9.7 10.2 16.9 5.9 12.1 7.7 16.5 7.76
28 19.8 4.7 14.3 15.2 21.7 6.5 16.4 19.0 26.4 7.01
old)  40.2 40.2 +0.2 +0.5 +0.4 +0.1 +0.4 +0.9 +1.0  +0.11
Silicate Water as Leachant, g/mZ
Time, d B Ba Ca Mg Mo Sr Cs Li pH
28 8.8 1.2 4.6 7.1 14.6 6.3 9.2 i1.7 7.91

old) 40,7 40 +0.4 +0  +0.4 +0.3 +0.8 +0.6 +0.03

(a) o = one standard deviation from average of data of triplicate samples
leached for 28 days.
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The leachability of celsian glass ceramics improves when tested in sili-
cate water as shown by comparison of Tables 9 and 10. The improvement over
deionized water is more noticeable for CGC-9 with the normalized elemental
losses lower by a factor of 2 for molybdenum and by a factor of 5 for barium.
The relative order is the same for CGC-HMI although the magnitudes are slightly
lower, ranging from a 1.5 times improvement for molybdenum to 3.8 for barium.

Fresnoite Glass Ceramics

The normalized elemental losses for the two fresnoite glass ceramics
(FGC-9 and FGC-M4) are shown in Tables 11 and 12. The major crystalline phases
in these materials are fresnoite (Ba2T1$1208), scheelite (BaMoO4), and perov-
skite Ca(R.E.,T1)03. Although fresnoite is the major phase, the amount of
barium and silicon in solution after 28 days (12.6 and 11 g/mz) raises the
question as to whether these elements are sufficiently immobilized in a durable
phase. Scheelite appears to have a beneficial effect on product quality since
the amount of molybdenum leached is relatively small. The type of waste incor-
porated in fresnoite glass ceramics does not affect the leachability to a great
extent except for cesium which leaches twice as much from FGC-M4.

TABLE 11. Normalized Elemental Losses (NLj) for FGC-9 Leached at 90°C

Deionized Water as Leachant, g/m2

Time, d Ba Mg Mo Na Si Sr Cs  pH
3 1.38 0.61 5.71 3.14 1.62 0.83 2.92 7.17
7 3.20 1.93 7.40 5.28 3.16 2.17 4.30 6.72
14 5.14 1.3 5.60 6.68 5.38 3.92 6.92 6.15

28 12.63  4.39 2.47 10.35 11.11 9.66 10.86 5.35
ol 40.27  +0.28 +0.31 +0.34 +0.25 +0.34 +0.32 +0.03

Silicate Water as Leachant, g/m2

Time, d Ba Mg Mo Sr Cs pH
28 0.59 0.70 7.40 0.39 2.31  7.67
ola) 40,03 40 +0 s0 40 +0.04

(a) o = one standard deviation from average of data of triplicate
samples leached for 28 days.
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TABLE 12. Normalized Elemental Losses (NLj) for FGC-M4 Leached at 90°C

Dejonized Water as Leachant, g/m2

Time, d Ba Mg Mo Na Si Sr Cs ~pH
3 1.34  1.22  5.94 3.20 1.62 0.48  3.86  6.97
7 2.79 2.82 6.9 - 2.56 1.10 5.06  6.51
14 5.6 2.35 5.63 5.67 5.11 2.83 8.43  6.08
28 13.21  8.02 3.47 9.55 10.58 6.79 20.08  5.46
ola)  10.02 +0.80 +1.84 +1.29 +0.16 +0  +5.02 +0.05

Silicate Water as Leachant, g/m2

Time, d Ba Mg Mo Sr Cs ~pH
28 0.67 0.95 8.10 0.22 5.06 7.67
ola) +0.03 +0.21 +0.40 +0 +0.79  +0.02

(a) 0 = one standard deviation from average of data of triplicate samples
leached for 28 days.

Using silicate water as a leachant resulted in drastically reduced leach
values for all elements except molybdenum which increased by a factor of 3
over deionized water. The normalized elemental losses of barium and strontium
decreased by factors 21 and 25, respectively for FGC-9, while magnesium and
cesium decreased by factors of 6 and 5.

DISCUSSION OF RESULTS

The main purpose of this study was to assess the relative chemical dura-
bility of three glass ceramic systems being developed and tested for immobili-
zation of high-level radioactive waste. Eight materials of the three systems
were tested to allow the following comparisons to be evaluated:

o Comparison of leachability of basalt, celsian, and fresnoite glass
ceramics incorporating the same simulated high-level waste calcine
(BGC-9, CGC-9, FGC-9).

e Comparison of leachability as function of waste composition varia-
tions within each system (BGC-9, BGC-4, BGC-8; CGC-9, CGC-HMI;
FGC-9, FGC-M4).
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e (omparison of leachability of basalt-based material before and after
crystallization (BG-8, BGC-8).

e Comparison of leachability of all materials as a function of leach-
ant type (deionized water, silicate water)

Experimental conditions and procedures were identical for all materials with
the only variables being waste form type and leachant type.

Effect of Leaching Time on Normalized Elemental Losses

Normalized elemental losses for all species considered as a function of
leaching time are presented in Tables 5 through 12 for the eight waste forms
tested. The data are for leaching at 90°C in deionized water with a sample sur-
face area to solution volume ratio of 10 m']. The general trend observed is
an increasing loss with time. The rate of elemental losses varies with type
of waste form and the specific species as seen in Figures 5, 6, and 7. Fig-
ure 5 is a plot of normalized silicon loss from BGC-8, BG-8, CGC-HMI, and
FGC-M4. The plot shows the near linear relationship of silicon release versus
leaching time from 3 to 28 days for all materials except FGC-M4 which increased
dramatically after 14 days. The effect of crystallization on basalt-based
materials is also seen in this figure. The release of silicon from BG-8
increases at a faster rate than BGC-8 with the silicon release 3 g/m2 more
after 28 days than after 3 days; the release from BGC-8 increased by 1 g/mz.

Figure 6 shows the normalized strontium release as a function of leaching
time for the same four materials. The release from the basalt waste forms
follows a trend very similar to silicon release, i.e., a relatively small
slope. Celsian and fresnoite glass ceramics, however, demonstrate large
increases in strontium release with increasing leaching time. The total dif-
ferences in strontium release are about the same for both materials between 3
and 28 days, but celsian glass ceramics release V7 g/m2 more than fresnoite
at all times.

Figure 7 shows normalized cesium release as a function of leaching time
for the same materials in the previous two figures. BGC-8 and BG-8 demonstrate
very little time dependency on cesium loss illustrated by the nearly flat
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curves. The release from FGC-M4 increases more sharply, ranging from 4 g/m2
after 3 days to 15 g/m2 after 28 days. Cesium release from CGC-HMI follows
an interesting relationship with time as noted by the solid line in Figure 7.
However, the data at 14 days may be erroneous; the dashed line represents a
more realistic relationship neglecting the l4-day point.

The effect of leaching time on leachate pH values is seen in Tables 5-12
for the eight waste forms tested. The values presented for 28 days are aver-
ages of three samples with an average standard deviation for all samples of
0.06. The pH of all the leachates decreased with leaching time after 3 days.
The initial pH of the deionized water was 5.4. Figure 8 graphically illus-
trates the time dependency of leachate pH for four selected waste forms. As
seen in the figure the pH of the BGC-9 leachate decreases rapidiy between 3
and 7 days and less rapidly thereafter. BG-8 leachate pH shows the most rapid
decrease between 7 and 14 days. CGC-HMI leachate pH demonstrates the smallest
time dependency with pH values nearly linear with time from 3 to 14 days, fol-
lowed by a decrease from 7.76 to 7.01 between 14 and 28 days. The pH of FGC-M4
leachate follows a smooth relationship with time decreasing from 7 to 5.5 from
3 to 28 days.

Figures 9 through 13 provide an easy means of comparison of the eight
waste forms tested for relative normalized elemental losses of five elements
common to all materials. The figures illustrate normalized elemental losses
after leaching for 28 days at 90°C in deionized water. The values plotted
are averages of three replicate samples with standard deviations shown in
Tables 5-12.

Figure 9 compares the normalized barium release from the eight waste
forms leached for 28 days at 90 C in deionized water. Basalt glass ceramics
demonstrate the lowest release of all materials with values <2 g/m2. BG-8
released 2.5 times more barium than BGC-8 probably due to the incorporation
of barium in a more stable crystalline phase in the latter material. Celsian
glass ceramics retain barium relatively well, as predicted by its designed
crystalline phases with the major phase being a celsian type (BaA1251208).
Fresnoite glass ceramics are the poorest of the materials in barium retention,

releasing ~13 g/m2.
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After Leaching for 28 Days at 90°C in Deionized Water
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Normalized silicon release from the waste forms is seen in Figure 10,
Again, the basalt glass ceramics have the lowest silicon release (<1.3 g/m2),
which corresponds to a 3.5 times improvement over the release from the uncrys-
tallized material (BG-8). Celsian and fresnoite demonstrate silicon releases
of V7 and 11 g/mz, respectively.

Figure 11 shows the normalized release of molybdenum from the eight waste
forms. Molybdenum is retained relatively well in all materials except celsian
glass ceramics. CGC-9 demonstrates the worst retention of molybdenum releasing
28 g/m2 with CGC-HMI slightly better at 22 g/mz. The basalt products and
fresnoite glass ceramics released <3.5 g/mz.

Figures 12 and 13 compare the normalized releases of strontium and cesium
from the eight waste forms. The same trend is evidenced in the release from
the basalt-based materials with losses of both elements less than 1.5 g/m2
from the glass ceramics and less than 4 g/m2 from BG-8. The release of
strontium and cesium from the two celsian glass ceramics appears to be unaf-
fected by waste stream. Each released V16.4 g/m2 of strontium and ~19 g/m2
of cesium. Waste composition had an effect on release from fresnoite glass
ceramics with the normalized loss of strontium for FGC-9 and FGC-M4 being 9.7
and 6.8 g/mz, respectively. The order of normalized cesium release is
reversed for the two materials being 10.9 and 14.9 g/mz, for FGC-9 and
FGC-M4, respectively.

Comparison of Leaching in Silicate Water and Deionized Water

Three samples of each waste form were leached for 28 days at 90°C in sili-
cate water containing silica and sodium bicarbonate with a pH of 7.5. These
tests were performed to determine behavior of waste forms when in contact with
silicate ground water. The results of these tests are presented in Tables 5
through 12. Figures 14, 15, and 16 compare the normalized release of molyb-
denum, strontium, and cesium after leaching for 28 days at 90°C in deionized
water and silicate water.

The normalized molybdenum release from the materials after leaching in
silicate water is compared to deionized water in Figure 14. An increase in
molybdenum loss is experienced from BGC-4 and BGC-9 after leaching in silicate
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in Deionized and Silicate Water

20
STRONTIUM
N
. LEACHED FOR 28 DAYS AT90°C  |\\ \
§, . [ D.1. WATER N \
N\ R
0 [T]SILICATE WATER A N
w \
N 10 0 5 4
- \ A Y
3 RN
[ o
o] . .
2 ]
5 - RN 7
oLl [T (13 . SE
< 0’) © 0’) E o <
o o O o I O =
Q QO QO 0] : O] %)
m o fes] Q Q w o
8 e

FIGURE 15. Comparison of Normalized Strontium Release After Leaching
in Deionized and Silicate Water

33



25
CESIUM
20 - — .
LEACHED FOR 28 DAYS AT 90°C '
ND.1. WATER
% [Z]SILICATE WATER
> 15 . 1
a ‘ ‘ g
w
5 \ \ \
; % AN \
¥ 10} N N \ N
<} s
2 : \ \
5 \ : -
N
. 0
i L+l
L@ NH [H H N N D
< o ® © > s o 2
O © o O © T O 2
Q Q Q @ Q - o O
m m m (&) 8] w o
8 L

FIGURE 16. Comparison of Normalized Cesium Release After Leaching
in Deionized and Silicate Water

water. No change was seen in BG-8. The release from CGC-9 and CGC-HMI
decreased with silicate water as the leachant, while the fresnoite glass

ceramics experienced an increase in molybdenum release in silicate water.

Figure 15 shows normalized strontium loss after leaching in deionized and
silicate water. The release from the basalt glass ceramics appears to be unaf-
fected by the type of leachant. A two-fold improvement is realized by BG-8
with normalized strontium loss of 4 g/m2 in deionized water compared with
1.6 g/m2 in silicate water. Decreases are also seen for celsian and fresnoite
glass ceramics when leached in silicate water. CGC-9 released 6.9 g/m2 of
strontium in silicate water compared to 18.8 in deionized; CGC-HMI demonstrated
releases of 9 and 19 g/mz, respectively in silicate and deionized water. The
magnitude of change was greatest for fresnoite glass ceramics as seen in the
figure. The normalized strontium loss from FGC-9 decreased from 9.7 g/m2 to
0.4 g/m2 and from FGC-M4 the release decreased from 6.8 g/m2 to 0.2 g/m2 when
the leachant was changed from deionized water to silicate water.
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Figure 16 compares cesium loss from the eight waste forms after leaching in
deionized and silicate water. The normalized releases from BGC-4, BGC-9, and
BGC-8 were the same in deionized and silicate water. The release from BG-8 in
silicate water was nearly the same as the glass ceramics (V1.5 g/m2) and one
half the value in deionized water. Large decreases in normalized cesium loss
are evidenced for celsian and fresnoite glass ceramics leached in silicate
water compared to deionized water. Losses decreased from 18.8 an 19.0 g/m2
to 6.9 and 9.2 g/m2 for CGC-9 and CGC-HMI, respectively after leaching in
deionized water and silicate water. Fresnoite exhibited similar behavior with
losses from FGC-9 decreasing from 10.8 g/m2 to 2.3 g/m2 and Tosses from
FGC-M4 decreasing from 20.1 g/m2 to 5.1 g/m2 when silicate water was used

as the leachant.

Effect of Leach Container Material

The bulk of the leach testing in this study was conducted in polypropyl-
ene bottles immersed in a glycerin bath operating at 90°C. Since the time
this study began the MCC static leach test procedure recommended Tef1on® con-
tainer placed in an oven. Additional concern surfaced due to the Tow pH val-
ues obtained with polypropylene containers. The question of container effect
was addressed by leaching two glass ceramics in Tef1on® containers and 76-68
borosilicate glass in polypropylene containers and comparing the results with
previous data from this study. -

The main concern expressed with leaching in polypropylene was the result-
ing leachate pH, which, in most cases, becomes acid with leaching times greater
than 7 days. Since dissolution mechanisms are pH dependant, the acidic con-
ditions in much of the present work should be noted. The pH of leachates of three
materials leached in polypropylene and Tef1on® are shown in Figure 17. The pH
values of the leachates from Teflon® containers are higher than those of poly-
propylene containers after 7 days of leaching. The order of resultant leachate
pH is the same for the three materials independant of container type with cel-
sian glass ceramic causing the highest pH value, followed by 76-68 borosilicate
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glass and basalt glass ceramic.

The solution pH of the leach blanks, i.e.,

containers and deionized water alone, was lower than those with samples in

both types of containers.

Despite the large difference in leachate pH, the overall normalized ele-

mental losses from the materials were not appreciably different.

The normal-

ized elemental losses from BGC-4 and CGC-HMI leached in Teflon® and 76-68 glass

leached in polypropylene are shown in Tables B.1l through B.3 in Appendix B.
general, the releases from the samples leached in Teflon
than those leached in polypropylene.
losses of strontium from CGC-HMI and 76-68 glass as seen in Figure 18.

In
are slightly higher
Some notable exceptions to this are the
The

figure shows comparative data for the normalized release of silicon, stron-
tium, cesium, and molybdenum from BGC-4, CGC-HMI, and 76-68 after leaching for

28 days at 90°C in deionized water using Tef1on® and polypropylene containers.

The largest differences are experienced by BGC-4 in the release of silicon and
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FIGURE 18. Comparison of Normalized Elemental Losses from Three Materials
Leached for 28 Days at 90°C in Deionized Water in Polypropylene
and Teflon Containers

cesium, increasing by factors of 2.5 to 3, respectively. The total release of
these elements, however, is still relatively small when compared with the
releases from CGC-HMI and 76-68. The greatest change in strontium and molyb-
denum release is from 76-68 glass with strontium release being a factor of 8.5
less when leached in Teflon®. Conversely, the molybdenum release was a factor
of 7 greater.

As noted in the preceding discussion the dvera]] amount of species leached
from the glass ceramic waste forms does not differ greatly when leached in
Teflon® or polypropylene in deionized water. While large differences are seen
in the leachate pH values between the two container types, it should be noted
that ultimate disposal of waste forms will not be in polypropylene or Teflon®
and in the event water contacts the waste from it will not be deionized water
with a pH value of 5.5. The glass ceramic materials leached in silicate water
resulted in leachate pH values of ~7.7, independant of material type. These
results illustrate the buffering action of the simulated ground water which
counteracts the container effect. Since different leaching mechanisms
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dominate at low pH values, the results of this study may prove helpful in
extrapolating the behavior of waste forms in the presence of air and water
when in a radiation field which has been shown to produce nitric acid (McVay
and Pederson 1981).

Surface Characterization

Selected samples were examined with scanning electron microscopy (SEM)
and energy dispersive x-ray analysis (EDAX) with major emphasis on surface
characteristics following leaching. Four waste forms were examined in the
as-prepared condition and following leaching at 90°C for 28 days in deionized
water. Basalt glass ceramic containing PW-8a-2 calcine leached in silicate
water was also examined.

Figure 19 shows SEM micrographs of BG-8 samples before and after leaching.
The as-prepared surface is characterized by plateaus and valleys typical of
diamond-sawed surfaces of brittle materials (photo A). After leaching, the
ridges of the plateaus have been rounded and small white needle-1like features
are seen (photo B). These were identifed using EDAX as an aluminum-rich phase,
probably an aluminum hydroxide, resembling the weathering products of rocks,
and an intermediate compound in the formation of clays. Photo C shows the cen-
ter area of B at a higher magnification. The surface revealed in this photo
is sponge-like in texture with dendritic crystals seen in the lower left.
These crystals are identified as spinel that formed during fabrication.

Figure 20 illustrates the effect of recrystallization of basalt glass on
surface characteristics after leaching. This figure includes micrographs of
BGC-8 before and after leaching in deionized and silicate water for 28 days at
90°C. Comparing photo A (before) with B and C (leached in deionized and sili-
cate water, respectively) no significant difference in morphology is seen. The
ridges of the plateaus are not rounded as evidenced in BG-8. Examination of
these areas at higher magnification (photos D, E, and F) reveals small crystals
on the surface of the sample leached in deionized water, although not present
in the sample leached in silicate water. These particles, seen in greater
detail in photo G, are rich in aluminum, with a composition apparently the
same as the needles seen in BG-8 (Figure 22), probably aluminum hydroxide.
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Figure 21 shows SEM micrographs of CGC-HMI before and after leaching.
Before leaching, the surface is characterized by the traditional cutting tex-
ture and noticeable crystal orientations (photo A). Photo B illustrates the
effects of leaching on surface morphology revealing a random orientation of
needle-like crystals around larger particles. It appears that during leaching
the glassy phase was selectively dissolved, leaving a network of crystals.
Photo C shows enlarged detail of the unleached surface revealing small bright
areas within what appears to be a glassy phase. After leaching the smooth
features are not present; however, bright particles are seen on the surface
(photo D). EDAX shows these particles to be enriched in aluminum, silicon,
calcium, and zinc. These particles are believed to be present in the sample
before leaching, unlike the aluminum-rich phases formed during the leaching of
BG-8 and BGC-8.

Figure 22 illustrates the effect of leaching on fresnoite glass ceramics.
Photo A shows the general surface morphology of the as-prepared sample. After
leaching for 28 days in deionized water the surface is characterized by a
structure similar to CGC-HMI, containing rod-shaped crystals {photo B). The
surface also contains a large number of small bright particles, detailed in
photo C. These particles are predominantly lead which precipitated during
leaching.
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release 1.5 g/m2. Crystallization had a positive effect on Teachability

(about four fold) as seen by comparison of BGC-8 with basalt glass (BG-8). The
release of molybdenum from celsian glass ceramic (CGC-HMI) was 9 times larger
than from either BG-8 or fresnoite glass ceramic (FGC-9). Cesium and strontium
losses from CGC-HMI are also appreciably larger than those from BGC-8 and FGC-9.
The last comparison seen in the figure is the releases from 76-68 borosilicate
waste glass and four materials from this study. Under the stated conditions,
the basalt-based materials and fresnoite glass ceramic proved superior to 76-68
waste glass in the release of all species. Celsian glass ceramic demonstrated
Tower silicon and cesium losses, but had much higher molybdenum releases than
76-68. Strontium releases were nearly equal from celsian and 76-68 waste glass.

The results of the leach tests allow the following conclusions to be

drawn:

e Basalt glass ceramics containing simulated high-level waste calcines
demonstrated the Towest normalized losses of the glass ceramics
investigated.

e Waste-stream compositional variation had an insignificant effect on
the overall durability of any of the glass ceramic waste forms
studied.

e C(rystallization of basalt-based products improved leach resistance
by factors of 2 to 10 over their vitreous counterparts.

e The leachability of basalt glass ceramics in silicate water was
nearly the same as in deionized water.

e The leachability of celsian and fresnoite glass ceramics in silicate
water was lower than in deionized water, except for the release of
molybdenum from fresnoite glass ceramics which increased slightly.

- Polypropylene containers caused leachates to become acidic with time,
even with Teaching of alkali from the waste forms.

e The normalized elemental iosses from samples leached in Teflon®

containers were generally slightly larger than those leached in
polypropylene.
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e The basalt-based waste forms and fresnoite glass ceramics
demonstrated lower overall normalized elemental losses than 76-68
reference borosilicate high-level waste glass.
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APPENDIX A

X-RAY DIFFRACTION TRACES
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APPENDIX B

NORMALIZED ELEMENTAL LOSSES OF MATERIALS LEACHED 1IN

TEFLON AND POLYPROPYLENE




TABLE B.1. Normalized Elemental Losses (NLj) for BGC-4 Leached at 90°C
in Teflon Containers

Deionized Water at Leachant, g/m?
Time, d Al Ba Ca Mg Mo Na Si Sr Cs _pH

3 0.39 1.18 0.14 -8 053 0.97 0.43 0.55 0.47 7.8l
7 0.87 2.06 0.27 0.12 0.73 1.62 0.87 1.11 1.04 7.92
14 .37 2.63 0.30 -8 0,04 221 .41 1ey -B) g3
28 1.94  3.59 0.39 0.21 0.96 3.05 2.14 2.43 2.73 8.20

olC) 40.18 +0.11 +0.01 +0.02 +0.07 +0.05 +0.03 +0.14 +0.11 +0.13

(a) Concentration in solution was below the detection Timit.

(b) Not analyzed.

(c) 0 = one standard deviation from average of data of triplicate samples
leached for 28 days.

TABLE B.2. Normalized Elemental Losses (NLj) for CGC-HMI Leached at 90°C
in Teflon Containers .

Deionized Water at Leachant, g/m
Time, d B Ba Ca Mg Mo Si Sr Cs Li pH
3 10.20 3.45 7.32 4,93 15.35 5.66 8.98 17.36 11.11 9.36
7 14.83 3.8 9.80 2.55 19.53 7.13 12.02 11.53 16.77 9.68
14 18.26 3.76 1l.51 2.98 22.68 7.72 13.73 -(a) 20.16  9.56
28 22.57 3.82 12.78 2.69 27.40 8.65 15.83 22.36 26.40 9.52
olP) 40,70 +0.04 +0.36 +0.25 +0.69 +0.00 +0.40 +0.55 +i.57 +0.02

(a) Not analyzed.
(b) o = one standard deviation from average of data of triplicate samples
leached for 28 days. y
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TABLE B.3. Normalized Elemental Losses (NLj) for 76-68 Glass Leached at
90°C in Polypropylene Containers

Deionized Water at Leachant, g/m2

Time, d B Ba Ca Mo Na Si Sr Cs pH
3 3.41  3.38  3.43 3.90 2.98 3.40 3.65 6.82 9.37
7 6.45 8.3 7.19 6.53 5.89 6.50 8.07 12.32 6.0
14 8.40 12.75 10.23 4.48 7.30 8.61 11.03 -3 4.7

28 13.16 20.09 14.90 3.90 14.10 13.92 17.13 26.73 4.16
ol D) +0.21 +0.40 +0.65 +0.22 +3.84 +0.0 +0.31 +0.31 +0.01

(a) Not analyzed.
(b) o = one standard deviation from average of data of triplicate samples
leached for 28 days.
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