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Abstract

Silicate nuclear waste glasses were synthesized by reaction sintering of powdered precursors under pressure. The

glass samples contained a glass matrix phase with embedded zirconia (baddeleyite) particles. A waste composition with

38 wt% of ZrO2 was prepared with a waste loading of 30±50 wt% at 800°C and 28 MPa, by hot isostatic pressing. The

glass former was commercial amorphous silica powder to which simulated waste was added as calcined oxides. Phase

compositions and microstructure of the sintered glass samples were characterized using scanning and analytical electron

microscopy. The results show that extensive sintering took place and that a continuous glass phase was formed, par-

ticularly at higher waste loading. Waste components such as Na2O, CaO, MnO2, La2O3, Fe2O3, Cr2O3, and P2O5

dissolved completely in the glass phase. ZrO2 was also dissolved but recrystallized from the glass as aggregates of

baddeleyite crystallites surrounding the original silica particles. MCC-1 type chemical durability tests showed that the

glasses are durable with dissolution rates similar to or lower than that of the highly durable French R7T7 borosilicate

glass. This glass contains 13 wt% high-level radioactive waste from light water reactor fuel reprocessing and has a

melting temperature of 1150°C. The long-term chemical durability of our sintered glasses is expected to be as high as

that of rhyolitic glasses, based on hydration energies of 3.7 and 3.3 kJ/mole, respectively. Rhyolitic glasses show little

alteration over geological periods of time with a typical corrosion rate of 1 lm/1000 yr. Ó 1999 Elsevier Science B.V.

All rights reserved.

1. Introduction

Currently, vitri®cation by melting is the only tech-

nology used to convert high-level nuclear waste (HLW)

into a disposable solid [1]. The waste is mixed with glass-

forming additives such as SiO2 and B2O3 or a glass frit,

melted and poured into steel canisters to produce a

borosilicate glass. Vitri®cation in a ceramic melter re-

quires that a homogeneous, single phase melt be ob-

tained to avoid settling of solids. Crystallization can be

kept to a minimum by rapid cooling to Tg, the glass

transformation temperature.

There are two types of glass melters in use, metallic

melters (France and England) and ceramic melters

(China, Germany, Belgium, Japan, Russia, USA).

Melting temperatures are limited to 6 1150°C, mainly

due to rapid corrosion of critical system components

such as electrodes and melter walls at higher tempera-

tures.

The waste/glass additives ratio, i.e., the waste

loading, is limited by low solubility of certain, some-

times minor waste constituents or their reaction

products. There are high-level radioactive wastes that

may require extensive treatment prior to vitri®cation

by melting; otherwise, low waste loading must be ac-

cepted. Examples are certain defense wastes, e.g., some

of the tank wastes at Hanford, Washington. They

contain several of the following constituents at high

concentrations: ZrO2 (6 35 wt%), Na2O (60 wt%),

Cr2O3 (4 wt%), Fe2O3 (6 60 wt%), U3O8 (24 wt%)

Al2O3 (23 wt%) Ce2O3 (5 wt%) and NiO (12 wt%)

[2].
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Extensive research on vitri®cation of the Hanford

tank waste by melting was conducted by Hrma and

coworkers [3±7]. Their results show that Na2O limits

waste loading by lowering glass durability beyond ac-

ceptable limits. Refractory components impose prohib-

itive limitations on the waste loading in the glass,

because of low solubility and crystallization of spinels,

baddeleyite, Na±Zr±silicate, eskolaite, and possibly ne-

pheline in the melter.

An alternative to melting is reaction sintering under

pressure. The advantages of this process are: lower

processing temperatures (6 850°C versus P 1100°C),

little or no phase separation, less volatility of radionu-

clides (e.g., Cs, Mo, Te, Tc, Ru), less melter materials

corrosion, and no process-related waste loading con-

straints. Waste loading is only limited by product

quality. Potential disadvantages include the necessary

use of pressure and mechanical mixing of powders under

remote handling conditions.

Vitri®cation of high-level radioactive waste (HLW)

by sintering is not new [8±12]. Sintering of HLW com-

ponents into a glass matrix was ®rst tried by Ross [13].

Terai et al. [8] investigated pressure sintering of simu-

lated HLW with Pyrex glass frit. The chemical durability

of their glass products was comparable to that of bo-

rosilicate nuclear waste glasses. At Centro Atomico

Bariloche, Argentina, sintered waste glass was produced

by hot uniaxial pressing in cylindrical iron cans, 140 mm

in diameter [12]. Fabrication of sintered glass using hot

uniaxial pressing and simulated light water reactor

(LWR) and fast breeder reactor (FBR) waste, respec-

tively, has been demonstrated in a pilot plant at the

Forschungszentrum Karlsruhe (FZK), Germany, by

making samples in cylindrical cans, 30 cm in diameter

[9]. The highest waste loading was 35 wt%.

Recently, we reported results on vitri®cation by

sintering under pressure with a waste loading as high as

45 wt% [14]. We are the ®rst to use only commercially

available, amorphous silica as the glass forming addi-

tive. Addition of B2O3 or the use of a glass frit were not

required to obtain a good glass product. The chemical

durability of these glasses is greater than that of melted

borosilicate nuclear waste glasses. This ®nding is in

agreement with results reported by Gahlert and Ond-

racek [9] who found a factor of 10 increase in chemical

durability of their sintered glasses.

In this paper, we report on glasses made from powder

mixtures by reaction sintering under isostatic pressure

with a loading of up to 50 wt% simulated high-level

radioactive waste that is typical of compositions con-

tained in double-shell tanks (DST) at Hanford. DST-

type waste contains up to 35 wt% ZrO2. The sintered

glasses were examined in terms of composition, micro-

structure, and chemical durability. Short-term chemical

durability data are presented. Long-term chemical du-

rability is evaluated by comparing hydration energies of

our sintered glasses with those of rhyolitic glasses. Fi-

nally, the critical stages of the sintering process are

discussed.

2. Experimental

2.1. Preparation of simulated DST-type waste

The estimated DST waste composition [2] and that

for our simulate are given in Table 1. Zr, Ca, Mn, La,

Fe, Ni, Cr, and P were introduced as crystalline oxides,

Na as sodium oxalate (Na2C2O4). Fission products and

actinide elements were neglected, since their concentra-

tion is relatively small in DST waste. It can be expected

that upon sintering the chemical behavior of Cs and Sr,

the main radionuclides, is similar to that of Na and Ca.

Actinides are represented by La. The glass former was

commercial fumed amorphous silica powder (<325

mesh). Waste simulant and amorphous silica were ball-

milled together using acetone as a mixing and milling

medium. After 8 h of milling the product was dried in

air.

Powder mixtures were characterized by measuring

particle size distributions in a COULTERÒ LS Particle

Size Analyzer. The mean particle size of the glass pre-

cursor materials varied between 0.78 and 0.81 lm. In

terms of volumetric statistics, the mean size varied be-

tween 5 and 7 lm. Fig. 1 shows the particle size distri-

bution. The powders were heated in air at 320±500°C for

up to 8 h to decompose oxalate. Stirring the mixture

Table 1

Estimated average compositions in Hanford DST tank farm

and simulated DST waste composition

Oxide TF-DST Simulated DST

SiO2 8.31 8.90

ZrO2 35.2 38.50

Al2O3 2.65 2.68

CaO 0.79 1.88

Na2O 31.98 34.21

MnO2 0.87 2.39

La2O3 0.66 0.74

Fe2O3 8.75 8.86

P2O5 0.34 0.33

F 1.43 1.51

Others a 9.02 0.00

Total 100.00 100.00

a Others include NiO 0.47, U3O8 2.67, B2O3 0.47, Cr2O3 0.40,

and the balance 4.19 (wt%) contains ZnO, CdO, MgO, SrO,

BaO, Li2O, K2O, Cs2O, and Co2O3. In the simulated DST

waste, MnO2 represents MnO2, NiO, Co2O3, and Cr2O3; CaO

represents CaO, ZnO, CdO, MgO, SrO, and BaO; Na2O rep-

resents Na2O, K2O, Li2O, and Cs2O; ZrO2 represents ZrO2 and

uranium oxide. Radionuclides are not listed. Values in the

second column after [2].
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during heating ensured that Fe2O3 was not reduced. To

destroy particle clusters, the heated product was ground

again in a ball mill.

2.2. Cold pressing and hot isostatic pressing

Fractions of the powder mixture were compacted at

room temperature in a cylindrical die (2.86 cm diame-

ter). A pressure of 80 MPa was applied for 2 h. A cold

pressed pellet weighed 12 g. It was placed into an oven

inside the pressure vessel of a hot isostatic press. Argon

was used as pressurizing gas. The initial setpoints of

temperature and pressure were 800°C and 7 MPa. The

heating rate was 27°C/min. The holding time was 1 h at

800°C. The pressure was then increased to 28 MPa. The

holding time was 2 h at this pressure. The samples were

cooled at a rate of 27°C/min. Five di�erent glasses were

produced with a DST waste loading up to 50 wt%, i.e.

these samples were designated SG/30DST, SG/35DST,

SG/40DST, SG/45DST, and SG/50DST, with the num-

bers representing weight of DST-type waste present.

2.3. Solid state analysis

The sintered glasses were characterized in terms of

chemical composition and microstructure using scan-

ning and transmission electron microscopy (SEM and

TEM) and energy dispersive X-ray spectroscopy (EDS).

SEM work was performed on polished samples using

a JMS 800 scanning electron microscope operated at 20

keV. A digitized camera was used to record secondary

and backscattering electron images. The purpose of this

study was to evaluate the chemical homogeneity of the

glass matrix phase, to measure the composition of

crystalline phases, to study the microstructure of the

sintered glass samples, and to estimate porosity.

TEM work was performed with sintered glass sam-

ples using a JEM 2000FX electron microscope with a

Noran TN-5500 EDS system and a JEM 2010 with an

Oxford Link ISIS EDS system. The microscopes were

operated at 200 keV. Most of the EDS analyses were

performed using Noran's semi-quantitative analysis

software package for metallurgical thin ®lms (SQMTF).

The K-factors used in the elemental corrections were

calibrated in the laboratory. Final results were calcu-

lated and normalized to 100 wt%, based on the stoi-

chiometry of oxides. Some of the EDS results were

obtained using an Oxford Link ISIS EDS system at-

tached to the JEM 2010 microscope. The analytical

errors for major elements were �5% and for others

�20%.

2.4. Chemical durability tests

The sintered glass samples were cut into a rectangular

shape using an oil-lubricated low-speed diamond saw.

The samples were polished with 30±1 lm diamond lap-

ping disks. The ®nal polishing was made using 0.05 lm

colloidal silica. The glass specimens were cleaned fol-

lowing the MCC-1P procedure (DOE, [15]). They were

washed three times in deionized water for 8 min using an

ultrasonic bath, followed by two 8 min ultrasonic

washes in absolute ethanol and then dried at 90°C. The

geometric surface area of each specimen was measured.

Then a specimen was placed in a Te¯on container, de-

ionized water was added to reach a sample surface area-

to-solution volume ratio (S/V) of 10 mÿ1. The lid was

tightened. The container was weighed and placed in an

oven preheated to (90 � 1)°C. Leaching tests were run

for 1, 3, 7, and 14 days. After completion of a test the

container was weighed again to determine the water loss

which must not exceed 10% according to the MCC-1P

procedure. After cooling to room temperature the pH

was measured in an aliquot of the leachate. 10 ml sam-

ples were used for chemical analysis.

Fig. 1. Particle size of sintered glass precursors (numbers and

volume density).
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To measure Na content, 1 ml of the leachate was

mixed with 2 ml of 6 N HCl containing 5 g/l Cs� in a 10

ml volumetric ¯ask. Water was added to reach a total

volume of 10 ml. Na was measured using absorption

¯ame spectrometry with a detection limit of 1 mg/l. Si

was also measured by absorption ¯ame spectrometry

without additives to a detection limit of 1 mg/l. The

normalized mass loss NLi of element i in g/m2, was

calculated using the equation NLi �Ci/(fi á S/V) where

Ci is the analyzed concentration of element i in the

leachate (g/m3) and fi is the mass fraction of element i in

the glass.

3. Results

3.1. Microstructure

The microstructure of the sintered glass consisted of

a glass matrix phase with crystalline phases embedded.

There was also some porosity. Fig. 2 is a SEM mi-

crograph of a sintered glass sample with 45 wt% DST

waste. Pores are visible with diameters ranging from 5

to 10 lm. The porosity was estimated to vary between

2 and 5 vol.% for all samples. Experiments have shown

that the porosity can be decreased by optimizing the

temperature-pressure conditions, but this was not an

objective of our study. At higher magni®cation (Fig. 3)

small white particles are visible. These consist of pure

ZrO2. Clusters of these particles are arranged in rings

within the glass matrix phase. The diameter of the rings

matches the size of larger silica particles (>5 lm) as

they existed prior to sintering (Fig. 1). As seen in

Fig. 4, the baddeleyite crystallites are about 20±40 nm

in size. An electron di�raction pattern of the crystal-

lites, shown in Fig. 4, matches that of monoclinic

ZrO2, which is baddeleyite. The size distribution of the

baddeleyite particles is very narrow, more typical of

precipitation from an oversaturated glass phase than of

incomplete dissolution. This phenomenon will be dis-

cussed later.

The microstructures of sintered glasses with a waste

loading of 30, 35, 40, and 50 wt% are similar to that

shown in Figs. 3 and 4. The volume fraction of bad-

deleyite crystallites increases with increasing waste

loading. Occasionally, undissolved Cr2O3 and Al2O3 are

seen in the glass matrix.

Fig. 2. SEM micrograph showing microstructure and porosity

of sintered glass SG/50DST sample.

Fig. 3. SEM micrograph of sintered glass sample SG/45DST

showing baddeleyite (ZrO2) crystallites (bright) surrounding

glass regions (dark).

Fig. 4. TEM micrograph showing clusters of baddeleyite crys-

tallites (�50 nm in size) in glass phase (SG/45DST). The inset is

an electron di�raction pattern of baddeleyite aggregates.
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3.2. Glass composition

The compositions of the glass matrix phase in our

sintered samples are shown in Table 2. The main pur-

pose of the analyses was to determine the chemical ho-

mogeneity of the glass phase. The result is that the glass

is homogeneous within the limits of detection given by

the EDS technique. All waste constituents became part

of the glass matrix phase. Na2O, CaO, MnO2, La2O3

and Fe2O3 dissolved completely. Only traces of Cr2O3

and Al2O3 remained undissolved as evidenced by TEM/

EDS analysis. About 60 wt% of ZrO2 dissolved in the

glass. The rest was found as pure ZrO2 embedded in the

glass phase. The solubility of ZrO2 increased with in-

creasing waste loading, i.e., with increasing Na content

in the glass (Table 2).

Gahlert and Ondracek [9] and Andero et al. [11] re-

ported that most of their waste elements were encapsu-

lated as separate phases by the glass matrix phase.

Embedded phases were not identi®ed. Possible reasons

for the di�erence with our ®ndings include: (a) the glass

forming additives are di�erent: all authors used pre-

melted glass frits that are less reactive then amorphous

silica, e.g., sintered glass #7 (in wt%): SiO2 72, Al2O3

8.6, B2O3 8.3, CaO 2.7, MgO 1.0, Na2O 7.4 (Gahlert and

Ondracek [9]); (b) our sintering temperature is up to

100°C higher and our pressure of 28 MPa exceeds by far

the pressures used by others. Gahlert and Ondracek [8]

used 1 MPa.

3.3. Chemical durability

The results of short-term chemical durability tests

are given in Table 3. Fig. 5 shows the normalized mass

loss of Si as a function of time for the glasses SG/

35DST, SG/40DST, SG/45DST and SG/50DST. All

data are for exposure at 90°C in deionized water

(MCC-1P type test). The slopes of the curves corres-

pond to the fastest dissolution rate of each glass. These

results are compared with those for a French R7T7 type

glass [1]. In all our tests the pH increased in the leachate

(Table 3) which can be explained by Na�/H� ion ex-

change.

The dissolution rate of the glass matrix does not

depend on time in the early stages of the glass/water

reaction, when the concentration of silica is low and the

pH change is small. Then, the normalized mass loss of Si

increases linearly with time: NLi � k ´ tn with n� 1. The

question as to whether these conditions are met under

our experimental conditions was tested by plotting

log(NLi) as a function of log t. The results for SG/DST

40, SG/DST 45 and SG/DST 50 up to 7 days are shown

in Fig. 6. The slope of the curve is n� 1, con®rming a

time independent dissolution rate of the glass network.

The rate, log(NLSi)/log t, decreases with increasing waste

loading between 35 and 45 wt%. At 50 wt% there was no

further increase of the chemical durability. Rather, a

decrease was observed. For the Na data, Fig. 7, we

obtain n� 0.8±0.9, indicating the commonly known

transition from a very short-term di�usion-controlled

ion exchange (n� 0.5) to network dissolution (n� 1).

Ion exchange and matrix dissolution are parallel pro-

cesses. Ion exchange was indicated by an increase in pH

in the leachate, up to pH� 9 after 28 days, and by the

higher release of Na compared with Si (Fig. 8). From

the data for Si we calculated initial glass dissolution

rates ranging between 0.1 and 0.5 g/m2/d for all sintered

glasses, compared with 1.5 g/m2/d for the R7T7 type

glass [1].

4. Discussion

4.1. Chemistry and sintering mechanism

In terms of glass formation and chemical durability

zirconium and sodium are the critical constituents in

DST-type waste. Whereas Na enhances glass formation

by supporting viscous ¯ow, Zr has the opposite e�ect,

regardless of initial glass composition. ZrO2 has the

strongest e�ect on the liquidus temperature of all oxides

used in the glass industry. The melting temperature of

Table 2

The compositions of sintered glasses with 30±50 wt% of DST type waste. (All numbers in wt%)

Sintered glass SG/30DST SG/35DST SG/40DST SG/45DST SG/50DST

Number of analyses of the glass phase 27 20 19 13 17

SiO2 73.6 71.4 68.9 64.3 62.5

ZrO2 8.3 8.8 8.70 10.5 10.8

Al2O3 0.5 0.6 0.4 0.9 1.0

CaO 0.7 0.7 0.8 1.6 1.5

Na2O 11.2 12.9 14.4 15.0 16.9

MnO2 0.4 0.7 0.4 1.1 1.6

La2O3 0.7 0.4 0.7 0.7 0.2

Fe2O3 4.4 4.8 5.5 6.0 5.5

Fluorine could not be measured by EDS. P2O5 could not be measured accurately due to its low concentration and signi®cant peak

overlap with Zr-L.
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ZrO2 is 2700°C, indicating a strong Zr±O bond. ZrO2

resembles Al2O3 in that, like other elements with a high

®eld strength and a directional bond, Zr strengthens the

glass structure with a bene®cial e�ect on chemical du-

rability [16].

As sintering takes place at much lower temperatures

than melting, processes such as di�usion, chemical re-

action, and viscous ¯ow are slower and homogenization

of the glass matrix phase takes longer or may not be

achieved at all, though supported by pressure. With in-

creasing concentration of Na2O, i.e., increased waste

loading, the rate of glass formation and the solubility of

ZrO2 can be expected to increase.

Initially, sintering begins with Na di�usion into the

amorphous SiO2 particles, forming sodium silicate, ac-

cording to the Na2OáSiO2 phase diagram. As a result,

the liquidus temperature and the viscosity of the mixed

phase decrease. Viscosities of binary alkali silicate

glasses are well known and can be found in text books

[17]. The SiO2±Na2O has a eutectic at 75 mol% with a

melting point of 790°C, close to our sintering temper-

ature. The concentration of Na2O (wt%) in this com-

position is 2.5 to 4 times higher than in the ®nal glasses,

depending on waste loading (Table 2). The low viscos-

ities of the eutectic and of nearby compositions facili-

tate the digestion of less mobile and reactive waste

Table 3

Results of chemical durability test MCC-lP at 90°C. Normalized mass losses (NL) of Na and Si

Sintered glass Time (d) NLNa, NLSi, pH

SG/35DST 1 1.2 0.8 6.8

SG/35DST 3 1.7 0.9 7.1

SG/35DST 7 3.7 3.6 7.8

SG/35DST 14 2.4 2.9 7.3

SG/40DST 1 1.2 0.3 7.1

SG/40DST 3 3.1 1.1 7.3

SG/40DST 7 4.0 2.1 8.9

SG/40DST 14 9.5 3.2 9.0

SG/45DST 1 1.0 <0.2 7.0

SG/45DST 3 2.3 0.5 6.9

SG/45DST 7 3.5 1.0 8.9

SG/45DST 14 5.2 2.4 8.5

SG/50DST 1 3.2 0.7 8.2

SG/50DST 3 4.7 1.6 8.6

SG/50DST 7 9.5 3.5 9.1

SG/50DST 14 8.9 3.4 9.2

Fig. 5. Normalized mass loss of Si as a function of time (SG/

35DST, SG/40DST, SG/45DST, SG/50DST, and a French

R7T7 type LWR waste glass). The slope of the curves is the

dissolution rate (90°C, DI water).

Fig. 6. Release of Si from sintered glass products SG/DST40,

SG/45DST, SG/50DST and from a French R7T7 type waste

glass upon leaching in deionized water over 7 days at 90°C. The

slopes indicate network dissolution (n� 1), while the intercepts

are the rates.
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constituents than sodium. Contact of individual glass

particles and formation of a glass matrix phase are

enhanced by pressure. Several experiments showed that

pressureless sintering results in products of higher

porosity. With Na2O concentrations >12 wt% and

<35 wt% the respective melt viscosities are in the

working range of glasses (108 dPa.s < h < 104 dPa.s) at

800°C. Even a commercial soda lime (window) glass

meets these conditions [18]. These low viscosities

explain why moderate pressures (28 MPa) are su�cient

to support the sintering process e�ectively.

Upon digestion of other oxides the melting temper-

ature and viscosity of the glass phase can be expected to

increase. With our waste composition, the binary Na2O±

SiO2 glass becomes essentially a ternary Na2O±SiO2±

ZrO2 glass with some impurities. Introducing non-

bridging oxygen from Na2O into a silica glass decreases

the glass density, thereby providing space for zirconium

(whose most frequent coordination number is 8), which

acts as a strong network former and increases the vis-

cosity.

As sintering continues, Na2O is depleted in the waste

and the supply to the glass phase ceases. Na� di�uses

deeper into the silica particles and glass formation pro-

gresses. Eventually, the concentration gradient of Na

between the surface and the interior of a glass particle

disappears in favor of a chemically homogeneous glass.

This process determines the minimal sintering time

which would be 1 h for a grain size of 10 lm, if the ef-

fective Na di�usion coe�cient is assumed to be on the

order of 10ÿ10 cm2/s at 800°C [19]. This minimum

sintering time would not allow homogenization of less

mobile elements within the glass phase. The validity of

this estimate was tested experimentally; after 1 h of

sintering at 800°C, partially unreacted SiO2 particles

were still present in the microstructure. After 3 h reac-

tion was complete and the glass phase was chemically

homogeneous.

As the high Na/Si ratio near the glass surface de-

creases, this region becomes supersaturated with respect

to ZrO2 because the solubility of ZrO2 in the glass de-

creases with decreasing Na2O content in the glass. The

presence of tiny baddeleyite crystals (Figs. 3 and 4) with

a very narrow size distribution is taken as evidence of

supersaturation followed by phase separation. Further

evidence for this explanation was provided by HRTEM

(Fig. 4). The formation of new crystals explains the

ZrO2 rings marking the size of the original SiO2 parti-

cles. One would expect the ring size to be determined by

the initial size of the SiO2 particles (Fig. 1(a)). However,

only particles of su�cient size and abundance are ex-

pected to dominate the microstructure of the sintered

glass by providing su�cient spatial resolution for the

rings to be distinguished from slightly larger ZrO2

clusters. Empirically, we see that the e�ective particle

sizes range between 5 and 10 lm in diameter.

We represent the DST waste glass compositions

(Table 2), in an approximation, by the ternary Na2O±

ZrO2±SiO2 system. The three constituents represent 95.2

wt% (SG/30DST), 94.4 wt% (SG/35DST), 93.5 wt%

(SG/40DST), 89.8 wt% (SG/45DST), and 89.1 wt% (SG/

50DST) of the glass compositions. The actual sintered

glass matrix phase has the composition Na2O±X±ZrO2±

SiO2 where X represents all other oxides listed in Table 1

(4.8 wt%6X6 10.9 wt%). X includes also the precipi-

tated fraction of ZrO2. In the Na2O±ZrO2±SiO2 system

the maximum solubility of ZrO2 is about 20 wt% [20,21].

The solubility of ZrO2 at the high SiO2 and relatively

low Na2O concentrations in our DST-type waste glasses

increases from 8 to 11 wt% when the Na2O content in-

creases from 11 to 17 wt% (Table 2). The total concen-

tration of ZrO2 in the sintered glass product increases

from about 11 wt% (SG30/DST) to about 17 wt%

(SG50/DST). Taking these numbers and subtracting the

measured ZrO2 solubilities allows us to calculate the

phase composition of the sintered glass product. This

Fig. 7. Release of Na from sintered glass products SG/DST40,

SG/45DST, and SG/50DST upon leaching in deionized water

over 7 days at 90°C. Slopes are between 0.8 and 0.9.
Fig. 8. Si and Na release from sintered glass product SG45/DST

upon leaching in deionized water over 14 days at 90°C.
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composition ranges between 97 wt% glass and 3 wt%

ZrO2 (SG30/DST) and 94 wt% glass and 6 wt% ZrO2

(SG50/DST). The fact that ZrO2 crystals are in contact

with the glass phase and that there is no detectable

concentration gradient of Zr within the glass phase, as

evidenced by EDS line scans, indicates that ZrO2

reached its maximum concentration in all glasses. In-

troducing the other waste elements into the Na2O±

ZrO2±SiO2 system may lower the solubility of ZrO2. For

example, in the ternary system Na2O±CaO±SiO2 the

maximum solubility of ZrO2 is 8 wt%. As the number of

non-bridging oxygen produced by dissolution of Na2O

in amorphous silica is limited, other network forming

elements such as Fe may compete with Zr for structural

sites in the glass.

4.2. Short-term chemical durability

Addition of ZrO2 to a glass increases its chemical

durability. Zr is added to many commercial glasses in

di�erent concentrations, typically between 0.5 and 15

wt%. These glasses are melted at temperatures much

higher than those applicable to nuclear waste vitri®ca-

tion ( P 1400°C). Therefore, the chemical durability of

nuclear waste glasses cannot be improved substantially

by just adding enough ZrO2. The alkali oxides Li2O and

Na2O, commonly present in waste glass frits and in

many wastes, deteriorate the chemical durability of a

glass unless their adverse e�ect is mitigated by elements

that improve the glass chemical durability. With an

upper boundary of 1150°C for the melting temperature,

the possibilities to improve chemical durability are lim-

ited. Here, vitri®cation of high-level radioactive waste by

sintering o�ers a clear advantage over melting. As an

example, Table 3 shows that the chemical durability

increases instead of decreasing with increasing Na con-

centration in the glass. The increasing concentration of

ZrO2 overcompensates the deleterious e�ect of Na2O. At

45 wt% waste loading, the initial glass dissolution rate,

k, is a factor of 15 lower than that of the R7T7 type glass

(Fig. 6). The release rate, k, measures an intrinsic glass

property and depends only on glass composition, if

temperature and pH are constant. The increase in the

pH as the glass/water reaction progresses is relatively

small in the ®rst days but is di�erent for the di�erent

glasses. This was neglected when comparing the k val-

ues.

4.3. Long-term chemical durability

Our short-term leaching tests do not provide infor-

mation on the long-term chemical durability of the sin-

tered glasses. Therefore, we have searched for a suitable

natural analogue for these silicate glasses. Based on

chemical composition, rhyolitic glasses (obsidians) have

been selected. Rhyolitic glasses do not contain appre-

ciable amounts of Zr but they do contain Al. Both Al

and Zr enhance the chemical durability of a glass, Zr

more so than Al. Except for ZrO2, rhyolitic glasses have

comparable compositions to our waste glasses.

The chemical composition of rhyolitic glasses from

di�erent locations is given in Table 4. The table shows

that the compositions of rhyolitic glasses do not vary

greatly between locations. The sum of the major ele-

ments SiO2 and Al2O3 in weight percent ranges between

85% and 89%. The sum of the alkaline oxides Na2O and

K2O varies between 7% and 10%. Contents of Fe2O3

and CaO are less than 3% and 2%, respectively. Freshly

erupted glasses contain some water, typically less than

1%.

Rhyolitic glasses occur in nature as a result of rapid

cooling (quenching) of silicate melts (magmas) as they

come into contact with a quenching medium (water, ice,

atmosphere). Rhyolitic glasses have been studied to

extract information relevant to the evaluation of the

long-term chemical durability of nuclear waste glasses

Table 4

Chemical composition of rhyolitic glasses from di�erent locations (in wt%)

Element Glass 1 Glass 2 Glass 3 Glass 4 Glass 5 Glass 6 Glass 7 Glass 8 Glass 9 Glass 10

SiO2 76.7 73.1 76.0 73.1 75.4 74.67 73.03 72.11 75.32 74.4

Al2O3 12.5 11.9 13.5 11.9 12.9 12.17 12.37 14.16 11.92 12.7

Fe2O3 0.43 2.4 1.6 2.6 � 1.0 3.21 2.67 3.17 3.42 1.60

Na2O 3.3 3.5 4.5 3.5 4.1 4.25 5.29 5.47 4.14 3.77

K2O 4.6 4.5 3.5 4.5 4.4 2.78 4.84 4.33 2.60 4.75

CaO 0.48 2.6 0.7 2.6 0.6 1.68 1.31 0.69 1.66 0.70

MgO 0.09 1.0 0.3 1.0 0.1 0.10 0.15 0.03 - 0.04

TiO2 - 0.2 0.28 0.2 0.1 0.30 0.23 0.19 - 0.60

H2O 0.30 - - - - - - 0.15 - -

Glass 1: Friedman and Long [35], Yellowstone, Montana ± Glass 2: Ewing [36], no location given ± Glass 3: Malow et al. [37], Glass

Mountain, Siskiyou County, California ± Glass 4: Lutze [1], no location given, *MnO + Fe2O3 ± Glass 5: Thomassin and Iiyama [38],

Wada-Toge, Japan ± Glass 6: Petit et al. [39], no location given ± Glass 7: Stevenson and McCurry [40], New Mexico ± Glass 8: Mazer

et al. [41], Orito Quarry, Easter Island ± Glass 9: Magonthier et al. [25], Myvatn area, northern Iceland ± Glass 10: Abdelouas [26],

Lipari, Italy.
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[22±26]. The alteration of rhyolitic glasses is the ®rst step

of the formation of many volcanic and sedimentary ores

[27±29]. Magonthier et al. [25] studied the natural cor-

rosion of 52 000 year old Icelandic obsidian and re-

ported that: (1) the corrosion rate of obsidian at 10°C

and below is about 1.1 lm/1000 yr, in good agreement

with data published in the literature (e.g. Friedman and

Trembour [30]); (2) the long-term corrosion rate is

controlled by ion di�usion. Abdelouas [26] studied

rhyolitic glasses naturally corroded in salt lakes in Bo-

livia and showed that the secondary phases (Sr-rich

barite, cerianite, Mg-rich smectite) in the obsidians are

similar in structure and composition to those seen in the

French reference nuclear waste glass R7T7 corroded in

saline solutions in the laboratory. The glass corrosion

rate of a 30 000 year old sample was estimated to be

(0.045 � 0.015) lm/1000 yr at 10°C.

In Table 5 we show average compositions of sintered

glasses and the average compositions of rhyolitic glasses

from Table 4. This table shows that both glasses are

mainly composed of three oxides. In rhyolitic glasses

these are SiO2, Al2O3 and R2O (R�Na, K); in our

waste glasses the dominant oxides are SiO2, ZrO2 and

Na2O. These oxides constitute 93±95 wt% of the glass

compositions. As a ®rst approximation, properties of the

rhyolitic glasses can be discussed on the basis of

the ternary Na2O±Al2O3±SiO2 system, while those of the

waste glasses are related to the Na2O±ZrO2±SiO2 sys-

tem. The average molar composition of the waste glasses

is 0.2 Na2O, 0.08 ZrO2, 1.25 SiO2, while that of rhyolitic

glasses is 0.06 Na2O (0.1 R2O), 0.12 Al2O3, 1.25 SiO2.

On a molar basis, in rhyolitic glasses, the ratio of

Al2O3 : Na2O� 2:1, or close to 1, if R2O is considered

R�Na, K). Al is expected to be present in tetrahedral

(network former) and octahedral coordination (network

modi®er) as the above ratio is >1.

The main di�erences in the chemical compositions

are re¯ected in the presence of Zr and a relatively high

content of alkali (Na) in the waste glass versus a much

higher Al and a lower alkali (Na + K) content in the

natural glass (Table 5). To quantify these di�erences we

calculated the free energy of hydration for both glasses,

using Paul's [31] method. Thermodynamic data for these

calculations were published by Jantzen and Plodinec

[32]. The results at 25°C are given in Table 5, where it

can be seen that the DG
�
hyd values are almost the same.

The contribution of silica in the hydration energy of

the glass is similar for rhyolitic glasses (DG
�
hyd(sili-

ca)� 16.8 kJ/mol) and nuclear waste glasses (DG
�
hyd(sil-

ica)� 12.6±14.6 kJ/mol). Aluminum improves the

chemical durability of silicate glasses [33,34]. Only at

high concentrations is there a deleterious e�ect from the

network modifying fraction of Al. Zr increases the du-

rability of silicate glasses more than any other element

commonly used in the glass industry. Assuming that

ZrO2 forms a structural environment in the glass similar

to that in ZrSiO4 (DG
�
hyd(Zr)� 8.5±9.1 kJ/mol), the

stronger stabilizing e�ect of Zr compared with Al2O3 in

the glass becomes evident (DG
�
hyd(Al)�)2.6 kJ/mol).

Increasing the Na content of nuclear waste glasses

(DG
�
hyd(Na2SiO3)�)18.79±)14.4 kJ/mol) leads to a de-

crease in the hydration energy (lower chemical durabil-

ity). The sum of the alkalis (R2O) in the rhyolites yields a

DG
�
hyd(Na + K)�)10.5 kJ/mol. Small amounts of

Fe2O3 have little e�ect on the durability, as described by

Feng et al. [34]. The contribution of Fe2O3 to the hy-

dration energy is similar for both rhyolitic and nuclear

waste glasses. The e�ect of CaO, MgO, and other oxides

(Table 1) is negligible because of their low concentra-

tions. Based on these calculations, we assume that the

long-term durability of our waste glasses can be evalu-

ated based on corrosion features seen in rhyolitic glasses.

5. Conclusions

Vitri®cation by reaction sintering under pressure is a

promising alternative to melting, if the radioactive waste

contains a large amount of refractory oxides such a

ZrO2 and Cr2O3. Sintered glasses with a waste loading

as high as 50 wt% were obtained at a processing tem-

perature of 800°C and a pressure of 28 MPa. All waste

constituents except Zr were homogeneously dissolved in

the glass phase. About 60% of the initial ZrO2 dissolved

in the glass matrix; the rest precipitated by a complex

mechanism as baddeleyite crystallites formed along the

original grain boundaries of silica particles. Baddeleyite

crystallites form by supersaturation in an early stage of

the sintering process. The sintered glasses can be repre-

sented by a ternary Na2O±ZrO2±SiO2 system. The high

silica (63±74 wt%) and zirconia (8±11 wt%) contents of

the glasses explain their high chemical durability. The

deleterious e�ect of Na on chemical durability is more

than compensated by the bene®cial e�ect of Zr. Long-

term chemical durability of the sintered glasses is ex-

pected to be high, based on the similarity of hydration

Table 5

Average compositions of rhyolitic and sintered glasses and free

energies of hydration

Elements Sintered glasses Rhyolitic glass

SiO2 68.1 � 3.8 74.4 � 1.2

Al2O3 0.7 � 0.2 12.6 � 0.6

Fe2O3 5.2 � 0.5 2.2 � 0.8

Na2O 14.1 � 1.6 4.2 � 0.6

CaO 1.1 � 0.4 1.3 � 0.7

ZrO2 9.4 � 1.0 -

MnO2 0.8 � 0.4 -

La2O3 0.5 � 0.2 -

K2O - 4.0 � 0.7

MgO - 0.3 � 0.3

DG
�
hyd (kJ/mole) 3.7 3.3
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energies of rhyolitic and the sintered glasses. The cor-

rosion rate of rhyolitic glasses in various natural envi-

ronments has been shown to be very low, namely 1 lm/

1000 yr.

Although hot pressing of su�ciently large volumes

can be accomplished with state of the art technology,

remote handling in a radioactive environment remains

to be demonstrated.
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