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1. Introduction A

For isolation of nuclear wastes through the vnnf' cation process, waste slurry is
mixed with borosjlicate based glass and remelted at high temperature. During these
processes, water can enter into the final waste glass. It is known that water in silica and
silicate glasses changes various glass properties, such as chemical durability, viscosity and

" electrical conductivity. These properties are very important for processing and assuring the

quality and safety controls of the waste glasses. The objective of this project was to
investigate the effect of water in the simulated nuclear waste glasses on various glass
properties, mcludmg chemical durability, glass transition temperature, liquidus temperature,
viscosity and electrical conductivity. This report summarizes the results of this investigation
conducted at Rensselaer during the past one year.

2. Experimental Procedures

2.1 Preparation of Glasses with Different Water Contents

Three types of the simulated nuclear waste glasses, CVS2-18, CVS2-52 and CVS2-
74, were provided by Battelle Pacific Northwest Laboratories (Richland, WA) for this
project. Table I summarizes the chemical compbsitions of these glasses. The water
concentration in these glasses was altered by remelting under different water vapor pressure
and, subsequently, the hydroxyl concentration was determined by IR spectroscopy.
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2.1.1 Glass Melting under Water Vapor

Three as-received glasses were crushed and remelted at 115044 °C in an 80 ml Pt
crucible using a CM rapid temperature furnace (CM Furnace Inc., N.J.). The furnace
temperature was controlled by a Eurotherm microprocessor-based temperature controllerand
monitored by a type S thermocouple. For the preparation of the glasses with different water
concentrations, glass melts were exposed to water vapors corresponding to a saturated
vapor pressure of water at various temperatures: 50 °C (93 mmHg), 80 °C (355 mmHg)
and 100 °C (760 mmHg) [2]. The water vapor was generated from a deionized water
reservoir kept in a temperature-controlled hot water bath. To ensure the homogeneous
distribution of water in the gla'ss melt, water vapor was bubbled through the melt at the flow
rate of 68.5 mi/min. For the case of 760 mmHg water vapor, the air flow rate was reduced
10 32.9 mi/min to prevent the melt from splashing.out of the Pt crucible. The flow rate was
controlled by a Manostat flowmeter,

Figure 1 shows a schematic diagram of the experimental setup for the glass melting.
Heating tape was used to keep the vapor inlet above 100 °C so that no water vapor
condensation would take place there. The distance D1, between the bottem of the crucible
and the tip of the lifted Pt-tube is about 50 mm and the distance D2, between the bottom of
the crucibe and the tip of the immersed Pt-tube is about 5 mm as shown in Figure 1.

~The melting furnace was preheated to 1150 °C in air. The Pt crucible, containing
about 80 g of crushed as-received glass, was then inserted into the furnace. For the first 15
min, the water vapor was passed on to the top of the glass melt through the Pt-tube kept at
the distance D1 from the bottom of the crucible, as shown in Figure 1. The tube was then
inserted into the melt to the distance D2 from the crucible bottom, introducing water vapor
directly into the melt for 30 min. Then, the Pt tube was pulled out of the melt to the distance
D1 and the melt was fined at this temperature for additional 20 min, while the water vapor
was still passed on to the top of the melt. The total melting time was 65 min.

Once the remelting procedures were completed, the melt was poured into a copper
mold with approximate dimension of 50 mm x 50 mm x 8 mm and then immediately
transfered to an annealing furnce. The glass plates were keptat 400 °C for 30 min and then
furnace cooled to room temperature.

2.1.2 Quantification of Water in Glasses

2.1.2a Hydroxyl! Absorption Coefficient Determined by IR Spectroscopy
Specimens of 15 mm x 15 mm x 0.6 mm were cut from the annealed glass samples.

Both faces of the specimens were polished using 320, 400 and 600 grit SiC papers and




P s L)

finally with CeO; slurry. After polishing, the specimens were cleaned with ethanol in an

ultrasonic cleaner twice for a total of 4 min, each time using fresh ethanol.

The relative hydroxyl concentration in the glasses was determined by IR absorbance
at the wavenumber ~3550 cm-1 [3-5]. An example of the data is shown in Figure 2. The
hydroxyl absorption peak intensity as a function of specimen thickness was measured using
a Perkin-Elmer 1800 FTIR (Perkin-Elmer Corp., KY) to confirm the applicability of Beer's
law to the colored specimens of the present glasses. According to Beer's law: :

A=log(l/DN=€Cd ¢
where . -

A: hydroxyl absorbance at ~ 3550 cm-1

I,, I: incident and transmitted IR intensities at ~ 3550 cm-l, respectively

after reflection correction

€: extinction coefficient (mol/l-cm)

C: hydroxyl concentration (mol/J)

d: specimen thickness (cm)

Specimen thickness, d, was reduced successively by mechanical polishing and the hydroxyl
absorbance, A, was determined after each successive reduction of specimen thickness.

At wavenumber ~ 2700 cm-1, a second absorption peak was apparent for all three .
glasses as shown in Figure 2. This peak is an overtone of the B-O fundamental stretching
band [6,7].
2.1.2b Hydroxyl Extinction Coefficient Determined by IR Spectroscopy and
Weight Loss Method

To determine the hydroxyl concentration from IR absorbance, the extinction
coefficient, €, has to be known. The weight loss method was used to determine the
extinction coefficient for these glasses. According to Pearson et al. [8], during the
dehydration of glass specimen, hydroxyl in the specimen decreases according to:

20HgJass -=---> H2Ogas + Og]ass 2

and the decrease of OH causes the specimen weight loss and the reduction‘in the intensity of
IR hydroxy! absorption. The extinction coefficient, €Eoy (limol-cm) or S'OH (1l/cm-ppm),

of the IR hydroxyl absorption is determined by [8]:
€on = 103 Mino/ 2Mow) (W / d) (AA / AW) Mon/ Dgiass) (3a)

or
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€'or = 106 (Mizz0/ 2Mor) (W / d) (AA / AW} . @b

where (Mu0/2Moy = 18/34) refers to the formation of one mole of H,0 by the destruction
of two moles of OH, (W/d) is the ratio of the initial specimen weight to the specimen

- thickness, (AA/AW) is the ratio of the change of IR hydroxyl absorption to the change of
the weight of specimen, and (Mon/Dglass) is the ratio of the molar wei ght of hydroxyl to the
density of the glass.

Specimens of about 15 mm x 15 mm x 0.3 mm were cut from the annealed as-
received CVS2-18, 52 and 74 glasses. Both faces of the specimens were polished using
320, 400 and 600 grit SiC papers and finally with CeO, slurry. After polishing, the
specimens were cleaned with ethanol in an ultrasonic cleaner twice for a total of 4 min, each
time using fresh ethanol. .

To determine the ratio of (AA/AW), each specimen was dehydrated at 450 °C ip a
dry nitrogen atmosphere. The sample was periodically taken out of the furnace to measure
both its weight using a precession balance Mettler AE163, with a resolution of +0.01 mg,
and the IR spectrum using the IR spectrophotometer. . ‘

The density of the as-received and remelted glasses were determined by the
Archimedean method using deionized water at room temperature. Specimens were cut in
dimensions about 2cm x 1.5cm x 1 cm from the remelted/annealed glasses with different
water concentrations. Then, the specimens were washed with ethanol in an ultrasonic
cleaner three times, changing the liquid each time for a total of § min. A precision balance
Mettler H80, with a resolution of #0.1 mg, (Mettler Instrument Corp., NJ) was used for the
weight ieasurement. Four specimens Were measured for each glass having the same water .

concentration and the average value and one standard deviation were calculated. The density
was determined as:

D =M;/ Vs= Dyyo (Mds - Mdc) / [(Mgs - Mus) - Myc - Muwc)] @

where
Ms : weight of specimen (g)
Vs : volume of specimen (cm?3)
M(ds: weight of specimen and sample container in dry condition (g)
Mdc: weight of sample container in dry condition (g)
Mws: weight of specimen and sample container in wet condition, immersed in water (g)
Mwc: weight of sample container in wet condiiion, immersed in water (g)
o density of pure water at room temperature, 1.0 g/cm3
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2.1.2¢ Water Concentration in Glass

Knowing the hydroxyl absorption coefficients, (absorbance, A, dlvxded by
specimen thickness, d), and the’ hydroxyl extinction coefficient, Eon or g' OH, the
concentrations of water in hydroxyl form contained in these glasses were calculated using

Eqaution (1).

2.2 Chemical Durability

The chemical durability of the simulated nuclear waste glasses was evaluated using
both the MCC-1 and PCT methods in terms of the normalized elemental mass loss of
silicon, boron, lithium and sodium.

2.2.1 MCC-1 Chemical Durability Test
2.2.1a Specimen Preparation

Specimens were cut in dimensions of 15 mm x 15 mm x 0.5 mm using a diamond
saw. For all specimens, the cutting speed was fixed and water was used as cooling liquid.
After cutting, the specimens were cleaned in fresh ethanol three times (3 min each) in an
ultrasonic cleaner. Weight of the specimen was measured using the precision balance
Mettler H80. The specimen dimensions were measured under 10x magnification using an
optical microscope equipped with a digital micrometer, from which the total surface area of
each specimen, SA, was determined.
2.2.1b MCC-1 Test Procedure

The MCC-1 test was used to evaluate the chemical durablhty of these simulated
nuclear waste glasses. The test matrix is given in Table II. Each specimen was separately
placed in an individual Teflon PFA leach container and submerged in water. ASTM type |
water was used, which was deionized and distilled with an electrical resistance of 18
megohm (SPEX Industries, Inc., NJ). The leach containers were cleaned according to the
MCC-1 method [9]. The ratio of the specimen surface area to the volume of water, (SA/V),
was fixed at 10 m-1 following the MCC-1 procedure [5].

Prior to the MCC-1 test, the initial wei ght of (specimen+water+leach container) was
recorded. The initial pH value of ASTM type I water in the leach container was also
measured using a 701A digital pH/mV meter (Orion Research Inc., MA) precalibrated using -
reference buffer solutions (Fisher Scientific, NY).

All specimens were put into the Fisher ISOTEMP-300 oven preset at 90 °C. The
total test duration was 28 days, during which the furnace temperature was kept at 90+0.5
oC, monitored by using a type S thermocouple. After the MCC-1 test, the leach containers
were removed from the oven and cooled to room temperature. Then the weight of




f L S VT X [T I T S

(specimen+water+container) and the final pH value of leachate were remeasured. After
cleaning with fresh ethanol using an ultrasonic cleaner and drying in air, all specimens were
weighed.
2.2.1c Determination of Normalized Elemental Mass Loss

. The concentrations of four elements, silicon, boron, lithium and sodium, in the
leachate were analyzed. Prior to the measurement, all leachates were filtered through 0.45
um membrane according to the MCC-1 method [9]. DC plasma emission spectroscopy was
applied to determine each element concentration, using a Beckman Spectran 'V emission
spectrometer (Beckman Instruments, Inc., CA). To establish a calibration curve for each
element, solutions of that element with known concentration were prepared using a standard _
reference solution (SPEX Industries, Inc., NJ). Figure 3 illustrates the calibration curves
for the four elements (Si, B, Li and Na). The value in a parenthesis is the wavelength for
that particular element. These lines were selected with the consideration of their linear
dynamic ranges [10], detection limits [10] and small signal from background (mainly
water). The following calibrated lines, determined by the linear regression best fit, were
used to determine the concentration of each element in the leachate:

Silicon: Si (ppm by wt) = (Ig; - 146.806) / 13.656 . (6a)
Boron: B (ppm by wt) = ( Ig — 144.547) / 14.163 (6b)
Lithium: Li (ppm by wt) = ( I; - 64.644) / 22.519 (6¢)

Sodium: Na (ppm by wt) = ( Ina - 170.155) / 298.446 (6d)

where I is the intensity of the spectral line (D.C. mA). The linear regression coefficients, r2,
for these four lines shown in Figure 3 are greater than 0.999.

According to the MCC-1 method [9], the dissolved element concentration is
expressed in terms of the normalized elemental mass loss, (NL); :

(NL); = C; / f; (SA/V) (gm?) - .M
where G = concentration of element i in the 0.45 um filtered leachate (g/m3)

f; = mass fraction of element i in the unleached specimen
SA/V = ratio of specimen surface area to volume of leachant (m-1)
In Equation (7), f; values were determined from the compositions of each as-recejved glass.
Table I1I lists the selective chemical compositions and the related f;-value of Si, B, Li and
Na for the three glasses investigated.




A Tt y

AT P

T

2.2.2 PCT Chemical Durability
2.2.2a Sample Preparation

Samples were prepared by crushing glass into powder using an alumina motar and
pestle. The powder size ranged from 75 to 150 pum and was selected by using 100 and 200
mesh sieves. To remove the fines, prepared powder was washed twice using fresh ethanol
in an ultrasonic cleaner. Then the powder was dryed at room temperature overnight.
2.2.2b PCT Procedure i

Dry powder sample was weighed using the precision balance Mettler H80. ASTM
type I water (deionized water, electrical resistance of 18 megohm, SPEX Industries, Inc.,
NJ) was then mixed with the powder in the ratio of 10 ml of water per gram of powder
[11]. The total volume of water used for each sample was determined using the Mettler H0
balance. Assuming a cubic shape for a particle, the mixture of powder and water had a
surface area of sample to the volume of water ratio, (SA/V), of ~2000 m-1.

Table IV shows the test matrix. Powder samples were placed, submerged in water,
in a Teflon PFA leach container. The leach containers were cleaned according to the
procedures described in the MCC-1 method [9).

Prior to the PCT, the initial weights of (sample+water+leach container) were
recorded. The initial pH values of both blank water and solutions of (powder+water) in -
leach containers were measured at room temperature using the 701A digital pH/mV meter
pre-calibrated using the reference buffer solutions. B

All samples were placed in a Fisher ISOTEMP-300 oven preset at 90 °C. The total
test duration was 7 days, during which time the furnace temperature was kept at $0+0.5 °C,
monitored with a type S thermocouple. After the PCT, all leach containers were removed
from the fumace and cooled in air overnight. Then the wei ght of (sample+water+container)
and the final pH value of the leachate were remeasured.
2.2.2¢ Determination of Normalized Elemental Mass Loss

The determination of the elemental concentration for silicon, boron, lithium and
sodium in the leachate followed the same procedures described previously (cf. 2.2.1c). The
DC plasma emission spectroscometer was recalibrated using standard reference solutions of
silicon, boron, lithium and boron. Since the concentration of sodium in the PCT leachate
was much higher than that in the MCC-1 leachate, a different wavelength for sodium was
used to ensure the concentration falling in the linear dynamic range of the sodium spectrum.

Figure 4 shows the calibration curves for the elements involved. The value in
parentheses is the wavelength for that particular element. The following calibrated lines,
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determined by the linear regression best fit, were used to determine the concentration of each
element in the leachate;

Silicon: Si (ppm by wt) = (Is; ~ 168.194) / 13.604 (8a)
Boron: B (ppm by wt) = (Ig - 137.898) / 14.065 (8b)
Lithium: Li (ppm by wt) = (I; - 79.518) / 22.730 (&)
Sodium: Na (ppm by wt) = (In, - 133.416) / 9.764 (8d)

where [ is the intensity of the spectral line (D.C. mA). The linear regression coefficients, r2,
for these four lines shown in Figure 4 are all greater than 0.999. Comparing Equations 8(a-
¢) with Equations 6(a-c), a good agreement between the two sets of calibrations was found.

The chemical durability was evaluated in terms of the normalized elemental mass
loss, (NL); , defined by Equation (7).

2.3 DSC Glass Transition Temperature

The glass transition temperature, T, , was measured by the differential scanning
calorimetry (DSC) method for three types of glasses with different water contents. A
Perkin-Elmer DSC4 (Perkin-Elmer Corp., KY) was used and the instrument was calibrated
using indium metal. The sample was in powder form with particle size about 280 Km and
was mechanically sealed in a gold pan. Since the glass transition temperature depends on the
heating and cooling rates [12], the sample was cooled from 520 °C to 420 °C ata cooling
rate of 2.5 °C/min. The heating rate .during the DSC scan was 10 °C/min for all
measurements. Figure 5 représents the DSC scan of NBS standard SRM711 glass. The
DSC glass transition temperature, T,, was determined by the conventional manner as
shown.

2.4 Liquidus Temperature
2.4.1 Sample Preparation

The liquidus temperature was determined for both as-received and re-melted glasses.
Samples were prepared by crushing glass into small pieces which were préheat-treated ina
Pt-5%Au combustion boat (110 mm x 8 mm x 10 mm ) at 690 °C for 24 hr. The as-received
glass was heat-treated in air and the glass remelted at 1150 °C under 355 mmHg water
vapor pressure was heat-treated in 355 mmHg water vapor.
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2.4.2 Liquidus Temperature Measurement
After the pre-heat-treatment, the sample with the combustion boat was heat-treated in

" a Lindberg SIB 3-Zone gradient furnace (Lindberg SIB Division of Sola Basic Ind.,

Watertwon, WI) for 24 hr in air or 355 mmHg water vapor. The temperature profile of the
furnace was caljbrated using a type K thermocouple. As shown in Figures 6(A-B) for two
different temperature distributions, the temperature calibration curves were established by
Jusing the 6th order polynomial best fit:

T (oC) = ag + 1 X + 2,5 + 2303 + 2, X% + ag)C + X8 . )

where X is the distance from a fixed reference position in the furnace and values of the
coefficients, aj, are as shown-in Figures 6(A, B). The regression correlation coefficients for
the profiles were greater than 0.999.

* After the heat-treatment in the gradient fumace, each sample was removed from the
lower temperature end of the furnace and then placed in an annealing furnace preset at 520
°C for 2 hr and then.furnace cooled to room temperature. To determine the liqudus
temperature, a long thin plate was sliced from the middle of the annealed sample bar. The
sample plate was then cut into several pieces and mechanically polished-using 240, 320, 4C0
and 600 grit SiC abrasives and finally with 1 pm CeO slurry. The polished sbecimens had
a thickness of ~ 450 um. Each thin piece was scanned using a Philips 5520 X-ray
diffractometer (Philips Electronic Instruements Co., NY) operated at 40 kV-35 mA using
Cu Ky and K, radiation. The liquidus temperature was determined as the highest
temperture at which the sliced piece showed no crystalline peak at a 26 angle of ~ 300,
which is the most intense and stable diffraction peak observed for all specimens.

2.5 Viscosity of Glass Melts

The viscosity of the glass melt was measured in the temperature range of 950 °C to
1250 ©oC at 50 °C intervals in ambient air, 93 mmHg, 355 mmHg and 760 mmHg water
vapof atmosphere corresponding to the atmosphere of each sample preparatién (cf. 2.1.1).
The viscosity apparatus consisted of a CM 1300 tube furnace (CM Furnace Inc., NJ) and a
Brookfield LVT viscometer ( Brookfield Engineering Inc., MA). A Pt-20%Rh disk type
spindle (0.5" diameter x 0.08" thickness) was used for the viscosity measurement, as
shown in Figure 7. The temperature of the furnace was monitored by a type-S thermocouple
and controlled within + 1 °C during the measurment.
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The viscosity, i) (Pa.s ), of the glass melt was detennined [13] according to:
1=K (Reading, unitless) / (Spindle Rotation Speed, rpm) = (10)

where K is the cell constant (Pa.s-rpm) for a given condition and is influenced by the
crucible dimension, volume of melt and the spindle geometry. In this study, a cylindrical Pt

- crucible with 50 ml volume was used and the volume of glass melt used was about 40 ml.

The spindle immersion depth into the glass melt was fixed at 0.9", which was controlled by
using a micrometer. '

To determine the cell constant, K, Brookfield standard oils ( Brookfield Engineering
Inc., MA) with known viscosity values, 12.2 Pa.s and 103.5 Pa.s, were used. These
viscosity values are close to those of the glass melts in the temperature range of the
measurement. The cell constant was determined by the slope of the best fit line shown in
Figures 8 (A, B).. For the immersion depth of 0.9", the K value was determined to be
1.406+0.018 Pa.s-rpm. ’

2.6 Electrical Conductivity

The elctrical conducfivity, using the AC method, of the glass melt was measured in
the temperature range of 950 °C to 1250 C at 50 C interval in ambiént air, 93 mmHg, 355
mmHg and 760 mmHg water vapor atmosphere corresponding to the atmosphere of each
sample preparation (cf. 2.2.1). The conductivity apparatus consisted of the CM 1300 tube
furnace and a 1689 GenRad RLC digibridge (QuadTech, Inc., MA). Pt wire was used as
the electrode. The temperature of the furnace was monitored by a type S thermocouple and
was controlled within + 1 °C during the measurment. .

The conductivity, o (S/m), of the glass melts was determined using the method
reported by Boulos, Smith and Moynihan [14] :

o=Y/R . : (11)

where Y is the cell constant (m-!) and R is the resistance (ohm). R was measured using the
AC method in which a model of an equivalent paralell circuit (R, Cp) was used. The
complex impedance, Z*, of the circuit is given by [15]:

Z*=Z'-j Z" (12)




where
Z' = Gp(0)/[GpX(0)+02Cp2(®)]  (ohm)
Z"'= (DCP((D)/ [sz((l))'*'(DZsz((D)] (ohm)

and Gy(w) is the conductance (1/ohm), C(w) is the capacitance (Farad) and w is the angular

frequency (1/sec).
To determine the cell constant, Y, standard KCl aqueous solutions with

concentrations of 0.1D (7.47896 g KCl per 1000 g water in air) and 1.0D (76.6276 g KCl

per 1000 g water in air) were prepared using pure KCl powder and deionized and distilled
water at room temperature following the method of Parker and Parker [16] (D is for demal,
equal to equivalents per dm?). The conductivity values, at 25 °C in air, were previously
reported as 1.28524 S/m for 0.1D KCl and 11.1322 S/m for 1.0D KCI [16]. In this study,
the AC frequency range for the measurment was from 1 kHz to 100 kHz. The immersion
depth of the electrode was 0.7" controlled by a micrometer. The cylindrical Pt crucible with
50 ml volume was used and the volume of glass melt was about 40 ml. Figure 9 shows the
Z'-Z" plot of KCI solutions. The resistance, R, for the solutions was determined from the
intercept on the Z'-axis using the linear regression method. The cell constant, Y, was then
calculated to be 67.60+2.42 m-! using Equation ( 11).

3. Results

3.1 Characterization of Water Content in Glass
3.1.1 Hydroxyl Absorption Coefficient

Figures 1(A-C) show the IR absorption of hydroxyl versus the specimen thickness
for as-received glasses and glasses remelted at 1150 °C under various water vapor
atmospheres. The linear relation indicates the applicability of Beer's law to the present
specimens and the hydroxyl absorption coefficients, A/d or EC, were determined from the
slopes of the lines and are summarized in Table V. The linear regression cog:fﬁcien.ts were
greater than 0.98 in all cases. A good reproducibility of the hydroxyl content in the glass
melt made by the current melting procedures was confirmed. -
3.1.2 Hydroxyl Extinction CoefTicient

Using the dehydration method, weight loss and IR hydroxyl absorbance decrease of
the specimen were periodically measured. Figure 11 illustrates the change of the IR
absorbance as a function of the specimen weight loss for CVS2-18, 52 and 74, In all cases,




a linear relationship between these two quantities exists. Linear regression analysis yields
the best fit line for each glass, the slopes, (AA/AW), of which are summarized in Table VI.

. The densities for CVS2-18, 52 and 74 glasses are also summairzed in Table VI. It
appears that the density is the same for most glasses within the error range of the method
used. No effect of water on the density could be detected. Slightly lower density values
were noticed for as-received CVS2-18 and CVS2-74, which probably resulted from the

presence of the bubbles in these specimens. )
Using Equation 3(a-b), the extinction coefficients, Eon and €'oy, were calculated

and are listed in Table VI. The resulting hydroxyl extinction coefficients, Eoy, were found
to be smaller than the previously published data: 30+5 /mol-cm for sodium borosilicate
glass, 27.5 l/mol-cm for Corning 7740 and 28 l/mol-cm for Corning 7251{8]. The
difference is probably related to differences in the glass compositions. '
3.1.3 Water Concentration in Glass :

Knowing the extinction coefficient and the hydroxyl absorption coefficients,
(absorbance/specimen thickness), the hydroxyl concentration in these glasses were
calculated according to the Beer's law: :

Aon= €on Cond (13a)
or
Aou = ¢€'ouClond : (13b)

where Coy and C'oy are the concentration of hydroxyl in the specimen with the units of
(mol/liter) and (ppm by. wt), respectively, and d is the specimen thickness (cm). It is more
convenient to express the hydroxyl concentration in the latter units of ppm by weiéht. Table
VII summarizes the hydroxyl concentrations for the prepared glass samples. The results
show that under the same melting condition, CVS2-18 has the highest hydroxyl
concentration, while CVS2-74 has the lowest.

" The dependence of water concentration in glass on the water vapor pressure is
shown in Figure 12. The data indicate that, at relatively low water vapor pressures, the
hydroxyl concentration is a linear function of the square root of water vapor pressure,
‘/Pﬂzo’ as expected [3, 17]. The concentraton, however, deviated from linearity under the
higher water vapor pressure of 760 mmHg. This may be related to the volatilization of some
glass elements during the glass melting under high water vapor presence. It is known that
water promotes the volatilization of sodium and boron [18].

12
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3.2 Chemical Durability
3.2.1 MCC-1 ' )

The signal intensity from the DC plasma emission spectrometer of the element i, I,
in the leachate was recorded automatically. Applying Equations &(a-d), the concentrations of
Si, B, Li and Na were determined for each leachate and are tabulated in Appendix Al. The
normalized elemental mass loss, (NL);, was computed according to Equation (7). Figures
13(A-C) illustrate the average elemental mass losses of Si, B, Li and Na versus the
hydroxyl concentration (cf. Table VII) for CVS2-18, 52 and 74, respectively. The (NL);
values are tabulated in Appedix A2.

For a given glass, Figures 13(A-C) show that the normalized elemental mass loss,
(NL)j, has a general trend of (NL)sj < (NL)g < (NL)j < (NL)Na - Among these three
glasses, for the four elements, CVS2-18 has much higher (NL); values than both CVS2-52

~and CVS2-74. Comparing CVS2-52 with CVS2-74, the elemental mass losses of Si, B and

Na were slightly higher for the former, while that of Li was about the same for both glasses.
Results also indicated that the dissolution of each element was mainly influenced by the
glass compositions and that the effect of hydroxyl concentration was rather small.

The change of pH in the leachate before and after the MCC-1test was monitored.
Appendix Al.2 also summarizes average pH values with one standard deviation. The initial
pH of typel water was 4.85+0.08 . After the MCC-1 test of the simulated nuclear waste
glasses, pH was increased to approximately 9.00, while a blank water after the test was
only pH 5.39. Hence, the increase in pH of the leachate after 28 days was associated with

the glass leaching. Two exceptional cases were found for the as-received CVS2-74. Two -

out of three samples tested after 28 days showed pH 6.73 and pH 6.52, while the third
sample leachate had a pH 8.97 which was at the same level as the rest of leachates. In these
cases, the (NL); values of all four elements investigated were also much lower. Therefore,
for the as-received CVS2-74 glass, only one (NL); datum is listed in Appendix A2 for each
element. .

During the MCC-1 test, the weight loss of the leachate due to water evaporation was
found to be less than 5 wt%. The specimen weight before and after the test was also
monitored. All specimens lost weight slightly as the result of the glass dissolution. Among
the three glasses, CVS2-18 showed the greatest weight loss, 9.4+0.6 g/m2, as compared
with 5.5+0.6 g/m2 for CVS2-52 and 6.6+0.7 g/m2 for CVS2-74.

3.2.2 PCT

The signal intensity from the DC plasma emission spectrometer of the element i, I;,

in the leachate was meaured three times. The average intensity value and one standard

13
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deviation from the three measurements were used for the determination of the concentrations
for Si, B, Li and Na using Equations 8(a-d). The results are tabulated in Appendix B1.
Figures 14(A-C) illustrate the elemental mass losses of Si, B, Li and Na versus the
hydroxyl concentration. The data are tabulated in Appendix B2. The results show that
samples having higher hydroxyl concentration exhibit a higher amount of dissolution.

For a given glass, Figures 14(A-C) show that the normalized elemental mass loss,
(NL);, has a general trend of (NL)s; < (NL)na < (NL)g < (NL)Li . Among these three
glasses, for all four elements, CVS2-18 has the highest (NL); values, while CVS2-74 has
the lowest ones. Results in Appendix B2 indicate that for the long-term chemical durability
of the glasses tested in water, the dissolution of each element was mainly influenced by the
glass chemical compositions. However, for a given glass, the effect of hydroxyl
concentration on the dissolution was also evident. Boron is a good indicator of the chemical
durability. Figure 15 shows that the (NL)g increases with the hydroxyl concentration in
glass for all three glasses and the results can be fitted using a linear relationship. The slopes
of the best fit lines with the linear regression coefficients are summarized in Table VIII.

pH of a blank water was 4.94 at room tempearture prior to the PCT. Right after
mixing the powder with water at room temperature, pH of the leachate increased
significantly with respect to that of a blank water. Appendix B3 surmarizes the pH values
right after mixing the powder with water for all sample leachates. The final pH values were
remeasured at room temperature after the PCT, and are also listed in Appendix B3. Final pH
of the blank water was 5.48. Among these three glasses, pH values for CVS2-18 were the
highest, while those of CVS2-52 were the lowest. The Wei ght loss of the leachants during
the PCT measurement was less than 1.0 wt%.

3.3 DSC Glass Transition Temperature

Figures 16(A-D) illustrate the DSC scans for CVS2-18 with four different water
concentrations. Similar scans are shown in Figures 17(A-D) and Figures 18(A-D) for
CVS2-52 and CVS2-74, respectively. Table IX summarizes DSC glass transition
temperatures, Tg , for these glasses. Except for the as-received glasses, the results show
that T, decreases with increasing water concentration in the samples for CVS2-18 and
CVS2-74. The effect of water on the change of T, however, was rather small for CVS2-
52. '

It was noted that there was a lack of a consistent trend for the as-received glasses,
for which the lower DSC transition temperatures could not be obtained inspite of their
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higher hydroxyl concentrations. These as-received glasses have different thermal histories
and possibly a slightly different glass composition from those remelted in our laboratory.

3.4 Liquidus Temperature

Figures 19(A-C) show X-ray diffraction patterns of powders prepared by grinding
the three as-received glasses after the heat-treatment in ambient air at 690 °C for 24 hr. It
appears that amount of crystallization is the highest for CVS2-52 and the lowest for CVS2-
74. Table X summarizes the liquidus temperature, Ty, for the as-received glasses:.842 oC
for CVS2-18, 923 °C for CVS2-52 and 852 °C for CVS2-74. The uncertainty for the
liqudus temperature was estimated to be -2 °C since the sample at 2 °C below the estimated
liquidus temperature exhibited a very small X-ray diffraction peak at a 28 angle ~3(°.

Figures 20({A-C) show X-ray powder diffraction patterns, after heat-treatment at 690
°C in 355 mmHg water vapor for 24 hr, for the three glasses which had been remelted at
1150 oC under 355 mmHg water vapor. From the comparison of Figures 26(A-C) and

Figures 19(A-C), it appears that the wet atmosphere promoted the devitrification for all.

glasses. Table X also summaries the liquidus temperatures for the remelted glasses heated
in 355 mmHg water vapor for 24 hr after crystallization at 690 °C for 24 hr. It was found
that the liquidus temperature increased by about 25 °C: 871 °C for CVS2-18, 946 oC for
CV§2-52 and 872 oC for CVS2-74. The uncertainty of the liquidus temperature was -5 °C
for CVS2-18, -6 °C for CVS2-52 and -16 °C for CVS2-74. The higher uncertaintly resulted
because the samples were heat-treated in a higher temperature gradient.

3.5 Viscosity

Figures 21(A-C) show the logarithmic viscosity as a function of temperature for
theses glasses remelted under different atmospheres. The viscosity data are tabulated in
Appendix Cl. In general, CVS2-52 had slightly higher viscosities throughout the
temperature range than those of CVS2-18 and CVS2-74. For a given glass and at a specific
temperature, an expected trend of lower viscosity with increasing water content was not
obtained, within the experimental error. This can be seen m Figures 22(A-C) which
represent the viscosities of the glass melts at 1150 °C against the water concentrartions in
these glasses (c.f. Table VII).

3.6 Electrical Conductivity

Appendix D1 summarizes the conductivity data for all glasses under different
atmospheres. Figures 23(A-C) illustrate logarithmic resistivity as a function of temperature
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for the ease of comparison with the viscosity data. In general, CVS2-18 has slightly hi gher

resistivities throughout the temperature range employed. Figures 24(A-C) represent the
electrical conductivity versus the water concentrations in the glasses at 1150 °C. The
electrical conductivity of these glasses appears to exibit a minimum when plotted against the
water contents (c.f. Table VII), except for CVS2-74.

4. Discussions

4.1 Water Content

Water content in the glasses was determined by IR spectroscopy. In this method, the
water content is influenced by the extinction coefficient, which was determined by the
dehydration-weight loss method. It was assumed that the only source of weight change
during the dehydration treatement is the loss of water (c.f. Equation (2)). Since the
simulated nuclear waste glasses contain transition metal ions which can change their
oxidation state easily, a portion of the weight change might come from the change of the
oxidation state, e. g: .

20Hg]ass + Fez+g]ass """" > Fe3+g]ass + 20g]ass + H2 (14)

This could cause an error in the extinction ceofficient and the absolute quantity of water. For
a given glass, however, relative water content remains unaffected by the magnitude of the
extinction coefficient. '

4.2 Chemical Durability

The effect of water content on the dissolution rate was observed in the PCT method,
namely, higher water content in the glass resulted in higher dissolution rates of Si, B, Li and
Na. However, the influence of water on the leaching behavior was not detected in the MCC-
1 method. Major differences between the two methods are that (i) the (SA/V) value is much
higher for the PCT and (ii) the test duration is, however, shorter for the PCT. It is known
that the chemical reaction of glass in water proceeds through the processes of (i) ion-
exchange between the alkali ions of glasses and hydrogen (or hydronium ions) in water and
(ii) breakdown of the glass network. A higher surface area to the volume of leachant
provides more reaction sites for these processes. Hence it is considered that the difference in
the (SA/V) value influences the glass dissolution process significantly.
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Figure 25 illustrates the pH values before and after the two chemical durability tests,
the PCT and the MCC-1. It is evident that for the PCT, the initial pH of the leachate, right
after the powder was mixed with water at room temperature, was si gnificantly higher than
the initial value of leachate for the MCC-1. This is direct evidence for the fast ion-exchange
taking place between the alkali and hydrogen (or hydronium) ions. The process can be
expressed as [19]:

=Si~OM + H,0 === > =Si-OH + M*+ OH- (15)

where M is the alkali ion. Also, as c_léarly shown in Figure 25, the final pH increased close
to pH 10 after 7 days for the PCT, while in MCC-1 PH increased to ~9.0 after 28 days.
Other previously reported data of the PCT and the MCC-1 demonstrated that there exists an
initial sharp arise in pH level for the PCT which then stablizes at a sli ghtly higher level,
while for the MCC-1, the pH level increases gradually with time [20,21]. This is
schematically represented in Figure 26. .

Leaching of glass constituents into water involves not only the ion-exchange of
alkali ions with hydrogen (or hydronium) ions as described by Eqaution (15), but also the
breakdown and subsequent dissolution of the hydrolyzed glass network into the water, The
process can be summarized as (i) free hydroxyl formed by reaction (15) attacking siloxane
bonds at the leachate/glass interface [19]: .

=Si-0-Siz + OH ™=---—- >=Si-OH + =S5i-0- (16)

.and (ii).dissolution of thé leached layer via the reaction of nonbndgmg oxygen (NBO), =Si-

OTaccording to [19]:
=S§i~0" + Hy0 —==~=->=Si-OH + HO" (17)

However, reactions (16) and (17) are very slow when pH of the leachate is low in the
buffered solutions. Numerous studies on the dissolution of silica showed that the
dissolution rate of silica in buffered solutions is not pH-dependent below pH8.5-9.0. Above
pH ~8.5, the dissolution rate increases with the pH significantly.

Figures 27(A, B) sechmatically illustrate the concentration profile of alkali elements
in the leached layer and the bulk for both the PCT and the MCC-1. Comparing the initial
value of pH 8.6 for the PCT with that of pH 4.9 for the MCC-1, it is reasonable to assume
that for the PCT measurement, dissolution of the glass network dommates during the most

17



of the test duration after the short, initial ion-exchange stage. For the MCC-1 measurement,
on the other hand, the pH level of the leachate is low and the leaching process is expected to
be dominated by the ion-exchange during the most of the test duration as shown in Fi gure
27(A). These hypotheses were further surported by the experimental results showing that
the concentrations of silicon and boron were significantly higher after the PCT than those of
silicon and boron after the MCC-1 (cf. Appendix B1 and A1).

Water in the glass creates NBO, making glass weaker and the dissolution rate
higher. Although the inital jon-exchange could produce a much higher water concentration
than the initial water concentration in the leachated layer, the time span for this stage would
be very short before the network dissolution started to take over in the PCT. Funhenn'ore,
high pH values above 8.6 promotes the network dissolution. Thus the surface layer
produced by ion-exchange can be quickly dissolved by the resulting high pH solution and
the leaching process is dominated by the glass network disssolution in the PCT. It is
expected therefore that the chemical durability of glass having higher water content would be
poorer in the PCT.

On the other hand, in the MCC-1, the pH level is lower and the network
dissolution is negligibly small. In this case, a leached layer forms, due to prolonged ion-
exchange processes at low pH, and this layer contains higher water concentration than that
in the bulk. Figure 28 shows the IR spectra of a CVS2-18 monolith sample before and after
the MCC-1 test plus spectra after dehydration at 300 °C in ambient air for 1 and 16 hr. An
increase in the amount of water is evident after the MCC-1 test. The dehydration spectra
indicate that two types of water form in the glass by ion-exchange, strongly and lossely
bonded hydroxyls. It has been reported that the thickness of hydration or ion-exchange
affected layer is about 2 um or less for the simulated nuclear waste glasses after the MCC-1
test [ 21]. Hence, the water concentration in the leachated layer can be more than 2 orders of
magnitude higher than those of both as-received and remelted CVS2-18 glasses. Similar
situations also exist for CVS2-52 and CVS2-74 glasses. Since the dissolution proceeds
from the leachaw/élass interface, the existance of a significantly higher water concentration
in the leached layer should overide the effect of the preexisitng water in the glass, even
when the network dissolution, rather than ion-exchange, is the rate controlling process. No
detectable effect of the preexisting water content in glass on its chemical durability is, hence,
expected in the MCC-1. '
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4.3 DSC Glass Transition Tempearture
The effect of water in glass on the glass transition temperature was observed, Glass
having higher water content showed a lower transition temperature. This is consistent with

previously reported data on varjous types of glasses [3,23].

4.4 Liqudus Temperature

For as-received glasses, the measured liquidus temperatures in ambient air have been
previously reported: 865 °C for CVS2-18 and 850 °C CVS2-74 [24], A good agreement
was found between those obtained in this study and these values. In addtion, we observed
that the liquidus temperature for the glass treated in wet atmosphere, 355 mmHg water
vapor increased slightly, approximately 20 oC. Comparing x-ray diffraction patterns
between samples heat-treated in ambient air and in the wet air, as shown in Fi gures 19(A-C)
and Figures 20(A-C), the amount of crystalline phases increases by the wet treatment at
690°C. Apparently, water promotes the crystallization of the glass by lowering its viscésity
[25].

Using IR spectroscpy, the effect of a precrystallization treatment on the water
conctent in glass was evaluated for the samples revitrified in the gradient furnace for both
the ambient air and the wet air conditions. The glass samples {or the evaluation were at the
vicinity of their liquidus temperature. For as-recejved samples, we found that the water
content in glass was si gnificantly reduced, by about 50%, as compared with the water
concentration of untreated glasses, suggesting that water can easily escape from the glass
during the devitrification. However, in the wet air, the water content of the samples, after

the cycle of devitrification and vitrification, either remained about the same level or increased
by about 45%.

4.5 Viscosity of Glass Melts .

Within experimental error, no detectable effect of water in glass on the viscosity of
the glass melt was observed. In the investigéted temperature range, many of the Sj-O-Sj
bonds are broken by very high thermal energy, so that additional rupture of the Sj-O-Sj
bridge by water has little further effect. In addition, the magnitude of the effect of water in
glass on viscosity of the glass melt has been previously reported to be strongly dependent
on the glass composition [26] with the larger effect being observed at lower temperature.

In this study, the dependence of the viscosity on the temperature can be fitted using
the Fulcher equation as [27]:
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log = A + B/[T(°C) - T] ' (18)

where 1] is the viscosity (Pa.s) and A, B and T, are the constants obtained by the regression
analysis through the best fit of the experimental data. To obtain the best fit, the previously
reported viscosity, 10113 Pa.s [28], at the glass transition temperature was used. Figures
25(A-C) represent the comparison betwcen the experimental data and. the fitting curves of
Equation (17). Good agreement is appa.rent. Appendlx C2 summarizes the fitting parameters
(A,B,T,) with one standard deviations.

4.6 Electrical Conductivity - :

From Figures 24(A-C), which illustrate the electrical conductivity versus the water
concentration in glass at 1150 °C, an interesting trend is observed. At least for CVS2-18
and CVS2-52, the data in Figures 24(A-B) suggest that the conductivity initially decreases
and then increase with increasing water content in the glass. For CVS2-74 shown in Figure
24(C), a similar trend might exist except for one datum point. The profile of electrical
conductivity versus water content at high temperature obtained in this study appears to be
similar to those previously reported at low temperature for silicate glasses [29,30]. The
extent of variation for the G-Coy in this case is very small, which is also expected at high
temperatures as shown by other reported data [31]. Figure 30 represents the logarithmic

conductivity versus water content for silicate glasses [29,30]. It is apparent that there exists

a particular water concentration level, above which the electrical conductivity increases. This

. is similar to the mixed alkali effect. Fi 1gure 31 represents the influence of temperature on the

mixed alkali effect, indicating the higher the temperature, the smaller the effect [31]).
For better comparison with the temperature dependence of viscosity of the glass
melt, electrical resistivity of the glass melts was also fitted using the Fulcher equation as

[271:
log p=A'+BY[T(C) - To] ’ ’ (19

where p is the resistivity (ochm-m) and A',B' and Toare the constants. For the limitted
temperaturé range, the best fit was found by using the previously determined T, values
from. viscosity for the corresponding samples (cf. Appendix C2). Figures 32(A-C)
illustrates the comparison between the experimental data and the best fit curves according to
Equation (19). Appendix D2 summarizes the fitting parameters (A", B' and T ) for all glass
melts. It is known that the constants, B, from the viscosity and, B', from resistivity are
related to activation energies of the viscous flow and ionic motion, respectively. For the
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simulated nuclear waste glasses investigated, data from Appendix C1.2 and Appendix D1.2
show that the ratio of B/B' is approximately 3.5,
5. Conclusions

Water content in simulated nuclear waste glasses, varied by changing the water
vapor pressures during glass melting, had a measurable influence on the long term chemical
(PCT), glass transition temperature, and electrical conductivity of glass melts. The effect on
both the MCC-1 chemical durability of the glasses and viscosity of the glass melts were
rather small. In addition, for the PCT and the glass transition temperature, some of the as-

received glasses did not follows the general trends exhibited by other glasses with varied

water content. This anomaly is probably due to inhomogeneity of the as-received glasses
and a slight difference in glass composition between the as-received and other glasses. A
significant amount of water was found to escape from the glass by pre-crystallization
treatment in ambient air. The influence of a moisture atmosphere on the liquidus temperature
was observed.
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Table |

Chemical Com
Nuclear Waste

positions of the Szmulated
Glasses [1]

Glass CVS2-18  Ccvs2.52 CVS2.74

Oxide Content (Wt %) Chemicals
Sion 53.53 60.00 56.60 Siop
B203 10.53 8.17 7.81. H3BO3
N0 11.25 4.50 6.64 NasCOo3
Li;0 3.75 7.88 7.13 Li>CO3
Ca0 0.83 0.08 0.79 CaCO3
Fes O3 7.19 7.20 3.34 FepO3
AhO3 2.31 2.33 8.16 AlO3
MzO 0.34 0.09 0.32 MgO
ZrOp 3.85 3.85 0.05 Zrop
Others 5.92 5.90 9.16 CVS Mix
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Table I MCC-1 Test Matrix for the Simulated Nuclear Waste Glasses

Number CVs2-18 CvS82.52 CV82-74

of specimens '
as-received 3 3 3
93 mmHg @ 3 3 3
355 mmHg @ 3 3 3
760 mmHg @ 3 3 3

@ The value represents the saturated water vapor pressure under which these glasses were remelted.
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Table il Selective Chemical Compositions and the Related Mass Fraction

of Metal Elements for the Simulated Nuclear Waste Glasses

Glass CVS2-18 CVS2-52 - CVS2.74
Si0, (wt%) 53.53 60.00 56.60
B,0; (wt%) 10.53 8.17 7.81
Li,0 (wt%) 3.75 7.88 7.13
Na.O (wt%) 11.25 4.50 6.64

fs @ 0.2502 0.2805 0.2646

fy (@) 0.0327 0.0254 0.0243

fy, () 0.0174 0.0366 0.0331

fi @) 0.0835 0.0334 0.0493
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Table IV

PCT Test Matrix for the, Simulated Nuclear Waste Glasses

Number CvS2-18 CvS82-52 CVS2.74
of specimens
as-received 1 1 1
93 mmHg @ 1 1 1
355 mmHg @ 1 1 1
760 mmHg @ 1 1 1

@ The value represents the saturated water vapor pressure under which these glasses were remelted.
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Table V- Hydroxyl IR Absorption Coefficient, (A/d), for the Simulated

Nuclear Waste Glasses (as received and remeited)

Units: abs/cm

Glass CvS2-18 Cvs2-52 CvS2-74

Water vapor

as-received 5.30 15.30 5.75
93 mmHg @ 2.45 2.34 - 2.12
355 mmHg @ 4.47 4.12 3.88
760 mmHg @ 9.02 394 . 5.75

@ The value represents the saturated water vapor pressure. under which
these glasses were remelted.



Table VI Determination of Extinction Coefficient of Hydroxyl Absorption
by Dehydration Method for the Simulated Nuclear Waste Glasses

Glass CVS2-18 Ccvs2-52 CvS2.74
W (mg) 80.12 55.10 77.74
d (um) 418.0 294.0 4180
p (glem’) 269 2.63 2.61
A/sW (abs/g) 1226.6 1713.1 - 1874.8
€., (lit/mol-cm) 7.84 . 10.99 12,05
) € on (abs/am-ppm) 1.24x10° 1.70x10° 1.85x10°
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Table VIl Hydroxyl Concentrations in the Simulated Nuclear Waste

Glasses (as-received and remelted)

Units: ppm by wt

Glass Cvs2-18 CvSs2-52 Cvs2-74

Water vapor

as-received 4274 3118 3108
93 mmHg @ 1976 1376 1146
355 mmHg @ - 3605 2424 2097
760 mmHg @ 7274 5259 4438

@ The value represents the saturated water vapor pressure under which
these glasses were remelted.
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Table VIII Linear Regression Analysis of the Effect of Hydroxyl Concentration on
the Dissolution of the Simulated Nuclear Waste Glasses using the PCT Method

10° (NL); / Coy  (g/m*/ppm)”
" Element
Glass Li B ’ Na Si

CVS2-18 4._310.9 2.8+0.7 4.5+0.9 0.6+0.2

(0.96)* (0.95) 0.97) (0.9.0)
CVS2-52 1.74+1.0 2.0+0.4 0.74+0.4 0.2+0.04

0.73) (0.97) 0.72) (0.96)
CVS2-74 " 4,14+0.1 1.9+0.4 . 1.3+0.4 1.0+0.1

(0.99) (0.96) (0.93) 0.93)

# The regression analyses did not include the data for as-received gla;e,ses.
& The value in parenthsis is the linear regression coefficient, r.
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Table IX DSC Glass Transition Temperatures of the Simulated Nuclear
Waste Glasses with Various Water Contents (Heating rate: 10 °C/min)

Glass CVS2-18 CvS2-52 CVvS2-74
93 mmHz@ 488 476 474
355 mmHg@ 484 476 467
760 mmHg@ 471 473 465
as-received@ 486 476 461

@ The values represent the water vapor pressure at which the glasses were remelted.
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Table X Liquidus Temperature of the Simulated Nuclear Waste Glasses *

Glass Ambient air@ 355 mmHg water vapor#
(°C) (°C)
CVSs2-18 842 871
CVS2-52 923 846
CVvs2-74 852 872

* All samples were pre-heat-treated at 690 °C for 24 hr in either ambient air or 355 mmHg water vapor.

@ As-received glass samples were used.

# Glass samples used were previously remeited at 1150 °C under 355 mmHg water vapor.




Figure 1 A schematic diagram of experimental set-up
for melting glass under controlied water vapor pressure
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Absorption coefficient (10 abs/cm)

Figure 2 IR spectra of three as-received glasses (IR absorbance
is normalized by the specimen thickness).
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Figure 3 Caliberation curves for Beckman Spectraspan V Emission
Spectrometer using SPEX standard solutions of Si, B, Li and Na for MCC-1.
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- Figure 4 Calibration curves for Beckman Spectraspan V Emission
Spectrometer using SPEX standard solutions of Si, B, Li and Na for PCT.
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glass (obtained under heating rate of 10 C/min).
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Figure 7 Geometry of spindle for viscosity measurement.
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Figure 10 Hydroxyl IR absorbance as a function of

specimen thickness for the glasses with various
water concentrations
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H gure 11 The change of OH absorbance as a function of the specimen

OH ‘absorbance loss, -AA (abs)

weight loss for the simulafed nuclear waste glasses.
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Figure 12 Hydroxyl concentration as a function of water
vapor pressure under which the glasses were remelted.
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Figure 18 DSC scans of CVS2-18 glasses with
different water concentrations (obtained
under heating rate of 10°C/min)

1 i

(C) 355 mmHg

] |

(D) 760 mmHg

440 480

520

440 480 . 520

Temperature ( C)




Heat Flow (mcal/s—g)

160

140

120

100

80
160

140

120

100

80

Figure 17 ' DSC scans of CVS2—-52 glasses

with different water concentrations (obtained

under heating rate of 10°C/min).

(A) as—received

| ! L

(C) 355 mmHg

| (D) 760 mmHg

! 1 1]

440 480 520

440 480 520

Temperature (°C)




For Approval Cf

Name | Approved sate
DE Larson LU=l o< 161 ay NV
“JW Creer T il < Battelle
i 7 rre Pacific Northwest Laboratories
| { Battelle Boulevard .

P.O. Box 999
Richiand, Washington 99352
Telephone (509)

376-1982
May 27, 1994
Mr. R. W. Powell, Manager
High-Level Waste Program
Westinghouse Hanford Company . PNL-94-82

PO Box 1970
Richland, WA 99352

Dear Mr. Powell:

TRANSMITTAL OF MILESTONE PVTD-C94-03.01F, ISSUE UNIVERSITY WATER EFFECTS STUDY
REPORT

The enclosed report from Rensselaer Polytechnic Institute, "Effects of Water
on Properties of Simulated Nuclear Waste Glasses" is being submitted to meet -
the subject contractor milestone.

Technical questions should be directed to Pavel Hrma, 376-5092.

Very truly yours,

%0.% '
Y Morrey, Task Manager.

Process/Product Development
PNL Vitrification Technology Development Project

Attachment
Distribution:
RL - ST Burnum w/o att WHC - TWRS DPC PNL - JM Creer
M Dev w/ att RP Colburn ML El1liott
GH Sanders w/o att RL Gibby C Franks
: ET Weber GA Jensen
BM Johnson w/o
TDPO - GH Beeman w/o att DA Lamar
JA Carr w/ att DE Larson
BD Slonecker
GL Smith
PA Smith
) KD Wiemers

File/LB




For Approval Cf

1]

i . Name | Approved Date

* DE_Larson =l o L aw

I JM Creer Uy o filgv
7t

May 27, 1994

Mr. R. W. Powell, Manager
High-Level Waste Program
Westinghouse Hanford Company
PO Box 1970

Richland, WA 99352

Dear Mr. Powell:

s%Battelle

(31{)
Pacific Northwest Laboratories
Battelle Boulevard
P.O. Box 999
Richland, Washington 99352

Teleph 50
elephone %) 5961982

PNL-94-82

TRANSMITTAL OF MILESTONE PVTD-C94-03.01F, ISSUE UNIVERSITY WATER EFFECTS STUDY

REPORT

The enclosed report from Rensselaer Polytechnic Institute, "Effects of Water
on Properties of Simulated Nuclear Waste Glasses” js being submitted to meet
the subject contractor milestone.

.Technical questions should be directed to Pavel Hrma, 376-5092.

Very truly yours,

Eugore UFNo

_ Task Manager.
Process/Product Development

s

PNL Vitrification Technology Development Project

Attachment

Distribution:

RL - ST Burnum w/o att
‘M Dev w/ att
GH Sanders w/o att

TDPO - GH Beeman w/o att
. JA Carr w/ att

WHC - TWRS DPC

RP ‘Colburn
RL Gibby
ET Weber

PNL - JM Creer
ML Elliott
C Franks
GA Jensen
BM Johnson w/o
DA Lamar
DE Larson
BD Slonecker
GL Smith
PA Smith
KD Wiemers
File/LB




. IO € v ey

Heat Flow (mcal/s—g)

SRMLUMAIE HOISh AT AR 0™ B VI SO AV $ RN Pr defh - A (el e ORI AR @ ¢ 4

Figure 18 DSC scans of CV32-74 glasses
with different water concoentrations (obtained
under heating rate of 10 C/min).
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Figure 28 IR spectra of the CVS2-18 sample before and .after the MCC-1 test
indicating the OH change of both hydration and dehydration. .
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Figure 31 DC conductivity of 0.25[XK;0+(1-X)Na,0]-0.758i0,
glass, showing mixed alkali effect at various temperatures [30].
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Apperidix A1
Glasses Tested using the MCC-1 Method (SA/V) = 10 m’', 28 days in type | water at 90 °C)

Concentrations of Elements in the Leachate for the Simulated Nuclear Waste

Element Silicon Boron Lithium Sodium
(ppm) (ppm) (ppm) (ppm)
CVSZ-IS
as-received 25.2+1.9 4.34+0.4 2.6+0.1 13.3+0.9
93 mmHg @ 22.8+2.3 4.0+0.6 2.54+0.1 12.9+1.5
355 mmHg @ 24.1+0.4 4.1+0.2 2.6+ <0.1 13.7+0.4
760 mmHg @ 19.8+1.9 3.9+0.2 2.5+ <0.1 13.4+0.5
CVvSs2-52
as-received 13.0+0.8 1.6+0.1 2.7+0.1 3.9+0.6
93 mmHg @ 14.6+ <0.1 1.3+0.3 2.8+0.1 3.5+ <0.1
355 mmHg @ 12,1+1.9, 1.6+0.1 2.6+0.2 3.210.6
760 mmHg @ 12.1+0.5 1.3+0.1 2.8+0.1 3.5+0.2
CVS2-74
as-received 8.1(9) 1.3(8) 2.7(9) 4.2(8)
93 mmHg @ 7.8+0.5 1.2+0.2 2.5+ <0.1 4.74+0.3
355 mmHg @ 6.7+1.0 1.0+0.3 2.4+0.1 4.3+0.6
760 mmHg @ 6.9+0.2 1.0+0.1 2.5+ <0.1 4.7+0.2

SN ITN IR KIS AR G At e DI DG a2 PR AR 0 RS TARC TR A S0 v « »

@ The value represents the saturated water vapor pressure under which these glasses were remelted.
(3) A single value was used since other two sample leachates showed significantly lower pH values

after the MCC-1.
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Appendix A2
Waste Glasses { MCC-1 Test: (SA/V) = 10 m’, 28 days in type | water at 80 °C)

Normalized Elemental Mass Loss and pH Value for the Simulated Nuclear

PR TLY TP I R E

Element Silicon Boron Lithium Sodium pH
(g/m®) (g/m®) (g/m?) (g/m?)
CvSs2-18
as-received 10.1+0.8 .13.21-_ 1.1 15.2+0.5 15.9+1.1 8.95+0.05
93 mmHg @ 9.1+0.9 12.2+1.7 14.6+0.7 15.4+1.8 8.95+0.10
355 mmHg @ 9.6+0.2 12.6+0.5 14.94+0.1 16.4+0.5 8.91+0.04
760 mmHg @ 7.9+0.8 11.9+0.5 14.6+0.2 16.1+0.5 8.88+0.01
| CvSs2-52
as-received 4,740.3 6.2+0.5 7.4+0.2 11.6+1.8 8.89+0.03
93 mmHg @ 5.2+ <0.1 5.0+1.1 7.7+0.2 10.4+0.1 9.01+0.02
355 mmHg @ 4.34+0.7 6.1+0.5 7.2+0.5 9.4+1.8 8.8740.07
760 mmHg @ 4.3+0.2 5.1+0.4 7.6+0.2 10.5+0.5 9.0040.05
CVS2-74
as-received 3.0 (#) 54 (% 8.2 (#) 8.6 (#) 8.97 (#)
93 mmHg @ 2.9+0.2 51+0.6 - 7.5+0.1 9.5+0.7 9.08+0.02
355 mmHg @ 2.5+0.4 4.0+1.1 ' 7.3+0.4 8.7+1.2 9.03+0.11
760 mmHg @ 2.6+0.1 4.1+0.2 7.5+£0.1 9.5+0.4 9.07+0.04

@ The value represents the saturated water vapor pressure under which these glasses were remelted.
(#) A single value was used since other two sample leachates showed significant lower pH values

after the MCC-1 test (cf. Section 3.2).
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Appendix B1 ~ Concentrations of Elements in the Leachate for the Simulated Nuclear Waste
Glasses Tested using the PCT Method (SA/V) = 2000 m™**, 7 days in type | water at 30 °C)

Element Silicon Boron Lithium Sodium
(ppm) (ppm) (ppm) (ppm)
CVS2-18
as-received 255.2+0.9 199.8+0.2 125.1+0.4 426.9+3.6
. 93 mmHg @ 255.6+0.8 207.5+0.6 128.1+0.1 430.2+1.6
355 mmHg @ 267.4+3.3 214.0+1.0 133.1+0.1 436.3+1.3
760 mmHg @ 275.6+1.4 220.2+1.2 138.4+0.7 478.1+3.1
CVS§2-52
as-received 178.4+0.9 38.7+0.2 67.2+0.5 23.94+0.7
93 mmHg @ 164.5+0.7 38.7+0.4 60.9+0.5 26.6;!-_(;.5
355 mmHg @ 167.4+0.9 40.9+0.2 66.2+0.2 28.6+0.5
760 mmHg @ 171.0+0.6 43.8+0.4 68.0+0.1 29.2+0.1
CvS2-74
as-received 75.54+0.5 10.1+<0.1 24.1+0.2 14.5+0.1
93 mmHg @ 81.2+ <0.1 10.9+ <0.1 26.6+0.1 14.8+0.2
355 mmHg @ 89.7+0.5 12.9+0.2 29.5+0.1 14.9+0.1
760 mmHg @ 103.0+0.3 15.0+0.1 37.6+0.3 19..9-_*-_0.4

# The glass powder was collected using seives with 200 and 100 mesh, the particle size of which

ranges from 75 pm to 150 'um.

@ The value represents the saturated water vapor pressure under which these glasses were remelted.




Appendix B2 - Normalized Elemental Mass Loss of Elements for the Simulated Nuclear
Waste Glasses ( PCT: (SA/V) = 2 mm'¥, 7 days in type | water at S0 °C)

Element Silicon Boron Lithium Sodium
(g/m?) (g/mP) (g/md) (g/m?)
CVS2-18°
as-received 0.51+ <0.01 3.06+ <0.01 3.60+0.01 | 2.56+0.02
3mmHg @ | 0.51+<0.01 3.17+0.01 3.68+ <0.01 2.58+0.01
355 mmHg @ 0.53+0.01 3.27+0.02 3.83+ <0.01 2.61+0.01
760 mmHg @ | 0.55+<0.01 3.37+0.02 3.98+0.02 2.86+0.02
Cvs2-52
as-received 0.32+ <0.01 0.76+0.01 0.92+0.01 0.36+0.01
93mmHg @ | 0.29+<0.01 0.76+0.01 0.83+0.01 0.40+0.01
355mmHg @ | 0.30+<0.01 0.81+ <0.01 0.914+<0.01 | ° 0.43+0.01
760 mmHg @ | 0.31+<0.01 0.86:+0.01 0.93+ <0.01 0.44+ <0.01
CVS2-74
as-received 0.14:+0.01 0.21+ <0.01 0.36+ <0.01 0.15+ <0.01
QBmmHg@ | 0.15+<0.01 0.23+ <0.01 0.40+ <0.01 0.15+0.01
355 mmHg @ 0.17+0.01 0.27+ <0.01 0.45+ <0.01 0.15+ <0.01
760 mmHg @ | 0.20+<0.01 0.31+ <0.01 0.57+<0.01 0.20+0.01

(#) The glass powder was collected using seives with 200 and 100 mesh, the particle size of which
ranges from 75 pm to 150 um.
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@ The value represents the saturated water vapor pressure under which these glasses

were remelted.
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* pH values of the leachates were measured at room temperature.
@ The value represents the saturated water vapor pressure
under which these glasses were remelted.

Waste Glasses Tested by the PCT Method. *

Sample before after
CvSs2-18

as-received 8.61 9.93

93 mmHg @ 8.65 9.99

355 mmHg @ 8.69 9.83

760 mmitg @ 8.61 10.13
CVvS2-52

as-received 8.56 9.42

93 mmHg @ 8.57 9.23

355 mmHg @ 8.56 9.21

760 mmHg @ 8.55 9.32
CVS2-74

as-received 8.53 9.52

93 mmHg @ 8.54 9.59

355 mmig @ 8.52 9.57

760 mmHg @ 8.53 9.61

Appendix B3 pH Value in Leachate for the Simulated Nuclear



Appendix C1  Viscosity as a Function of Temperature for the Simulated Nuclear Waste

Glasses (measured under different water vapor pressures)

Units: Pa.s
Temp (°C) 950 1000 | 1050 | 1100 1150 | 1200 | 1250
CVS2-18
as-received | 283.5 | 125.4 61.8 332 |. 195 | 12.3 3.2
93 mmHg@ | 239.0 | 107.8 54.4 29.8 17.5 | 10.6 7.9
355 mmHg@ | 274.2 | 105.5. | 58.6 30.0 18.8 | 11.9 8.0
760 mmHg@ | 199.2 93.7 | 47.3 24.6 162 | 1047 69
CVS2-52 '
as-received 304.6 | 141.8 72.2 41.8 | 253 15.8 10.1
93 mmHg@ | 292.9 | 135.9 74.5 38.9 23.0 | 14.3 9.7
355 mmHg@ | 433.5 | 188.6 94.9 50.2 292 | 17.2 11.8
760 mmHg@ | 349.2 | 147.6 72.2 38.7 23.9 | 14.8 9.5
CVS2-74
asteceived | 1945 | 1043 | 544 | 321 218 | 144 | 10.1
93 mmHg@ | 247.5 | 1265 67.0 41.8 246 | 16.1 |- 10.7
355 mmHg@ | 229.7 | 112.5 60.9 36.2 2.5 | 15.0 10.6
760 mmHg@ | 278.9 '| 130.1 63.7 36.1 23.7 | 14.9 10.5

@ The values are the saturated water vapor pressures under which the glasses were remelted
and the viscosities were measured.




Appendix C2 Regression Ana1y51s of Viscosity as a Function of Temperature using Fulcher
Equation: logn = A + B/[T(°C) - T,] for the Simulated Nuclear Waste Glasses’

Fitting Parameter A (log (Pa.s)) B (°C) T, °C)

CVS2-18

as-received -2.9340.07 3995.4+84.2 205.2+4.5

93 mmHz@ -2.78+0.10 3744.7+116.4 222.1+6.4

355 mmHg@ -2.85+0.16 " 3879.0+179.9 209.8+9.8

760 mmHz@ -2.83+0,11 3833.5+124.7 199.6+6.8
CVS2-52

as-received -2.65+0.08 3843.4+98.3 200.5+5.2

93 mmHz@ -2.77+0.06 3954.7+68.9 195.0+3.8

355 mmHg@ -3.06+0.08 4456.6+93.3 165.6+4.9

760 mmHg@ -3.06+0.13 4344.0+139.5 170.6+7.4
CVS2-74

as-received -2.14+0.07 3222.6+78.0 221.2+4.7

93 mmHg@ -2.25+0.04 3372.7+55.6 225.2+3.2

355 mmHz@ -2.25+0.05 3356.8+57.8 219.243.3

760 mmHz@ -2.52+0.12 3655.5+136.9 209.4+7.7

# In the analyses, the viscosity of 103 Pa.s at the glass transition temperature, T,,
determined by DSC method, was_ used for ail glasses.

@ The values are the saturated water vapor pressures under which the glasses were remelted
and the viscosities were measured.
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Appendix D1

Simulated Nuclea

Electrical Conductivity as a Function of Temperature for the

r Waste Glasses. (measured under different water vapor pressures)

Units: S/m
Temp ¢C) | 950 | 1000 | 1050 | 1100 1150 | 1200 | 1250
CVS2-18 |
as-received 007 | 1157 | 1461 | 17.35| 2046 | 23.42| 26.69
o3 mmHg@ | 0.41| 12.66| 1s.44| 1873 | 2038 | 23.27| 25.14
355 mmHe@ | 9.63 | 12.44| 1524 1873 | 19.60| 23.36| 25.50
760 mmHz@ | 10.68 | 13.43] 1765 1993 | 27.13| 27.32| 29.74
CVS2-52
~oroceived | 1105 | 14.43 | 18.04| 2131 | 2450 | 27.47| 3040
o3 mmHe@ | 18.03 | 2150 | 2494 | 27.87| 3119 | 3400 3544
155 mmHz@ | 1423 | 1729 | 1097| 2449 | 27.38| 2879 | 31.41
760 mmHz@ | 1321 | 1624 | 1846 | 22.81| 2431 27.58| 30.41
CVS2-74
—oroceived | 1297 | 1654 | 2076 | 22.67| 2677 | 2925 | 3115
o3 mmHg@ | 1332| 1710 202 | 22.84| 2475 | 2805 | 3049
755 mmHe@ | 12.81 | 1601 | 18.80 | 22.39 | 25.47 | 28.06 | 29.85
760 mmHe@ | 1379 | 1890 | -21.93| 22.18| 2554 | 27.81| 31.17

@ The values are saturated water vapor pressure under which th

1150 °C and the electrical conductivities were measured.

e samples were remelted at
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Appendix D2 Regression Analysis of Electrical Resistivity as a Function of Temperature using

Fulcher Ec_;uation: loge = A’ + BY/[T(°C) - TJ] for the Simulated Nuclear Waste Glasses

@ The values are the saturated water vapor pressures under which the glas

and the resistivities were measured.
$ T, values were taken from data obtained

Fitting Parameter A’ (log (ohm-m)) B’ (°C) T, (°C) ®

Ccvs2-18 .

as-received -2.58+0.02 1196.8+13.2 205.2

93 mmHg® 2.44+0.07 1050.1+58.2 222.1

355 mmHg® -2.45+0.06 1073.4+51.9 209.8

760 mmHg® -2.67+0.10 1222.2+124.7 199.6
CVS2-52

as-received -2.59+0.05 1146.8+42.5 200.5

93 mmHg® -2.32+0.03 793.7+30.3 195.0

355 mmHg® 2.434+0.06 993.0+51.9 165.6 -

760 mmHg® -2.42+0.04 1010.24+36.8 - 170.6
CVS2-74

as-received -2.4440.06 952.0+52.5 221.2

93 mmHg® -2.33+0.05 860.7+39.9 225.2

355 mmHg® -2.40+0.04 939.3+34.6 219.2

760 mmHg® -2.28+0.09 819.0+80.2 209.4

ses were remelted

by using the Fulcher analyses of the viscosity
data for each identical sample melt condition. '




