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NNWSI WASTE FORM TESTING AT ARGONNE NATIONAL LABORATORY 
SEMIANNUAL REPORT, JANUARY-JUNE 1988 

John K. Bates, Thomas J. Gerding, William L. Ebert, 
James J. Mazer, and Bruce M. Biwer 

ABSTRACT 

The Chemical Technology Division of Argonne National 
Laboratory is performing experiments in support of the waste 
package development of the Yucca Mountain Project (formerly the 
Nevada Nuclear Waste Storage Investigations Project). 
Experiments in progress include (1) the development and 
performance of a durability test 1n unsaturated conditions, 
(2) studies of waste form behavior 1n an Irradiated atmosphere, 
(3) studies of behavior in water vapor, and (4) studies of 
naturally occurring glasses to be used as analogues for waste 
glass behavior. This report documents progress made during the 
period of January-June 1988. 

VI 



I. NNWSI WASTE FORM TESTING 

The Yucca Mountain Project (YMP), formerly the Nevada Nuclear Waste 
Storage Investigation (NNWSI) Project, is investigating the tuff beds of 
Yucca Mountain, Nevada, as a potential location for a high-level 
radioactive waste repository. As part of the waste package development 
portion of this prjject, which is directed by Lawrence Livermore National 
Laboratory, experiments are being performed by the Chemical Technology 
Division of Argonne National Laboratory to study the behavior of the waste 
form under anticipated repository conditions. These experiments include 
(1) the development and performance of a test to measure waste form 
behavior in unsaturated conditions, (2) the performance of experiments 
designed to study the behavior of waste package components in an irradiated 
environment, (3) the measurement of glass reaction in water vapor, and 
(4) the application of basaltic glass as an analogue for nuclear waste 
glass. Previous reports [STEINDLER; BATES-1-6] document developments in 
these areas through December 1987, This report summarizes progress during 
the period January-June 1988. 

Efforts this period have focused on performing the Unsaturated Test 
using SRL 165 {N2 Test Series) and ATM-10 (N3 Test Series) glasses, 
analyzing the results from the parametric series of experiments which have 
been in progress for three years, initiating a matrix of "vapor" phase 
experiments on a suite of glass compositions, analyzing the results of 
glasses reacted under conditions of varying relative humidity, and 
investigating samples of basaltic glass that were reacted by a method to 
accelerate the reaction rate. 

A. NNWSI Unsaturated iest Method 

1. NNWSI Unsaturated Test Method 

The method is being used in the N2 and N3 test series. No new 
additional method development work has been done. 
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2. N2 Unsaturated Test 

At this point the N2 continuous tests (SRL 165 glass) have been 
completed through the 117-week sampling period. All the batch tests have 
been completed, and three continuous tests and one blank are ongoing, being 
sampled at 13-week intervals. The trends through 65 weeks have been 
discussed in the Topical Report "Application of the NNWSI Unsaturated Test 
Method to Actinide Doped SRL 165 Type Glass" [BATES-3]. This report has 
undergone technical review and revision and has been submitted for 
programmatic review. The purpose for the continuation of the continuous 
tests is to establish longer-term release trends from the glass-metal waste 
package assemblage, thereby determining whether the processes that affect 
glass reaction in the short-term, I.e., enhanced reaction due to the 
presence of partially sensitized 304L type stainless steel, are transient. 

The data for the release of cations and actinldes through 
117 weeks are plotted in Figs. 1 and 2. The values plotted are represen
tative of the solution that has dripped from the waste package assemblage, 
and only for the transuranic elements do they Include an a d d strip 
component from the vessel walls [BATES-3]. The normalized release values 
for selected elements are given In Table 1. These values were calculated 
for each time period based on the total surface area of the glass monolith. 
The results from the ongoing tests will be compared with results from the 
parametric experiments (Section II) to determine the effect of varyiny test 
parameters on the glass reaction. 

3. Unsaturated Test N-3 

The N3 Unsaturated Test 1s in progress using ATM-10 glass 
(simulated West Valley glass containing actlnldes plus 9 9Tc) that was 
received from the Materials Characterization Center (MCC) and remelted to 
cast the required form of the glass. The test was started 7/6/87 according 
to the Unsaturated Test matrix [BATES-2], and has been completed through 
the 45.5-week sampling period. Results cf cation release are given in 
Fig. 3, transuranic release are given in Fig. 4, and the normalized release 
values are given in Table 1. After 52 weeks of testing all the batch tests 
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Table 1. Normalized Elemental Release* from the Continuous N2 and N3 Tests 
(NL) i, g/m2 

Test Li B Na u Np Pu Am 
N2, SRL 165 glass, 

H3, ATM-IOC glass, 

52 weeks 
104 weeks0 

26 weeks1* 

1.3 
2.1 
1.3 

0.6 
1.1 
0.8 

0.8 
0.6 

0.11 
0.27 
0.1 

0.4 
0.9 
0.7 

0.01 
0.01 
0.001 

0.01 
0.01 
0.002 

aNormal1zed elemental release for element 1 is calculated according to the formula (NL)i = mj/f^»SA, where mj (gm) Is the mass of element 1 that 1s analyzed in the solution that has dripped from the waste package assemblage. This Includes a vessel acid strip component m 
from the transuranic element, fj 1s the element mass fraction 1n the glass and SA (m*) is the total surface area of the glass. 

bAverage of N2 #s 9. 10, and 12. 
CATM-10 glass received from the Materials Characterization Center has been remelted [BATES-1]. 
dAverage of N3 #s 9, 10, and 12. 
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(13, 26, 39, and 52 weeks) will have been terminated. At this time the 
glass and metal components will be examined and the results of component 
and solution analyses will be reviewed to determine reaction trends. The 
continuous tests will continue, be<ng sampled at 13-week Intervals, to 
determine whether the reaction trends observed through 52 weeks are 
observed for long time periods. 

II. NNWSI PARAMETRIC EXPERIMENTS 

Because the NNWSI Unsaturated Test procedure rigidly sets many of the 
test parameters, the effect that each parameter may have on the final 
radionuclide release needs to be studied. This is being done in parametric 
experiments. A description, purpose, dn<S status of the parametric experi
ments in progress have been given 1n detail previously [STEINDLER; BATES-1, 
-2]. The experiments are continuing as scheduled. 

Two of the experiments, P-III and P-IV, have been examined in detail 
during this period, and the results are discussed below. 

A. P-III 

This set of experiments follows the procedures and matrix described in 
the Unsaturated Test procedure [BATES-3] except that the ra io of the cast 
surface area to the as-cut surface area was reduced from the standard value 
of "9.5 cm 2 to 3.0 cm 2 by reducing the vertical height of the waste form by 
-1.3 cm. The experiments were Initiated 12/6/84, and the continuous 
experiments are still in progress, having completed the 182-week sampling 
period on 6/2/88. Preliminary results from this set of experiments have 
been discussed previously [BATES-1, -2]. It was noted that the release 
from the batch experiments was larger than observed in the Unsaturated Test 
series and it was suggested that the greater release may have been due to 
augmented contact between glass and water due to non-parallel faces of the 
glass resulting from an imperfect fit between the glass and the 304L type 
stainless steel (304L ss) waste form holder. In addition, water contact 
between the metal posts and the glass was also observed. Preliminary 
results of component analyses Indicated that while there was considerable 



reaction of the glass with the resulting formation of alteration products, 
there did not appear to be a strong interaction between the glass and the 
3041 ss. In these experiments the 304L ss was not sensitized using a 
uniform heat treatment, but rather was subjected to localized heating only 
in the weld-affected area near the supporting posts of the waste form 
holder. In other experiments performed using a similarly constructed waste 
form holder, strong Interaction between the glass and the metal was not 
always observed. This set of experiments was continued in the continuous 
mode and additional component analyses have been completed. The results 
are discussed below. 

1. Solution Analyses 

Two continuous experiments are 1n progress. These are termed 
experiments P-III-1 and P-III-2, and the results of solution analyses for 
each experiment are presented In Figs. 5 and 6. In the updated data, 
several procedural changes occurred that could affect the results. These 
include: 

(1) The batch of E-J13 water used in the experiments was changed 
beginning with the experiments beginning on 9/4/86 (104-week 
results). The composition of the two different batches of 
E-J13 water used 1n the experiments is given In Table 2. 
Note that the composition of the E-J13 water used for the 
Initial 104 weeks 1s slightly different than that reported 
previously [BATES-1, -2], This is due to additional analyses 
that were performed to determine the water composition. The 
water compositions given in Table 2 have been used to 
calcu'ate the blank corrected cumulative results shown 1n 
Figs. 5 and 6. The two waters used vary in composition 
mainly in the amounts of Al, Ca, Mg, and U. The concentra
tions of L1 r B, Na, and S1, while slightly different, are not 
expected to affect the reaction process significantly. 



10 

Tine Cuetks) 

258-i TlhE (urtkt) 

Fig. 5. Cumulative Blank Corrected Release of Selected 
Elements from the P-III-1 Experimental Series. 
The results from the continuous experiments 
are indicated by (+) and the duplicate batch 
experiments by (D), The elements plotted are 
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Table 2. Comoosition of E-J13 Water Used 1n Parametric Experiments 

(nanomg/mL) 
Batch Al B Ca L1 My Na Si U 

#1 710 170 4100 71 390 46800 36900 4 
12 240 161 7150 52 260 49200 34200 <1 

(2) The period between sampling was extended from 6.5 to 13 weeks 
starting with the 78-91 week test period. This change was 
made to increase the amount of solution available for 
analysis, thereby allowing a more thorough analysis of the 
solution to be conducted. 

(3) In some of the experiments, the inlet line for injecting the 
water became partially plugged. The extent of the blockage 
is difficult to determine until the sampling period 1s 
complete, and the amount of water that has accumulated 1n the 
vessel can be measured. If significantly less water than 
expected is found 1n the vessel at the sampling point, the 
blank correction procedure is modified to account for the 
smaller volume of water injected. 

Several trends are apparent in the data which should be associated 
with the physical appearance of the experimental components. Except for 
the 13-week batch experiments, the glass reaction, as measured by the 
release of B, L1, Na, Si, and U 1s greater in the batch experiments than in 
the continuous experiments. Additionally, there Is considerable variance 
1n the observed release 1n duplicate batch experiments. These differences 
in elemental release should be able to be correlated with observed reaction 
of the glass, as described in the next section. 

The results of the two continuous experiments are quite similar in 
total elemental release and the cumulative release trends are plotted In 
Figs. 5 and 6. The release of B and Li, elements whose release is normally 
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a good indication of the extent of reaction, increased continuously 
throughout the entire reaction period. The rate of release of both 
elements decreased with time. The normalized releases, (NL)i, for each 
element over the entire 169-week period are (NL)g = 1.5 and 1.5 g/m2 and 
(NL)|_j = 4.2 and 4.1 g/m 2 for experiments P-III-1,-2 respectively. The 
normalized release of B is significantly less than that of Li. In the 
batch experiments, (N L ) B attains a maximum value (52-week) of 3.6 g/m 2 

compared to an average value of 0.60 g/m 2 for the 52-week release in the 
continuous experiments. For Li release, the corresponding values are 
5.6 and 2.0 g/m2. Thus, the differential between batch and continuous 
release is 6-fold for B and 2.8-fold for Li. 

The release of Na 1s more erratic than that of B or Li. In both 
continuous experiments the Na release is initially slightly negative (less 
Na is detectable In solution than was present 1n the E-J13 water added 
during the experimental period), followed by a period of time when the 
release is slightly positive, followed by a dip back to a negative cumula
tive release. Since the absolute differential 1s quite small when compared 
to the total Na added during the 169-week period, "50 /ig vs. 1400 /ig, 
combined with errors introduced in the blank correction process that arc 
estimated at *101, 1t appears that there 1s no significant addition or 
removal of Na from solution. Based on experience gained 1n reacting 
SRL 165 type glass in aqueous solution [BATES-2,-6], Na 1s expected to be 
released from the glass at a rate Intermediate to that of B and LI. Thus, 
the nearly zero net Na release observed in the continuous experiments 
suggests that Na Is being Incorporated into some alteration phase. 
However, in the batch experiments the Na release Is always positive, 
attaining a maximum 52-week value of 4.2 g/m2. This value is only slightly 
less than that obtained for Li (5.6 g/m 2). Thus, assuming that Li 1s not 
incorporated into any alteration phases and Na release should be slightly 
less than Li, it appears that Na is not incorporated into any alteration 
products in the 52-week batch experiment (P-III-9). This conclusion 
contrasts to what is observed in the continuous experiments where Na does 
appear (based on the above interpretation of the solution composition) to 
be incorporated into a secondary phase. 
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It is possible that in the longer term batch experiments, Na-
containing alteration phases formed but were subsequently dissolved during 
the rinsing process [BATES-3] that Is done In the batch experiments but not 
in the continuous ones. However, In experiments P-III-5,-6,-7,-8 the rinse 
component was measured and rinsed Na contributes only 756 to the total, 
indicating most of the measured Na was released from the glass during the 
normal water contact process. 

In the 13-week batch experiments the amount of Na measured when 
corrected for the rinse component is near zero. Thus, in this set of 
experiments (P-III-3,-4) some type of Ka-bearing phase should be evident In 
the analysis of the secondary phases. 

The releases of Ca and Hg are both negative, Indicating that both 
elements are removed from solution. The releases are similar In both the 
batch and continuous experiments. A modest change In the slope of the 
cumulative curves Is noted beginning with the 104-week time period which 
corresponds to when the water composition was changed. For Ca, where the 
concentration changed from 4.1 to 7.2 ppm, more Ca was removed from 
solution after 104 weeks. The rate of Hg removal, which appeared to be 
slowing, returned to its original rate during this time. Thus, an 
examination of the reacted metal and glass components should show some 
Ca- and Mg-bearing phases. 

The release of Si in both continuous experiments follows a trend 
of slightly negative release for about the first year after which there is 
a sharp increase In the amount of S1 released to solution. During the time 
period of this Increased release, both the sampling period and water 
compositions were unchanged. Then beginning with the 104-week period for 
P-III-1 and the 91-week period for P-III-2, the Si release rate approached 
zero and stayed that way until the 157-week period when it appears, for 
both experiments, a new trend may be starting. It should be noted that the 
test period was changed to 13 weeks beginning with the 78-week period 
(78-91 weeks), and that the water composition was changed beginning with 
the 104-week period. It is not obvious why either of these changes should 
dramatically affect the 'i\ release, but this must be taken Into account 
during the component analysis. The (NL)sf values reach a maximum of 
"1.3 g/m? in the continuous experiments (between 91 and 156 weeks) and a 
value of 1.8 g/m 2 aft^r 28 weeks in the batch experiment P-III-6. 
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The U release increases steadily in the continuous experiments at 
a slightly decreasing rate. The (NL)u after 52 weeks reached 0.6 g/m 2 

while the largest 52-week value in the batch experiment (P-III-i) is 
3.6 g/m?. These (NL)i; values correspond exactly to those observed for B. 
The U release values do not account for any U that may have Interacted with 
the metal of the waste form holder. 

The solution results can be summarized by noting that the release 
of most elements is larger in the batch experiments compared to the 
continuous, and that the normalized release values follow the trend (both 
batch and continuous) Lf > B = U > SI > Na/Ca/Mg. Additionally, in certain 
experiments SI, Na, Ca, and Mg were removed from solution and likely were 
incorporated into secondary phases. 

2. Component Analyses from Batch Experiments 

The experimental components that can be examined Include the top, 
bottom, and side surfaces of the glass and the metal waste form holder. 
Initially, the surface features were mapped with a camera-equipped stereo-
microscope and alteration phases, if present and large enough, were removed 
from the surface using a micromanipulator and submitted for x-ray diffrac
tion (XRD) analysis. To determine the extent and nature of reaction into 
the glass, the sample was profiled using secondary 1on mass spectrometry 
(SIMS), and if a layer in excess of 1 /im thickness was Indicated, the 
sample was cross-sectioned and examined using scanning electron microscopy 
(SEM) with associated energy and wavelength dispersive spectroscopy 
(EDS/WDS). The results are described in order of reaction time. 

13-Week Samples, P-III-3.-4. Based on solution results, both of 
these samples had reacted similarly. SEM/EDS/WDS analysis was completed 
using sample 4 and SIMS analyses were performed on sample 3. 

P-III-4. During the experiment, the metal waste form holders 
supported the glass and contacted both faces of the glass. At termination 
of the experiment, examination of the glass indicated the top portion of 
the holder was dry in the glass-metal Interface region, while the bottom 
was contacted by a volume of standing water. In P-III-4 the top metal 
section was quite clean upon termination and showed no evidence of the 
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accelerated strong glass-metal Interaction that was observed in previous 
experiments. The non-glass contact "eglon showed no evidence of reaction. 
The glass contact region was covered by a matted reaction product and there 
were only a few scattered, Isolated reaction products on the metal surface. 
These included Fe-Si, Mg-Al-SI, and Ca-S-Cl rich phases. 

The bottom metal surface showed a greater degree of Interaction 
than the top, based on the general appearance of the surface and the 
diversity and number of reaction products, but there was no evidence of 
strong metal-glass interaction. The same mat as noted above was observed 
on the glass-metal contact area, together with a precipitate that had a 
composition not dissimilar from that of the glass, except that it was 
enriched to some degree in S, CI, Ca, and Cr. Additionally, an alteration 
phase was observed that was almost totally composed of Na, based on EDS 
analysis (elements below Na 1n the periodic table cannot be detected with 
EDS). This precipitate was easily degraded by the electron beam and was 
observed in specimens generated 1n other parametric experiments [BATES-4]. 

The bottom glass surface had partially defined regions of 304L ss 
contact and non-contact. This Indicates that most likely the glass surface 
did not rest completely against the metal. The composition of the contact 
and non-contact regions were similar, both showing the presence of Na. The 
presence of Na indicates that the layer thickness is <~1 jtn, since the 
penetration of the electron beam and generation of x-rays under the 
conditions of analysis was -1 /im. 

For the top glass surface, the regions of non-contact were clearly 
defined and the regions of contact and non-contact had different 
appearances. In some areas the non-contact regions looked completely 
unreacted, while other areas exhibited a faint cross-hatched pattern 
indicating some reaction occurred. In other places the cross-hatched 
appearance was better developed and there were overlying regions with a 
non-matted appearance. The EDS spectra of all regions on the top glass 
surface were similar to unreacted glass. 

SIMS spectra were obtained from the bottom surface of sample 
P-III-3 in regions of metal contact and non-contact, and from the side 
surface. This sample was not examined with the SEM, but based on the 
solution analyses it had reacted very similarly to sample P-III-4. 
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However, the surfaces of this sample were not parallel and there were no 
distinct contact or non-contact areas on the top surface. However, there 
were distinct regions on the bottom surface. The side glass surface was 
slightly reacted, as indicated by a localized hazy appearance. 

The SIMS spectra indicate the concentration of Si was enhanced in 
the near surface of the non-ss contact and depleted In the ss contact area 
relative to the base glass. These spectra indicate that the depletion of 
Li from the sample was greater in the regions of ss contact. LI was almost 
totally depleted in the first 0.07 /im in the non-contact regions and in the 
first ™0.2 im in the contact regions. The profile of L1 in both cases 
showed a gradual increase In Intensity, so that by -1 pm, the levels were 
constant. Boron was also depleted in both regions, but showed a much 
sharper increase in concentration than L1 and reached a constant value 
after ~0.3 /im. The B depletion was more extensive in the contact region. 
When compared to Si, the other elements (Al, Ca, Mg, Mn, K, and Fe) 
appeared enriched in the near surface of 304L ss contact, and fairly 
constant in the region of non-ss contact. These observations were made 
based on ratios to 2 8 S 1 . Since the 2 8S1 Intensity varied 1n the near-
surface regions the ratios were skewed to appear more Intense when Z 8S1 was 
depleted and less intense when 2 8S1 was enriched. 

The side glass surface showed some enrichment of 2 8Si In the near 
surface along with depletion of Li and B, The depletion of these elements 
was less than observed 1n either profiles froiii the bottom surface. 

26-Week Sample. P-III-6. Sample P-III-6 gave no evidence of a 
strong glass-metal interaction as seen 1n previous test series, but did 
exhibit a reaction rate greater than Its duplicate sample, P-III-5. 

The top canister section had many reaction products on the edge of 
the section that was not in contact with the glass. These precipitates 
formed although there was no matted appearance to the ss in this region. 
The metal surface in contact with the glass did have a distinct matted 
appearance. The coverage of the mat appeared greater than In the 13-week 
experiments, and the weight gain was larger than for the 13-week 
experiments. Precipitates associated with the top canister section 
included Isolated islands or clusters of a precipitate with nearly the same 
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composition as the glass, minus the Na. These clusters represented the 
majority of reaction products observed, but there were also isolated 
precipitates that were rich in Ti. 

The bottom canister section showed a sharp demarkatlon between the 
glass contact and non-contact areas and also showed evidence of standing 
water that collected on the outer rim of the section, near the supporting 
pins. These observations demonstrated that the S1-A1 mat had formed in the 
region of standing water but not 1n regions of transient water contact. A 
U-containing precipitate was also observed on the outer rim. Uranium 
precipitates with this morphology have also been observed In previous 
parametric experiments [BATES-4], 

The Interface between the glass contact-non-contact region was 
very well defined with a thick S1-A1 rich mat existing In the glass contact 
region. A large buildup of islands of S1-A1 mat n s also evident. Several 
unique precipitates were observed In the glass contact area, Including 
Tl-rich and S- and Cl-conta1ning phases. 

The glass faces were not parallel and the top surface showed no 
clearly marked regions of 304L ss contact. The surface contours were still 
evident, and there was still evidence of Na 1n the EDS spectrum. Clusters 
of precipitates formed on the glass surface which had a composition similar 
to the glass but without Na. Other precipitates were slightly enriched in 
Fe and Hg. 

The bottom glass surface had a uniform gold haze, with the 304L ss 
contact and non-contact regions being partially defined. The surface was 
highly altered and was covered with a maze of interconnected worm-shaped 
phases (Fig. 7). Na was depleted over the general surface Indicating that 
more reaction had occurred on the bottom surface than the top. The surface 
layer was not present in one area, and seemed as though the layer had 
flaked off of the glass during the test period (F1g. 8). The base glass 
had the same appearance as observed when layers have been mechanically 
removed after leaching; that is, hollowed regions with rounded edges. Also 
the EDS spectrum looked like unreacted glass. However, there was clearly 
an overlaying mat that had formed on this surface, which indicated exfolia
tion followed by re-precipitation. The composition of the precipitated mat 
was similar to that of the reacted surface layer. 
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F1g. 7. Micrographs and EDS Spectrum of the 
Bottom Glass Surface from P-III-6 
(1,000/lO.OOOX). 
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Fig. 8. (a) Micrograph of the Chipped Appearing Region of the Bottom Glass 
from P-III-6 (990X); (b) EDS Spectrum is of the overlying 
precipitate; (c) EDS spectrum is of the base glass. 
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Also a cluster of yellow crystals (Fig. 9) was Identified near the 
edge of the sample. These crystals formed in an exfoliated area that also 
was partially covered with a re-prec1p1tated mat. These crystals were 
composed of Na, S, CI, and Ca. 

39-Week Sample, P-IH-8. There was no evidence of strong metal-
glass interaction, although the element release from the sample was greater 
than from the duplicate, P-III-7, and from the continuous experiments. 

The top canister section showed considerable evidence of precipi
tation of Sf-Al rich matted material on both the outer rim and glass 
contact areas. Precipitates found on the metal surface included a S1-A1 
phase that was enriched 1n Hn, Cr, or Fe. 

The bottom canister section had some discoloration typical of a 
weld-affected region, but there was no indication of strong Interaction. 
There were deep scratches on the 304L ss surface. The glass contact/non-
contact Interface was well defined. Precipitates appeared in copious 
quantities and included those shown In Fig. 10. 

The glass had parallel faces. The top glass non-metal contact 
areas were well marked. The surface was considerably reacted and showed no 
Na in the EDS spectrum. There was no striking difference 1n the composi
tion of the contact and non-contact regions. The as-cut contours of the 
surface were becoming obscured by the growth of the reacted layer and by 
exfoliation and reprecipltatlon of reaction products on the newly exposed 
glass. Separate phases of typical 31-Al composition also formed on the 
reacted glass surface. 

The bottom glass surface was also highly reacted, with the as-cut 
contours losing their Identity. The composition of the surface was similar 
to the top glass. There were also several types of precipitates including 
one of a smoother morphology, which was slightly enriched In Ca and one 
which was composed of clumps of the typical Si-Al composition. There was a 
region of exfoliation and repredpitatlon and of Isolated phase formation. 

52-Week Samples, P-III-9, -10. Based on solution analyses, 
sample 9 had reacted more than sample 10. Since the 52-week samples repre
sented the longest time frame available for analysis, and since there was a 
marked disparity in the extent of reaction between the two samples, both 
were analyzed. The glass surfaces were examined with SIMS and SEM/EDS/WDS 
but the canister sections were not examined. 
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Fig. 10. SEH Micrograph of Typical Precipitates that 
Form on the Bottom Canister Section of 
P-III-8 (300X). 

P-1II-9. This sample was the roost reacted sample of the pair. 
The bottom glass surface had marked regions of 304L ss contact. The non-
contact regions were a distinctly lighter color and were flaking from the 
glass, exposing large regions of base glass. Some of this flaking occurred 
after drying, but It Is likely that some also occurred while the experiment 
was In progress. The surface appearance In both the contact and non-
contact regions was similar and was clearly different from the appearance 
of the as-cut glass, A thick reaction layer was present which was cracked 
1n many places. The as-cut appearance was fading and there were Individual 
small white precipitates. The white precipitates were Ca-S rich, and while 
thay were too small to be positively Identified by XRD, their composition 
is suggestive of gypsum. 
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SIMS profiles were taken of regions of ss contact, non-contact, 
and of the newly exposed surface. The profiles clearly indicated that L1 
was the element that was depleted to the greatest extent from the reacted 
layer, followed by Na and B. In the region of ss contact there was a 
marked concentration of Mg in the near-surface region which was also seen 
in the corresponding EDS spectra. Potassium also showed enrichment in the 
near surface, while Al, Ca, Fe, and Mn were somewhat depleted in the first 
few tenths of a micron. The Ca profile showed a more gradual depletion 
than the other elements. In the non-contact region the enrichments and 
depletions were not as marked, although Ca still showed an indication of 
gradual depletion. 

The top glass surface did not show the distinct marks between the 
contact and non-contact regions and the general surface looked highly 
reacted, cracked, and covered with individual precipitates, which were 
Ca-S rich. There were many areas on the surface where the base glass was 
visible due to exfoliation and several of these areas were just in the 
process of bursting (F1g. 11). The area surrounding the burst area was 
enriched in S and CI. Just adjacent to the burst area was a large 
accumulation of precipitates rich in Na and CI. 

P-III-10. The bottom glass surface had partially visible regions 
of 304L ss contact and non-contact. The general appearance was highly 
reacted with the as-cut contours losing their form. There were Ca-S rich 
precipitates and regions of repredpltatfon over newly exposed base glass. 

The SIMS profiles of the bottom surface were taken from the 
304L ss contact and non-contact areas. The depth of penetration was far 
less than noted for sample P-III-9 but showed the same elemental profiles 
and relative depletion sequence; e.g., L1 > Na > B. 

An SEM cross-section of the bottom surface from P-III-10 was 
prepared. The interface between the layer and the glass was quite regular 
and continuous and the thickness, which corresponded well with that 
determined using SIMS, was -1.5 /im. There was only slight evidence for 
reaction in cracks penetrating the glass surface. 
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Fig. 11. SEH Micrograph of Reacted Top Glass Surface from 
P-III-9. Exfoliation in progress (400X). 

The cross-section of the polished unreacted glass was also inves
tigated to check for inhomogeneities. While the cation composition was 
quite regular, there were circular regions that were enriched in S and CI. 
Several of these regions were observed and they were unstable under the 
electron beam. 

SIMS profiles were obtained from the side glass from P-III-10. 
The depletion of Li, Na, and B was evident, but the extent of depletion was 
less than that observed from the top and bottom surfaces. 

The above observations provide insight into the process of glass 
reaction and help to explain the variable reaction progress observed 1n the 
replicate batch experiments and the disparity between the batch and 
continuous experiments. The most common phase that formed on the metal and 
glass surfaces was a mat or cluster of fine precipitates that have a 
similar composition to that of the base glass and reacted glass surface 
layer. However, these precipitates are relatively depleted in Na, Li, and 
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B and slightly enriched in Hg. There were also precipitates composed 
predominantly of Ca and S, suggestive of gypsum. The formation of these 
phases would remove Hg and Ca from solution which is In accord with the 
solution analyses (Fig. 5, 6). This correlation, however, Is not observed 
for Si. It appears that more Si is made available by glass reaction than 
is removed by the precipitating phases. 

Assuming that L1 and B are not assimilated into secondary phases, 
it would be expected, based on the SIMS profiles, that on a normalized 
basis more Li would be released Into solution than B. This Is borne out by 
the solution analyses (Figs. 5, 6) and supports the contention that these 
elements are not accommodated in any secondary phases. 

The variable rate of reaction appears to correlate with the 
spalUng or exfoliation of the reacted glass layer which was observed in 
the batch experiments. In the batch experiments that showed greater 
element release (i.e., more reaction) than the corresponding continuous 
experiments, e.g., P-III-6, -8, -9, and -10, regions of spalling were 
always evident. In many cases there was indication of further reaction 
beginning on these newly exposed surfaces. This demonstrates that the 
spalling occurred during the experiments rather than resulting from drying 
after the experiment was terminated. If the spalled material dropped into 
the solution which was then subsequently acidified and analyzed, tin's would 
alter the actual solution composition. The major components of the reacted 
layer would be relatively enriched in solution (SI, Al, Ca, Fe). 

In terms of reaction progress, It appears that a leached layer 
initially forms that has a composition similar to the glass, but depleted 
in Li, Na, and B. Precipitates of composition very similar to this reacted 
layer also form at this time. Other phases rich In Ca and S, suggestive of 
gypsum, and Na also precipitate. These precipitates can develop on the 
metal components, the leached layer, or the freshly exposed glass surface. 

The exfoliation 1s often associated with the S/Cl-rich pockets 
that are observed in the glass. The experiments that showed the greatest 
reaction possessed a Na-Cl rich phase, suggestive of halite, and other 
Cl-rich phases. Chloride and S are expected to exist In DWPF glass and, 
therefore, their behavior are of particular Interest. The Influence of CI 
and S in these glasses 1s not simply restricted to the areas rich 1n CI and 
S. In the experiments with greater reaction, the entire surface (either 
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top or bottom glass) appears to have reacted at a more rapid rate than the 
duplicate experiment in the series. Correlation between the extent of 
glass reaction as analyzed using additional techniques, such as 
transmission electron spectroscopy, and solution composition Is required to 
confirm this hypothesis and the phase mineralogy described above. 

B. M V 

This set of experiments was initiated 2/18/85 and the continuous 
experiments are still In progress, having completed the 156-week sampling 
period on 5/16/88. In this set of experiments, the smooth-cast surface 
area of the glass form has been reduced from the standard value used in the 
Unsaturated Test series by about 50!L However, the amount of water added 
every 3-1/2 days has also been reduced 50%, from 0.075 mL to 0.0375 m L 

Data from the terminated experiments have been presented previously 
[BATES-2, -3], Solution data for experiments P-Iv-1 and -2 are presented 
in Figs. 12 and 13. The solid components from the batch experiments are 
still being analyzed, but the solution results are noteworthy in several 
respects. The two continuous experiments are reacting at two different 
rates with P-IV-1 about twice as fast as P-IV-2. The total release values 
observed 1n the batch experiments from most elements are near that observed 
in the continuous experiments, except for Si which is slightly larger 1n 
the batch experiments. The release observed in the P-IV experiments 1s 
greater than that observed in the P-III continuous experiments, but nearly 
the same as detected 1n the P-III batch experiments. A more complete 
analysis of the P-IV components should provide an indication as to whether 
spallation, observed 1n the P-III experiments with the largest degree of 
reaction, is also associated with the faster reaction observed 1n the P-IV 
experiments. 
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III. RELATIVE HUMIDITY AND SIMPLE GLASS EXPERIMENTS 

The NNWSI repository site 1s located In a hydrologically unsaturated 
zone. The primary aging mechanism for glassified waste forms in such an 
environment is expected to be one due to vapor phase hydration, Any liquid 
water present initially will be vaporized due to the heat generated by the 
waste package and driven to the cooler regions of the repository. 

These experiments were designed to study the vapor phase aging or 
hydration of glass by (1) probing the dependence of reaction progress for 
waste and natural glasses of varying composition, and by (2) studying the 
hydration process for simplified glasses. The glasses under study 1n part 
are the nuclear waste glasses SRL 131, SRL 165, and PNL 76-68 along with 
the natural glasses obsidian and basalt. The compositions of these glasses 
are given in Table 3. The experimental matrix for the relative humidity 
experiments has been given previously [BATES-6]. In the following section, 
the results of analyzing the samples are presented. 

A. Relative Humidity Experiments 

Presented here are the SEH/EDS analyses of the surfaces of SRL 165 
glass reacted at 75*C for 365 days in deionized water (L-142), at L00% 
relative humidity (RH) (V-142), 95* RH (V-105), and 60* RH (V-127). All 
EDS spectra were acquired at 20 kV unless otherwise specified. Figure 14 
presents an EDS spectrum for the unreacted SRL 165 glass. 

The leached SRL 165 sample (L-142) has a reacted yellow-brown surface 
layer which is more distinctive on one half of the sample face than the 
other. However, EDS spectra of the two regions using a 10 kV electron beam 
(-1.5 nA) show no compositional difference. The leached surface appears 
uniform under the SEM with no distinction between the yellow and brown 
regions detectable. Figure 15 presents an EDS comparison of the leached 
surface layer and the unreacted glass (10 kV). It is quite apparent that 
the Na has leached out of the reacted layer as might be expected. Al, Ca, 
Fe, Mg, and Mn may all be enriched in the surface layer, agreeing with the 
SIMS results for this sample [BATES-6]. P, S, and Cl are also seen to be 
surface enriched. 



TabI* 3. Class Compositions for Vapor Hydration Experiments 

Composition (Oxids Wsight X) 
Glaa* 
Typ* AI ZD 3 020a CaO Fa 20 3 K 20 L12O Na 20 MgO VnO NIO SiD 2 Ti0 2 Othar 

SRt. IBB* 4.1 0.8 1.8 1».7 0.2 4.2 11.0 e.e 2.8 0.0 S3.4 0.2 3.8 
SRL 131 3.E 10.9 1.4 14.3 - 4.2 13.7 i.e 3.1 1.8 44.0 0.7 0.8 
PNL 78-88 e.e e.i 2.2 8.7 0.7 - 10.6 0.2 - 0.2 41.2 2.8 23.8 
Obsidian 12.6 0.0 1.4 6.4 E.I 0.0 1.4 0.2 0.1 0.0 73.6 0.9 -
Baaa1 fc*> 13.2 - 10.2 11.2 0.0 _ 4.G E.9 e." _ 49.3 1.70 . 
"SRL black f ri t—compos i tion based on fcha analysis of SRL U glass and fcha analysis shaab provldad by SRL. 
bCompf»b» dissolution and ICP/chamical analysis. 
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Fig . 14. EDS Spectrum of the Unreacted Nuclear 
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Fig. 15. EDS Spectrum (10 kV) for Unreacted SRL 165 Glass 
(Top Curve) and the Surface Layer after Leaching 
for 365 Davs at 75*C 
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The 100% RH sample surface Is found to be covered by an open pore-like 
layer when observed through the SEH (Fig. 16). The EDS spectrum for the 
layer reveals an absence of Na when compared to the unreacted glass. Ca 
appears to be slightly depleted as well. The absence of Na can be 
attributed to being rinsed away by condensation 1n the reaction vessel 
[BATES-6]. Several precipitates were found to be enriched 1n Ca. A number 
of other precipitates were observed to be composed primarily of Ca. 

The reacted surface layer for the 95% RH sample (V-105) again has an 
open pore structure, as seen in the background of Fig. 17, similar to that 
seen on the 100% RH sample. Its EDS spectrum is very similar to the base 
glass, and like the 100% RH sample, the surface layer is depleted In Na. 
However, many of the precipitates observed on the surface do contain some 
Na. The ring-Uke structure seen In F1g. 17 1s repeated across the sample 
surface. The EDS spectrum for the "ring" edges shows the presence of some 
Na 1n contrast to the outer layer composition. Ca Is found to be enriched 
on some surface precipitates. Precipitates with larger Ca contents, almost 
to the exclusion of other detectable elements, may also be found on the 
sample surface. 

Unlike the 100% RH sample, the 95% RH specimen ha« a number of 
precipitates rich in metals and other elements. A number of precipitates 
were found lying 1n "nests" on the surface (Fig. 18). These precipitates 
tended to have varying amounts of extra Fe. Many of these "nests" had no 
precipitates 1n them at all and could be the Initial development of the 
"rings" (Fig. 17) discussed earlier, or may be spinel Inclusions that form 
during the processing of the glass. 

Barium and S were seen to be the primary constituents In one precipi
tate on the surface. A pure SI (SlOg) precipitate was also observed. Two 
precipitates were large enough for XRD analysis. The results determined 
one to be NaCl and the other to be a smectite-type phase. 

The sample with the least reacted surface layer, V-127 reacted at 
60% RH, still has quite a variety of precipitates on the surface. An EDS 
spectrum of the surface gives the same results as the base glass, which is 
not surprising since the reacted layer was determined to be ~750 A thick 
using SIMS [BATES-6]. The x-ray signal can originate from a much deeper 
point. As on the two preceding samples, precipitates of varying Ca 
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concentration are present, but do not attain as high a concentration level 
as seen for some precipitates on the other samples. Some S and/or CI are 
observed in most reaction products. Additional Hg is present on some 
precipitates as weli. 

Formations of NaCl (Fig. 19) are found across the sample surface. 
Other precipitates with high Na and CI contents were also observed and 
could be the early stages of development for the formation of the layer 
(NaCl blocks as seen in Fig. 19). High Na and S concentrations are 
observed 1n other reaction products. Zn Is found to be enriched in several 
precipitates. A Zn-S phase 1s observed, as well as a Cu-Zn species. 
Another precipitate has a higher Al and CI content. The haze, which can be 
visually observed on some sections of the sample, Is seen at high magnifi
cation in Fig. 20. Its composition as determined by EOS reflects the bulk 
composition, probably due to its thin cross-section. 

General trends observed on the three samples included changes in Ca 
and Na concentrations as well as extent of reaction. All three vapor 
samples contain reaction products with varying amounts of Ca, except that 
the 60% RH sample dees not have precipitates that are predominantly Ca. It 
does have a large number of precipitates rich 1n Na unlike the other two. 
Such observations point to the conclusion of greater Na loss and greater Ca 
buildup with the presence of more water. Disappearance of the Na indicates 
that it Is being transported off the glass surface, most likely by run-off 
from water condensation. 

B. Simple Glass Experiments 

A 28-day leach test following MCC-1 protocol (90*C, surface-area-to-
volume ratio of 0.01 mm - 1) was conducted. It was designed to obtain 
information about the structure of the reacted layer by examining the 
effect of nonbridglng oxygen ions on the process of hydration on glasses 
similar to those used for nuclear waste. The composition of the glasses 
(Table 4) was varied systematically to decrease the Interconnectivlty of 
the glass network. The concentration of the network modifier CaO was 
increased from its initial value In Expt. 1 (531) to that in Expt. 11 (30%) 
which provides for a large number of nonbrldging oxygens. 
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Table 4. Glass Compositions for Simple Glass Leach Test* 

Si02 B2O3 AI2O3 Na20 CaO 

Test § 1 50 18,75 6.25 20 5 
2 50 16.87 5.63 20 7.5 
3 50 15.0 5.0 20 10 
5 50 11.25 3.75 20 15 
7 50 7.5 2.5 20 20 
9 50 3.75 1.25 20 25 
11 50 . - 20 30 

*0x>de mole percent. 

Table 5 contains the experimental data obtained. The samples In 
DUMMY-7 were of the same composition as those for Expt. 7; they were 
control samples removed once a week from the oven during the 28-day test 
and visually observed to monitor the integrity of the samples. The samples 
were allowed to dry in air at room temperature before weighing. When dry, 
the samples from Expts. 7 and 9 had an outer milky white film flaking off 
the surface. The samples from Expt, 11 were heavily reacted and had a 
ceramic appearance. The elemental solution concentrations for B, Al, Na, 
Ca, and Si are given in Table 6. The normalized weight release 1s also 
given. Table 7 lists the element ratios to Si in the bulk glass and in 
solution. No clear-cut trends are readily observable. However, results 
for the duplicate vessels (A and B) are consistent with one another for 
every glass type which reinforces the validity of the data. 

The SEM/EDS results on cross-sections of the leached glasses reveal at 
least two, if not three, layers on the surface of glasses 1, 2, 3, and 5. 
Depth of reaction for glasses 1, 2, 3, and 5 were found to be H p, 3 p, 
3 ji, and 4 yt, respectively. Glasses 7 and 9 were not examined since their 
reacted layers flake off the surface and the exposed underlying glass layer 
does not seem to have a very thick transition to bulk compositional values 
(as observed with SIMS). As mentioned, glass 11 has a ceramic appearance, 



Table 6. S i i p l e Glass Leach Teat 

Total Vol UK) le ight Total Total Weight le ight 
Class Glass Surface Surface later Drjr Vessel Vessel Glass Class 

Diaaeter Thickness Area Area Added SA/V V e s s e l IN OUT A Mass IN OUT a Mass pH 
T u t f S i m p l e | V » » l | I-) C-) (-*) (-*) (*-) I-- 1 ) (9) (9) (9) (g) (•B) (•9) (eg) OUT 

1 0-1A-1 
«-lA-2 

C-1A 9.34 
9.24 

1 Sf 
1.69 

183.44 
159.95 

323.39 32.34 I U M 83.75 118.19 115.38 • .73 148. ; 
143.4 

139.5 
138.8 

9 .* 
9.6 

l f . S 

O-lB-1 
G-1B-2 

0-1B 9 .M 
9.33 

8.89 
1.89 

152.4* 
182.82 

316.22 31.52 • •1*M 85.89 117.23 116.72 • .61 144.2 
163.2 

133.2 
143.8 

11.« 
9.4 u.e 

2 C-2A-1 
G-2A-2 

C-2A 9.19 
4.19 

1.91 
1.68 

1ES.94 
178.28 

337.22 33.72 • . • I f f * 85.81 119.31 IIS.7* • .87 16* 2 
248.1 

144.8 
237.6 

5.4 
8.E 

1*9 

0-2B-1 
0-2B-2 

G-2B 9.17 
9.W 

1.98 
1.68 

158. i l 
171.63 

329.04 32.98 I I I M S4.M 118.96 118.47 • .49 143.7 
234.5 

138.2 
236.2 

5.5 
7.3 

If .9 

3 G-3A-1 
G-3A-2 

G-3A 8 . H 
8.83 

1.89 
1.88 

14*. 22 
141.85 

231.*7 28.12 *.«••• 85.64 113.86 112.7* *.9S 124.1 
13*.* 

116.6 
122.8 

7.6 
B.( 

12.2 

«-3B-l 
G-38-2 

G-3B 8.89 
8.85 

f .9* 
1.89 

143.19 
141.72 

284.91 28.64 I .H998 83.69 112.14 111.58 • .58 13*.* 
11.'.8 

122.1 
1S8.3 

8.* 
7.6 

12.3 

S G-EA-1 
O-SA-2 

G-5A 9.21 
9.2* 

I.B9 
f.B9 

168.99 
158.68 

317.87 31.8* • .•1*W 83.84 115.83 115. H • .57 15'i,6 
1W.1 

144.8 
144.2 

7.8 
7.9 

12.3 

G-BB-1 
G-5B-2 

G-5B 9.12 
9.19 

(.89 
8.9* 

158.15 
158.8S 

314.81 31.48 *.*1*»1 85.37 118.83 116.96 f .63 144.3 
167.1 

137.7 
15*.* 

6.8 
7.1 

12.3 

7 C-7A-1 
C-7A-2 

G-7A 9.11 
9.99 

8.9* 
I .9f 

168.12 
151.49 

311.81 31.IB • .M999 85.6* 116.67 116.» • .67 154.8 
153.8 

!47.5 
148.6 

7.3 
7.2 

12.8 

G-7B-1 
C-7B-2 

0-7B 9.12 
9.10 

1 9 1 
• .95 

168.44 
159.14 

315.58 31.57 *.*1«M 83.75 116.33 114.13 1.1* 151.4 
154.2 

143.8 
14S.1 

7.6 
6.1 

12.7 

9 0-9A-1 
C-9A-2 

G-9A 9.19 
9.18 

• 95 
• 92 

1 6 * . « 
158.91 

319.M 31.9f • »1*»* 83.72 115.61 115.13 • .48 162.3 
16*.2 

1H7.5 
14B.1 

4.6 
4.1 

13.2 

C-9B-1 
0-9B-2 

0-99 9.18 
9.11 

• .9* 
».9» 

167,7* 
168.12 

313.82 31.37 • .*1*M 85.85 1 1 7 . B 118.16 • 87 159.4 
152.1 

155.3 
147.9 

4 .1 
4.2 

13.2 

11 0-11A-1 
0-11A-2 o-m 9.88 

9.15 
1.63 
1.57 

173.15 
178.84 

349.79 3 5 . « • .M999 83.83 118.63 117.87 1.78 243.7 
273.2 

237.8 
267.3 

5.9 
S.9 

12.3 

DUHIY7 UMta-1 
DUUIY7-2 

DUurr-7 9.13 
9.14 

• 89 
8.89 

158.46 
158.78 

313.24 J1.32 • • I f f * B3.97 116.31 114. *5 1.26 151.6 
153.9 

141.4 
144.7 

1*2 
9.2 

12.8 
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Table 6. Solution Analysis 

Solution Concentration , pq/mL Normalized Release*, /»g/mm2 
Vessel Si B Al Na Ca S1 B Al Na Ca 

AG-1A 
AG-IB 

145 
141 

35.2 
33.2 

0.Z9 
0.55 

134 
118 

14.6 
15.5 

66.8 
64.9 

56.1 
52.9 

0.56 
1.05 

94.2 
83.0 

47.1 
50.0 

AG-2A 
AG-2B 

90. 
87. 

6 
5 

22.3 
20.6 

0.66 
0.69 

93.1 
78.6 

14.8 
15.5 

40.1 
40.1 

39.2 
36.2 

1.39 
1.46 

64.9 
54.8 

31.6 
33.1 

AG-3A 
AG-3B 

137 
128 

31.1 
27.8 <0.5 

143 
126 

28.6 
30.8 

62.1 
58.1 

61.0 
54.6 <1.18 

98.9 
87.3 

45.4 
48.9 

AG-5A 
AG-5B 

123 
113 

18.2 
15.3 - 100 

82.7 
40.4 
39.5 

54.8 
50.3 

46.8 
39.3 - 68.0 

56.2 
30.6 
41.0 -C* 

AG-7A 
AG-7B 

122 
129 

15.4 
14.7 - 127 

112 
46.8 
59.6 

53.4 
56.4 

58.4 
55.7 - 84.9 

74.8 
35.9 
45.7 

AG-9A 
AG-9B 

83. 
80. 

8 
9 

6.91 
6.55 - 105 

90.3 
31.1 
29.1 

36.0 
34.7 

51-4 
48.7 - 68.9 

59.3 
18.7 
17.5 

AG-11A 109 0.10 - 51.0 33.1 46.0 - - 32.9 16.3 

Normalized Release 
CiV 

C\ = solution concentration of species 1 
V = solution volume 
f = mass fraction of i in the glass 
SA = total glass surface area 
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Table 7. Elemental Mole Ratio to S1 in Solution 

B Al Na Ca 

#1 Bulk 
AG-1A 
AG-1B 

0.75 
0.63 
0.61 

0.25 
2 X 10-3 
4 X 10-3 

0.80 
1.13 
1.02 

0.10 
0.07 
0.08 

#2 Bulk 
AG-2A 
AG-2B 

0.67 
0.64 
0.61 

0.23 
7.6 X 10-3 
8.2 x 10-3 

0.80 
1.26 
1.10 

0.15 
0.11 
0.12 

#3 Bulk 
AG-3A 
AG-3B 

0.60 
0.59 
0.56 

0.20 

4 x lO-3 

0.80 
1.09 
1.20 

0.20 
0.15 
0.17 

#5 Bulk 
AG-5A 
AG-5B 

0.45 
0.38 
0.35 

0.15 0.80 
0.99 
0,89 

0.30 
0.23 
0.24 

#7 Bulk 
AG-7A 
AG-7B 

0.30 
0.33 
0.30 

0.10 0.80 
1.27 
1.06 

0.40 
0.27 
0.32 

#9 Bulk 
AG-9A 
AG-9B 

0.15 
0.21 
0.21 

0.05 0.80 
1.53 
1.36 

0.50 
0.26 
0.25 

#11 Bulk 
AG-11A 

- - 0.80 
0.57 

0.60 
0.21 

and it is not homogeneous when viewed through the optical microscope. All 
EDS line profiles were taken using a 10 kV electron beam, and all five 
elements (Si, Al, Ca, Na, and B) were monitored simultaneously for each 
glass. 

For glass 1, Fig. 21, the Ca signal Increases on going from the bulk 
glass to a new high and then drops to a lower level before it drops off 
completely at the sample edge. These two regions are also clearly seen in 
the SI and Al profiles. The Si concentration is depleted on both regions 
while Al Is enriched. Na and B are almost totally depleted In these layers 
as might be expected for a leached glass [BUNKER]. The surprising result 
is the enrichment of B just below the outer two layers. 
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On going from glass 1 to 2, F1g. 22, and further to glasses 3 and 5, 
Figs. 23 and 24, two outer surface layers are always observed. SI is 
always depleted with respect to the bulk in both layers as is Na. Al 
enrichment in the two regions occurs again in glass 2, but by glasses 3 and 
5, where its bulk oxide molar concentration 1s S5SS, It becomes depleted 
instead of enriched. Except for glass 2, where 1t has a concentration 
comparable to that in the bulk, the Ca concentration for the inner layer is 
enriched and then depleted In the outer layer. B is seen to be depleted in 
the two surface layers for all glasses (profile not shown for glass 3). 
The profiles for glass 5 exhibit a valley between the bulk glass and the 
outer two layers. Separation of the reacted layers from the glass has 
occurred and the gap has been filled by the epoxy used to mount the cross-
sections. 

SIMS analysis of glasses 1, 2, and 3 was attempted but profiles 
through the entire reacted region in each case were not obtained, primarily 
due to depth of reaction. Na and B were depleted at the surface in all 
three cases. Sub-surface enrichment of Ca and Al was observed for 
glasses 1 and 2 with surface enrichment for both on glass 3. SIMS profiles 
for the exposed glass under the flaked off outer film for glasses 'I and 9 
revealed depletion of B, Na, and Ca with possible enrichment of Si. In 
addition, an EDS spectrum of the film from glass 7 shows only the presence 
of Si and Ca. XRD of both the reacted film and the underlying glass for #7 
indicates that there are no crystalline phases present. 

By increasing the number of nonbrldging oxygens in the glass network 
with the addition of CaO, one might expect faster hydration of the glass 
due to a more open network structure which allows water more freedom to 
penetrate into the glass. On the other hand, 1t must be recognized that 
addition of limited amounts of CaO to a simple sodium silicate glass 
actually decreases the hydration rate of the glass [RANA, SHETS-1, KORIYA] 
despite the larger number of nonbridging oxygens present. The Ca ion 
essentially plugs noles in the glass network and sterically impedes 
ion/water diffusion into and ion migration out of the glass. Such an 
effect could explain why the observed reaction layer for glass 1 was 
thicker than that se-jn on glass 2 (4 ji vs. 3 /J) with significantly higher 



48 

0 3 6 9 
Micrometers 

F1g. 22. EDS Line Profile for AG-2A-1 Cross Section 



T 

L _ i • 1 • • ' 

0 3 6 9 
Micrometers 

Fig. 23. EDS Line Profile for AG-3B-1 Cross Section 



50 

c 
3 
0 
o 

c 

1 1 1 1 1 1 1 1 — " 1 

Si 

^\f\ 
, , — . — i — , — , — , — 

CO 

c 
D o o 

c 

4 8 
Micrometers 

4 8 
Micrometers 

12 

12 

Fig. 24. EDS Line Profile for 4G-5A-1 Cross Section 



51 

solution concentrations (Table 6) despite a smaller Ca concentration in the 
glass. The addition of more CaO, glass 3 r results in a reacted layer 
thickness similar to that on glass 2 with higher solution concentrations 
which demonstrates that any beneficial effects In i t ia l ly gained are 
beginning to become outweighed by the further breakup of the glass network. 

The existence of the Ca-enrlched inner layer observed on glasses 1, 2, 
3, and 5 does suggest that the element forms a barrier to diffusion and 
could slow the reaction rate of hydration. Whether the Ca enrichment is 
due to ion migration from the outer layer to compensate for the leached Na 
ions or from a precipitated phase such as CaS103, as suggested by 
Clark et a l . , 1s unclear. Clark et a l . [CLARK] observed a Ca-enriched 
layer in a Na-depleted zone below the surface of a 20% NajOMOSSCatWOiSSK̂  
(mole %) glass leached for 9 days at 100*C with a SA/V ratio of 0.77 cm"1. 
The solution concentrations for Si and Ca in our experiments are not high 
enough for precipitation of S1,0,H phases or Ca,0,H phases. A mixed phase 
such as CaSi03 is possible. Experiments with a lower SA/V ratio would 
eliminate the possibility of precipitation and also the Ca-enrlched layer 
i f i t is a precipitate phase. Unfortunately, interactions with Al and B 
cannot be ruled out. 

The EDS line profiles provide evidence for buildup of B below the 
outer two layers on the surface, where I t 1s completely depleted, In what 
might be called a third layer or region. This buildup could help explain 
the lower or comparable B to S1 ratios 1n solution vs. the bulk values 
(Tabic; 7) despite the absence of B 1n the outer two layers. Why B 
segregates in such a manner is not clear at this time. I t is known that 
some borosilicates undergo phase separation under certain leaching 
conditions [BUNKER] and a B-enriched phase could be forming at the 
glass/reacted layer interface. However, Bunker did not report such 
phenomenon in his leaching study of Na20«B203»Si02 glasses. I t was noted 
that the hydrolysis of 8-0-B bonds occurs more readily than Si-O-Si bonds. 
The Si-O-Si bonds are therefore expected to be more resistant to hydrolysis 
than Si-O-B bonds. The addition of B2O3 to a sodium sil icate, at the 
expense of SIO2, then produces a glass more reactive towards hydrolysis. 



52 

Addition of Al2O3 to a sodium silicate has the opposite affect and 
produces a glass less reactive to hydrolysis [SMETS-2]. Enrichment of Al 
in the two surface layers (Figs. 21 and 22) for glasser 1 and 2 is not 
surprising due to the low solubilities of Al oxides and hydroxides In 
aqueous solution. It Is not enriched at the surface for glasses 3 and 5, 
but there 1s also less in solution. 

Four points have been discussed which must be taken Into consideration 
when analyzing the above data on going from glass 1 to glass 11, substitu
ting CaO for AI2O3 and 6203. (1) C2 1s a network modifier which can make 
the network more reactive towards hydrolysis (more nonbrldglng oxygens). 
(2) Less Al is present which causes the glass to be more reactive towards 
hydrolysis. The last two points cover the opposite effect. (3) Ca can 
also decrease reactivity towards hydrolysis (plugs pores). (4) The 
decreasing B content decreases the reactivity towards hydrolysis. 
Unfortunately, these effects are for sodium silicate glasses with the 
addition of Al, B, or Ca. All possible Interactions 1n these five-
component glasses (SIC^'E^'A^C^'^O'CaO) are not known and can change 
the effect one component may have on the glass as a whole. For example, 
the beneficial effects of AI2O3 and CaO are not additive when both are 
present in a sodium silicate [ISARD], More work Is needed on four-
component glasses before any attempts at predicting (understanding) the 
leaching characteristics of a five-component glass such as this. However, 
the present samples will serve as references for further studies using 
vapor conditions and for examination of chemical bonding using 
spectroscopic techniques. 

IV. ANALYTICAL SUPPORT 

A. Development of SIMS Analysis Instrumentation 
Secondary Ion Mass Spectroscopy (SIMS) 1s being used to elementally 

depth profile reacted glass surfaces. The profiles are used to 
qualitatively describe the elemental distributions in the near-surface 
region and in the alteration layers which form during glass reaction. 
These concentration profiles can be used to measure the thickness of the 
alteration layer(s) If the sputter rate is known. Although SIMS results 
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have been presented In previous reports, work continues to Improve on both 
the acquisition and Interpretation of the data, and to adapt the present 
system for use in actlnlde-contalnlng glass samples. 

B, Development of a Laser Raman Microprobe System 

A laser Raman microprobe (LRM) system is being developed to analyze 
the microcrystalline precipitates which form during the hydration of 
nuclear waste glass. By using standard microscope objectives, an argon Ion 
laser can be focused to a beam diameter less than 2 /on which allows spectra 
of very small samples to be collected with little Interference from the 
surrounding media. X-ray emission spectroscopy, available on the SEM, can 
be used to compositionally analyze a sample. The Raman spectra of 
compounds having compositions consistent with that of the unknown sample 
can then be compared to the Raman spectrum of the unknown for comparative 
identification. 

The wavenumber readout of the monochromator used in the Raman 
microprobe apparatus has been calibrated to better than *1 cm"1 in the 
region of interest, from Ar + excitation at 514.532 nm (19435.1 cm - 1) [BECK] 
through 15435.1 cm - 1 (A 4000 c m - 1 ) . Both a mercury vapor lamp and a neon 
lamp were used as calibration sources. 

Due to the presence of a concave mirror on the laser grating filter 
used to filter out the plasma lines, which was designed for use with a 
macroilluminator stage and not with the microscope, the laser beam was 
diverging to a diameter approximately ten times larger than the entrance 
port of the microprobe apparatus. As a result, all previous Raman work had 
been done with a laser power of i\ mW at the sample. The concave mirror 
was replaced with a plane mirror on the laser grating filter. The new 
mirror maintains the collimation of the laser beam and allows the entire 
beam to enter the microprobe with this modification. The laser power at 
the sample is now 10-20 mW. 

The Raman spectra of three uranyl silicates supplied by LLNL were 
acquired using the LRM. Soddylte, uranophane, and boltwoodlte have very 
similar formulae, given below, and were seen to have very similar infrared 
spectra. The Raman spectra, shown in Fig, 25, 
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Fig. 25. Raman Spectra of Uranyl Silicates Obtained Using the LRM 

Soddyite (U02)5(S104)2(0H)2«5H20 
Uranophane Ca (U02) 2 (Si (^(OH) 2« 5H 20 
Boltwoodlte (KINa)2(U02)2(S1O3)2(0H)2»5H2O 

are also very similar. All three compounds show a high energy peak between 
780 and 800 cm - 1 and a low energy peak between 200 and 300 cm - 1. 

The structures of these uranyl silicates are quite complex and do not 
lend themselves to simple normal mode analysis [see STOHL]. Notice the 
peak shifts to higher energies in going from uranophane to Na-boltwoodlte 
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to soddyite. Uranium trioxide has been analyzed previously and found to 
have a spectrum similar to the above uranyl silicates, having peaks near 
313 cm - 1 and 800 cm" 1 [EBERT]. The presence of these peaks In the spectrum 
of UO3 strongly implies that the peaks seen in Fig. 25 are due to U-0 modes 
and not to Si-0 modes. (Silica glass has a weak stretch near 800 cm - 1 and 
a stronger mode near 1000 cm - 1.) UO2 has no peak near 800 cm" 1 and only a 
strong peak at about 420 cm"1 while U3O8 has a broad peak from about 
900 cm" 1 to 800 cm" 1 [ALLEN]. 

C, Development of a Gas Analysis System 

A gas analysts system is being developed around a quadrupole mass 
analyzer (UTI model 100C). Gas samples may be leaked 1n directly from a 
sample ballast, evolved from solution, or desorbed from a solid. The 
latter experiment 1s referred to as a temperature programmable desorption 
(TPD). In this technique, a solid sample Is heated at a slow, constant 
rate while the evolved gases are continuously monitored. The system will 
be used to study the composition of hydration glass layers. Current 
emphasis is on this technique and software development. 

D. Development of Water Sorption Experiments 

Experiments are being developed to determine the amount of water which 
adsorbs on nuclear waste glass and the amount of water that becomes Incor
porated into the glass during hydration. These experiments are being 
designed to support the vapor hydration experiments discussed in 
Sections III and VII. A Cahn RG ultramicrobalance has been borrowed from 
Prof. Roger Hoburg, University of Nebraska-Omaha, for use in these experi
ments. The balance has a manufacturer's claimed accuracy of near 0.1 ^g. 
The balance operates by applying a carefully measured torque about the 
fulcrum point of the balance beam to return the balance to a null position, 
which is determined by a photodetector at one end of the balance beam. By 
using an appropriate counterbalance, samples having masses in excess of one 
gram can be used, although the measured mass change is limited to 200 /iq. 
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Samples are either suspended from sample loops which are precisely 
positioned on the balance beam or placed on suspended trays. Samples may 
be suspended at any distance below the beam by hangdown wire. This allows 
use of sample heating chambers or other apparati for sample treatment. The 
balance itself is housed In an evacuatable glass bell jar which has three 
ports of access beneath the sample loops. The bell jar is evacuated 
through one or more of these ports. The ports also support hangdown tubes 
for enclosing the sample. 

The sample mass is recorded using both a balance control to set the 
range and a strip chart recorder with a 1.0 mV proportional input to read 
the X.Y ftq value. The balance need not be 1n a vacuum to operate, but 
should be Isolated from any air currents that would deflect either the 
sample or the balance beam. 

A support rack has been constructed for the bell jar and vacuum line 
out of 1/2" aluminum plate. A support plate Is bolted to a solid concrete 
pillar to provide maximum vibrational damping. A series of l/4"-20 tapped 
holes In this plate will act to secure the vacuum line that will be 
installed upon receipt of glassware from Cahn. A mechanical pump and an 
oil diffusion pump will be used to evacuate the system. It 1s expected 
that the minimum attainable pressure will be on the order of 10~6 torr, 
limited by the ability of the viton 0-r1ng and ground glass joints to seal 
the bell jar. 

Experiments to be performed initially will use water as the adsorbant. 
Previous work suggests that no detectable adsorption on glass occurs below 
501 relative humidity. At 25*C, the vapor pressure of water 1s 
23.756 torr, so 50* RH occurs at a pressure of 11.878 torr. Pressures of 
this magnitude may be monitored using several barometers. A baratron gauge 
will probably be used unless it is determined that more precise readings 
are required. 

E. Miscellaneous 

A PEAK FOCUS crystal spectrometer has been obtained to analyze for 
boron and oxygen in reaction products of glass hydration experiments In 
conjunction with SEH/EDS analysis. The spectrometer contains four crystals 
that are more or less element specific. We have crystals to analyze for 
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boron, oxygen, silicon, and phosphorus. While the latter two elements can 
be analyzed using EDS, the PEAK is able to resolve closely spaced energy 
peaks such as S1,K (1.838 keV) and Sr,L£ (1.8717 keV) and P,K(o, 2.0137, 
az 2.0127 keV) and Mo.L (2.0157 keV). In an effort to demonstrate the 
quantitative capability of the PEAK, we have analyzed several glasses 
containing boron and compared the gross number of counts to the known 
weight percent of boron 1n the glass. The procedures used were very 
similar to those employed for quantitative EDS analysis. A polished cross-
section was positioned at a working distance of 23 mm and tilted 15*. The 
electron current was measured using a Faraday cup In the sample holder and 
adjusted to 1 namp. The position of the crystal in the spectrometer was 
adjusted to provide the greatest signal. (The precise energy of an emitted 
x-ray will vary with the surrounding matrix, although the shift will be 
very small between these similar glasses. The same crystal orientation was 
used for all analyses.) 

Figure 26 shows the number of counts plotted vs. the weight percent of 
boron in the glass. These analyses were performed using a beam current of 
only 1 nA and an accelerating voltage of 10 kV, The manufacturer 
recommends that a beam current of 50-100 nA be used when analyzing boron, 
but because of the destructive nature of the electron beam on glass 
samples, we are restricted to very low currents. Included In Fig. 26 are 
WVCM 44 and SRL 165 glasses and three simple glasses made at ANL. Silica 
glass was analyzed as well. The error bars locate the range of counts of 
repeated analysis and are typically *10X of the mean. The data fall near a 
line of slope 0.4 counts/sec/wt % with a y-lntercept of 0.4 counts/sec. 
Thus, in the range of 0-4 wt %, at 1 nA current and counting for 
100 seconds, the PEAK can resolve a difference of about 0.4 wt %.* 

*At 1 wt %, according to the fit line, 90 * 10 counts are recorded in 
100 seconds. The low end of this range, 80 counts, 1s coincident with 
the upper end of the range for about 73 counts, which 1s obtained at 
about 0.6 wt % boron. Therefore, a resolution of about 0.4 wt % occurs 
at the lower concentrations. 
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V. BASALT ANALOG 

Reanalysis of Hydrothermal Solution and Vapor Experiments 
A series of hydrothermal leaching and vapor phase hydration experi

ments have been performed using two synthetic basalt and one SRL glass 
composition and deionized water. A discussion of these experiments has 
been presented in [BYERS]. While these experiments were completed under a 
different sponsor, they provide a wealth of samples and data that still 
require analysis and interpretation, where the synthesized information will 
be of use to the NNWSI program. For this reason work is continuing with 
these samples. 

Two test matrices were completed by [BYERS]; in one matrix the glasses 
were leached at temperatures ranging from 90*C to 187*C for times up to 
546 days, and 1n the second the glasses were vapor hydrated at temperatures 
ranging from 122*C to 240*C for up to 150 days. The solutions were 
analyzed for the cation concentrations, and the surfaces of the reacted 
glasses were characterized to identify mineral phases that had formed. The 
reacted layers that formed on the glass surfaces are presently being 
quantitatively analyzed to determine the layer composition and growth 
kinetics of the layer. 

In order to determine the reaction kinetics of both the hydrothermal 
and vapor hydration experiments, the layer thicknesses on each of the 
reacted glasses was measured. The layer thicknesses of leached Hawaiian 
basalt glass, as a function of timel/2 at various temperatures, are 
presented in Fig. 27. In many cases, a range of values were encountered 
and the values plotted are representative thicknesses. 

The lower temperature (120 and 90*C) leach experiments produced very 
thin « 1 /nn) layers 1n many of the samples. These thin layers make both 
layer thickness measurements and chemical analyses difficult and have, for 
now, been omitted. Figure 27 shows that there is a definite temperature 
dependence on the reaction and the layer thicknesses increase as a function 
of time 1/ 2. If the trends established by the data are followed back to 
time zero, the Intercept 1s not the origin, but rather at a point somewhere 
between 1 and 2 /int. This may be a artifact of using as-cut surface on the 
samples. The wafering blade may have created a disturbed surface with an 
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Fig. Z7. Reaction Layer Thicknesses as a Function of Time 1/ 2 for Hawaiian 
Basalt Glass Leached at 187*C (circles), 150'C (triangles), and 
120*C (squares). The values are representative thicknesses and 
do not account f r the range of thicknesses encountered. 

actual surfac* area much greater than is apparent. Because of this large 
surface area, the disturbed layer would be quickly removed in the 
experiment, at which tine the reaction would continue on a smaller surface 
area. The net effect would be the appearance of a positive y-1ntercept. A 
similar phenomenon has been described in natural samples [MORGENSTEIN] as 
well as experimental studies [CROVISIER]. Hicrocracks, presumably formed 
in experimental studies when the glass 1s sawed and polished, constitute a 
disturbed layer. 

Quantitative analyses of reacted layers are summarized in Table 8. 
Since the SEH/EDS system is not sensitive to H2O, it is assumed that the 
difference of 100% and the total wt % 1s due to water in the glass. 



Table 8. Comparison of the Compositions of the reaction Layer Formed on Hawaiian Basalt Glass in 
Hydrothermal Leach and Vapor Phase Tests at 187°C. Results are presented as stoich
iometrics normalized to eight silicon atoms. Also presented are the total weight percent 
of the analyses; these values allow the water content of the layer to be estimated. 

Hawaiian Basalt Leached at 187°C 
#852 #855 #857 #859 #860 

Element (28 days) (65 days) (93 days) (183 days) (364 days) 

Na 0.38 ± 0.13 0.38 ± 0.07 0.29 ± 0.01 0.30 ± 0.12 0.40 ± 0.08 
Hg 4.75 ± 0.47 2.57 ± 0.15 3.64 ± 0.61 4.05 ± 0.53 3.68 ± 0.85 
Al 5.14 ± 0,35 4.15 ± 0.15 4.42 ± 0.30 4.58 ± 0.17 3.96 ± 0.30 
Si 8.00 l 0.00 8.00 ± 0.00 8.00 ± 0.00 8.C" ± 0.00 8.00 ± 0.00 
K 0.04 ± 0.03 0.06 ± 0.05 0.02 ± 0.01 0.01 ± 0.01 0.03 * 0.03 
Ca 1.70 ± 0.08 2.16 ± 0.08 2.07 ± 0.14 2.12 ± 0.12 1.94 * 0.23 
T1 0.59 ± 0.06 0.64 ± 0.02 0.61 ± 0.05 0.63 ± 0.07 0.62 ± 0.11 
Hn 0.05 ± 0.04 0.08 ± 0.05 0.04 ± 0.03 0.04 ± 0.03 0.05 ± 0.02 
Fe 4.63 ± 0.50 4.5Z ± 0.04 4.37 ± 0.31 4.69 ± 0.48 4.82 ± 0.88 
0 38.59 ± 1.37 35.23 ± 0.43 36.34 ± 1.00 37.56 ± 1.34 36.33 ± 0.57 
TOTAL wt % 84.70 ± 3.41 82.65 * 1.70 85.23 ± 2.89 89.85 * •1.58 86.41 ± 2.67 

Hawaiian Basa It Vapor Hvdrated at 187°C 
#58 #46 #48 #52 

at 187°C 
#58 #60 

Element (14 days) (20 days) (40 days) (95 days) (146 days) 

Na 0.56 ± 0.12 0.57 ± 0.23 0.19 ± 0.26 0, 55 i 0.13 0.88 ± 0.29 
Hg 1.96 ± 0.65 3.07 ± 0.62 1.32 ± 0.34 2.41 ± 0.43 2.46 ± 1.49 
Al 4.14 ± 0.61 3.96 ± 0.34 3.40 ± 0.63 2.73 ± 0.10 3.90 ± 0.41 
•51 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 
K 0.07 ± 0.05 0.09 ± 0.04 0.48 : t 0.17 0.11 ± 0.04 0.11 ± 0.03 
Ca 1.94 ± 0.20 1.53 ± 0.33 2.06 ± 0.52 1.10 * 0.39 1.08 ± 0.21 
T1 0.81 ± 0.15 0.65 ± 0.06 0.59 ± 0.09 0.43 ± 0.18 0.58 ± 0.18 
Hn 0.10 ± 0.10 0.12 ± 0.11 1.83 ± 1.14 0.05 ± 0.06 0.01 ± 0.W 
Fe 5.46 ± 0.49 4.46 ± 0.55 4.11 ± 1.05 2.72 ± 0.34 4.40 * 1.22 
0 35.86 ± 2.27 35.07 ± 1.45 35.82 ± 2.24 29.00 ± 1.05 33.14 ± 1.21 

TOTAL wt % 84.07 ± 7.99 81.65 ± 6.24 77.72 86.00 * 5.98 7?.«2 * 10.87 



Table 8 (Cont'd) 
Hawaiian Basalt Leached , at 150°C 

#552 i ¥555 #557 #559 #561 
Element (28 days) (56 days) (93 days) (183 days) (364 days) 
Na 0.34 ± 0.10 0.18 ± 0.09 0.23 ± 0.22 0.31 ± 0.10 0.51 ± 0.06 
Mg 3.42 J: 0.92 3.44 ± 0.66 3.25 ± 0.61 0.31 ± 0.97 3.46 ± 0.55 
Al 4.66 ± 0.32 4.2* ± 0.21 4.13 ± 0.Z1 4.16 * 0,29 4.05 ± 0.20 
S1 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 8.00 ± 0.00 
K 0.06 ± 0.04 0.05 ± 0.03 0.06 ± 0.06 0.03 ± 0.02 0.09 ± 0.03 
Ca 1.58 ± 0.11 1.71 ± 0.12 1-82 ± 0.11 1.82 ± 0.49 1.51 ± 0.20 
Ti 0.65 ± 0.07 0.67 ± 0.14 0.62 ± 0.8 0.75 ± 0.13 0.51 ± 0.04 
Mn 0.05 ± 0.05 0.04 ± 0.03 0.06 ± 0.04 0.02 ± 0.01 0.12 ± 0.09 
Fe 4.48 ± 0.51 4.59 ± 1.00 4.26 ± 0.34 4.97 ± 1.10 3.90 ± 0.43 
0 36.32 ± 2.11 35.94 ± 2.27 35.16 ± 1.07 36.43 ± 2.52 34.48 ± 1.40 
TOTAL wt % 85.00 ± 2.63 87.55 ± 1.79 87.31 ± 1.15 92.92 ± 3.14 86.17 ± 2.34 

Hawal1 an Basalt Leached at 
CTi 

120°C 90°C 
#257 #261 #827 

Element (93 days) (364 days) (91 days •) 
Na 0.29 : t 0.21 0.37 ± 0.07 0.33 ± 0. ,33 
Mg 3.02 : t 0.92 3.30 ± 1.00 2.32 ± 0. 87 
Al 4.28 : t 0.27 4.25 ± 0.31 4.13 ± 0. .50 
Si 8.00 : t 0.00 8.00 ± 0.00 8.00 ± 0. ,00 
K 0.10 : t 0.07 0.07 ± 0.04 0.12 ± 0. ,04 
Ca 1.44 t 0.26 1.27 ± 0.18 1.36 * 0. ,24 
TI 0.66 ± 0.09 0.59 ± 0.06 0.97 ± 0. ,10 
Hn 0.30 t 0.49 0.07 ± 0.04 0.16 ± 0. 11 
Fe 4.40 ± 0.58 4.14 ± 0.39 5.95 * 0. ,90 
0 35.15 ± 2.10 34.72 ± 1.21 37.29 ± 1. ,76 
TOTAL wt % 84.88 ± 2.09 80.80 ± 0.36 72.30 * 0.91 
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Analysis of thinner layers « 3 /im) may also Include x-rays from bulk glass 
and the mounting resin. The probed area is approximately 1 pup, depending 
on the probe current, accelerating voltage, and the density of the 
material. Consequently, the analyses of the thinner layers may vary in 
total weight percent, but. the stoichiometric ratios should be similar if 
the layers are similar. For this reason, results of the chemical analyses 
are presented in terms of total wt % and the stoichiometric ratios 
normalized to eight SI atoms (Table 8). Boron and lithium cannot be 
measured using the present SEH/EDS system. Therefore, the analysis of the 
SRL 165 reacted layers assumes that B and Li are not present. 

The results in Table 8 are the averages of many (usually £10) spectra 
collected from reacted layers on a santple. In general, the compositions of 
the layers did not vary significantly. When individual elements did vary, 
it did not appear to be systematic. 

The composition of the reacUd layer seems to be similar between 
points or a particular sample and between different samples. The 
stoichiometrics of the analyses are consistent with that of a smectite 
clay, ideally (l/2CatNa)0.7(Al,Mg,Fe)4[(S1,A1)8026](0H)4*nH20. While not 
an ideal end member, the reacted layer's composition is probably an 
intermediate clay between nontronite (Fe-rlch) and saponlte (Mg-rich). 
Variations in analyses are more likely due to composition variety rather 
than analytical error, and may have resulted from more than one mineral 
phase being present. X-ray diffraction analyses Indicate that the 187*C 
and 150*0 layers have a smectite structure, while the lower temperature 
layers were amorphous. 

Comparisons can be made of the layer compositions from leached basalt 
glass experiments of differing temperatures and reacted for different 
lengths of time, but the differences in layer composition do not seem to 
vary significantly, in general. 

The vapor hydration experiments layer thicknesses did not show a clear 
functionality with either time or tinted. The results of both the 187*C 
vapor and leach experiments are presented in Fig. 28 for comparison, It is 
thought that these vapor tests were originally performed in a manner which 
did not control the amount of water vapor that condensed on the glass 
surface. It was noted that in the original experiments there was a 
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Fig. 28. Layer Thicknesses as a Function of Time 1/ 2 for Hawaiian Basalt 
Reacted at 187'C. Open symbols denote thicknesses from leach 
experiments while filled symbols represent thicknesses from 
vapor hydration experiments. The error bars represent the 
range of layer thicknesses measured. 

significant amount of water condensed on the glass. This 1s being avoided 
in the repeat experiments by preheating the reaction vessels before adding 
water. In order to maintain water saturation there must be 0.16 g H2O in 
the vessel. In several cases this condition was not maintained, and the 
layer thicknesses varied greatly. In the cases where vapor saturation was 
continuous, the variations decreased significantly. Figure 29 summarizes 
the experiments performed to date. 

The growth kinetics of SRL 165 glass also seems to be a function of 
time1/?, both in leach and vapor hydration experiments (Fig. 30). Table 9 
contains the summary of quantitative analyses of one leached sample of 
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Fig. 29. Layer Thickness vs. Time for Hawaiian Basalt Glass 
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Fig. 30. Layer Thicknesses as a Function of Time 1/ 2 for SRL 165 
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Table 9. Quantitative Analyses of the Reacted Layers Formed on 
SRL 165 Glass Leached at 187*C. The results have 
been normalized and are presented in terms of 
stoichiometrics, normalized to eight S1 atoms. Note 
that LI and B were assumed to be absent In the 
reacted layers. The total weight percent of analyses 
are also presented and allow an estimate of the water 
content to be made. These analyses are the average 
of 21 analyses. 

SRL 165 Leached at 187*C 
#159 

Element (183 days) 

Na 0.87 * 0.19 
Mg 0.32 * 0.06 
Al 1.24 * 0.14 
SI 8.00 * 0,00 
Ca 0.43 * 0.07 
Mn 0.66 * 0.38 
Fe 2.69 * 0.35 
N 0.11 * 0.02 
Zr 0.07 * 0.02 
0 24.77 * 1.39 
TOTAL wt * 85.05 * 3.67 

165 glass. Because of the tendency for these reacted layers to separate 
from the glass, some difficulties were encountered In chemically analyzing 
these glasses. There does appear to be two or three phases present in the 
layer, each having a differert composition. Chemical analyses of these 
layers continues. 
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VI. NNWSI VAPOR HYDRATION EXPERIMENTS 

A. Parametric Experiments 
A series of preliminary experiments has been performed to determine 

the reaction rate of three glass formulations 1n saturated water vapor at 
200*0. The glasses tested were those being used in the full matrix (see 
Part B), SRL U and WV 44, and WV 50. Glass samples were cut into disks 
approximately 1 cm 1n diameter and 2 mm In thickness. The disks were 
polished using successive silicon carbide abrasives to a final polish of 
600-grit. The samples were suspended by 5-mil Teflon™ thread from a 
stainless steel support rod in 304L stainless steel reaction bombs having 
an approximate volume of 22 mL. The samples were pre-heated to 200*C for 
approximately Z hours to prevent thermal condensation on the glass which 
may occur before the vessel reached the reaction temperature. An amount of 
water in excess of the exact saturation volume at 200*C was then added to 
assure the vapor would remain saturated when an appreciable amount of water 
sorbed (or condensed) on the specimen. The volume of liquid water required 
to saturate the 22 mL vessel at 200*C is about 0.16 mL. About 0.20 mL of 
water was added to every vessel. 

In an effort to determine the amount of water lost by vessel leakage 
during the reaction period, the mass of the loaded vessel was determined 
before and after the reaction. After performing a very large number of 
experiments, the vessels were found to either lose all the water 
immediately, or lose only a negligible amount over the duration of the 
experiment. In a total of 37 vessels tested, 5 were completely dry when 
opened. The vessels were not designed to be used with copper gaskets and 
occasionally a good seal is not achieved. 

The pH of the water remaining 1n the vessel after the reaction was 
measured. Unless a sample contacts trie vessel side or condensed water 
drips from the sample during or after the reaction, the pH of the liquid is 
not expected +o change during the reaction. The deionized water used had a 
measured pH of 6. The experiments had final pHs ranging between 6 and 8 
with a few at 9 or 10. The pH was not always Indicative of the extent of 
reaction. 
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The extent of reaction was monitored using the thickness of the 
alteration layer produced during the reaction as measured using the SEM. 
The thickness was measured at 1-2 mm increments about the perimeter of the 
cross-section. 

Table 10 presents an abbreviated list of the experimental results. In 
a few cases more than one sample was reacted 1n a vessel. The reported 
layer thicknesses do not include precipitates, and the error bars indicate 
the variance in the thickness of the layer over the layers. 

The layer thicknesses of the reacted SRL U and WV 44 samples are 
included in the plots in Section VLB. and will be discussed there. The 
WV 50 glass formulation reacted much faster than either WV 44 or SRL U and 
so is very useful in determining the Influence of other parameters, such as 
the amount of water added to the vessel, on the reaction rate. A separate 
series of experiments was performed 1n which the amount of water added to 
the reaction vessel was varied, Including hydrothermal experiments 1n which 
the samples were completely submerged in the water. The results of these 
experiments are given in Table 11. The layer thicknesses of WV 50 samples 
reacted in steam with 0.20 mL of water or hydrothermally at SA/V = 10 m" 1 

are shown plotted against the reaction time in Fig. 31a. Notice that, 
beyond about five days, most hydrothermally reacted samples had layers very 
much thinner than the steam hydrated samples reacted for similar times. 
Etching of the surfaces of the submerged samples probably accounts for only 
a small difference in the layer thickness. The measured layer thicknesses 
after six days of reaction at 200*C are plotted vs. the amount of water in 
the vessel in Fig. 31b. The result of the five-day hydrothermal experiment 
is included for comparison in Fig. 31b. Notice the thickest layer occurs 
in experiment E67 where only 0.2 mL of water was used, even though the 
vessel eventually leaked. The other experiment with 0.2 mL of water, E68, 
retained most of the water but only developed a 15 /im thick layer. This 
may indicate that a volume less than 0.2 mL results in the maximum reaction 
rate, and further tests are required. Similar results have been seen for 
other glass compositions where the maximum extent of reaction occurs with 
less than 0.20 mL of water present (data to be presented elsewhere). 
Except for the highly reactive sample 1n E67, the thickness increases 
slightly as the amount of water increases to 1.5 mL but is thinnest for 
submerged samples. 
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Table 10. Tabulation of the Results of the Reaction of SRL U, WV 44, 
and WV 50 Glass in Saturated Water Vapor at 200*C 

Reaction Water Layer 
Expt. Sample Time Loss Final Thickness 
Number Number (days) (nig) PH (/im) 

SRL U 
E24 960 4 27 6 * 
E25 961 6 31 8 4.5 * 0.5 
E27 962A 10 33 8 7.5 * 1.5 
E29 962B 12 22 7 20 * 5 
E31 963 14 Dry ** 
E50 980 4 194 9 8 * 1 
E51 981 4 141 7 8± 1 
E52 982 6 Dry ** 
E53 983A/B 6 141 6 *** 
E54 984 6 19 9 9 * 1 
E55 985 8 15 9 7.5 * 1 
E56 986 10 20 10 20 * 1 
E57 987 10 2 10 19 * 1 
E58 988 8 12 8 6 * 3 

WV 44 

E22 967 2 4 6 * 
E23 968 4 29 6 * 
E24 969 4 27 6 * 
E25 970 6 31 8 4 * 2 
E26 971 6 Dry - ** 
E27 972 10 33 8 11 * 3 
E28 973 10 11 7 10 * 4 
E29 974 12 22 7 18 * 3 
E30 975 12 12 8 *** 
E31 976 14 Dry - ** 
E32 977 14 12 7 80 * 2( 
E33 978 14 17 9 80 * 1( 

Cont'd 
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Table 10 (Cont'd) 

Expt. Sample 
Number Number 

WV 50 
E22 903 
E23 904 
E26 905 
E28 906 
E30 907 
E32 908 
E34 911 
E35 912 
E36 913 
E37 914 
E38 915 
E39 916 
E40 917 
E41 918 
E42 919 
E43 920 
E44 921 
E45 922 
E46 923 
E47 924 
E48 925 
E49 926 

Reaction Water 
Time Loss 
(days) (nig) 

2 4 
4 29 
6 Dry 
10 11 
12 12 
14 12 
4 +1 
4 -8 
6 11 
6 52 
8 1 
8 Dry 
8 1 
8 -
10 9 
10 9 
10 Dry 
10 4 12 20 
12 9 
14 6 
14 12 

Layer 
Final Thickness 
pH (/mi) 

6 * 
6 * 

** 
7 80 * 20 
8 220 * 40 
7 20 * 2 
6 * 
7 * 
7 * 
6 3 * 1 
9 120 * 10 

** 
7 * 
7 
g *** 
6 200 * 20 

** 
7 * g *** 
6 4 * 1 
8 250 * 30 
8 *** 

* - Below detection limit (~0.2 /im). 
** - No evidence of reaction. 
*** - Not analyzed. 



72 

300 

250 b 
E 
a 2 0 0 

w 
IS 150 
2 
2 100 

50 

0 

(a) 
: I I I I I i > > I i i i i i i . 1 , 1 I I i i i r - r -

: WVCM 50 1 ii 
- J 

—
CI 

1 

• 

3 . 

: } 

1 
l 

i 
r 

i_
L 

"• i ' 0 T i rp . i i 9 , i , • 
0 D : 

i m i i 1 1 i ' 

5 10 
TIME, DAYS 

15 

100 

80 
E 
A 
. 60 

(/> 
CO 
UJ 
I 40 
o 
X 
H 20 

0 

i i i i | i i i i | i 

0 D 

I I I i i 

| I '1 • I I | I I 1 i — j - r i i i 

WVCM 50 

^ 

i , 

1.5 2 JO 

o 

_L_L_J L_l_ 

0.5 1 
MASS WATER, g 

Fig. 31. Thickness of the Alteration Layer of WV 50 Reacted 
in Saturated Steam at 200*C: (a) with 0.2 g of 
Water Added (a) or the Sample Submerged (o) Plotted 
Against the Reaction Time; (b) for Six Days Plotted 
Against the Amount of Water Added. 



73 

Table 11. Results of Saturated Steam Hydration of WV 50 Glass with 
Various Amounts of Water in the Reaction Vessel 

Vessel 
Expt. Water Weight Layer 

Expt. Sample Length Added Loss Thickness 
No. No. (days) (gin) (Sin) pH (H 
E67 927 6 0.1965 0.1965 Dry 80 * 10 
E68 928 6 0.1981 0.0047 6 15 * 2 
E69 929 6 0.3875 0.0069 8 18 * 2 
E70 930 6 0.3879 C.0229 8 28 * 3 
E71 931 6 0.5649 0.0755 9 28 * 3 
E72 932 6 0.5996 0.0372 9 17 * 1 
E73 933 6 1.3159 0.0007 9 37 * 4 
E74 934 6 1.4444 0.0225 8 34 * 4 
E75* 935 2 9.7857 0.1081 9 7.5 * 1.5 
E76* 936 5 10.1345 0.0519 8 13 * 2 
E77* 937 9 9.0932 2.1505 8 11 * 1 
E78* 938 13 9.8804 0.0349 8 20 * 2 

*Samples completely submerged in water. 

It is postulated that a small amount of water in the saturated steam 
reactions condenses on the glass surfaces and it is in this thin film of 
condensed water that the reaction takes place. As the reaction proceeds to 
release alkali metal Ions through ion-exchange reactions, both the pH and 
the alkali ion concentrations in the condensed film increase. The increase 
in the pH accelerates hydrolysis of the glass network while released ions 
either saturate the solution or form precipitates. As the solution becomes 
concentrated in released ions, more water condenses In an attempt to dilute 
the solution (isopiestic equilibration). As the solution becomes diluted, 
the pH is decreased and so the hydrolysis slows. The liquid phase in the 
hydrothermal experiments is equivalent to an extremely thick condensed 
layer in this regard. 

These results suggest that the amount of water added to the vessel may 
influence the extent of reaction. Further experiments are in progress 
using WV 50 glass. Other experiments wherein the mass of a sample in a 
saturated water vapor will be determined using an ultramlcrobalance are 
being developed 1n order to further investigate the nature of water that is 
sorbed onto the samples or incorporated 1n the alteration layers of reacted 
samples (see Section IV.D.). 
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6. Full Matrix 

A series of experiments Is being performed wherein synthetic nuclear 
waste glasses are hydrated in a steam environment at elevated temperatures. 
These experimental conditions accelerate the reaction due to the high 
temperatures and also because of the limited amount of water available to 
dilute the released glass components (high SA/V). This results in the 
formation of pr. ipltates on the glass surface after only a few days of 
reaction. In the saturated steam environment, water condenses on the 
samples to an estimated thickness of many tens of monolayers. The reaction 
occurs between this thin film and the glass surface. Parametric experi
ments performed prior to starting the matrix suggest that the amount of 
water on the sample may increase as the glass reacts (see Section A and 
[EBERT]) and thereby change the glass surface area/leachant volume ratio 
and hence the apparent extent of reaction. The matrix experiments were 
,'rtftiated using similar amounts of water in each vessel to avoid any 
differences In the extent of reaction due to the volume of water. It 1s 
not yet clear how results at different reaction temperature will be 
affected, but the same volume of water was added to all experiments, 
regardless of the reaction temperature. The experimental procedure was 
identical to that described 1n Section A. 

All of the 200'C and 175*C experiments using SRL U, WV 44, SRL A, and 
WV A have been terminated. Experiments performed at 150*C, 125*C, and 90*C 
are still 1n progress. Table 12 gives the matrix data for the Z00*C and 
175'C experiments. Each reaction vessel contained one SRL U sample and one 
WV U (WV 44) sample. Vesselmates are presented on the same lines 1n 
Table 12. Approximately 0.245 * 0.005 g of deionized water was added to 
each vessel. 

It has been previously speculated that the vessels have a predictable 
leak rate. Figure 32 shows a plot of the measured weight loss vs. the 
reaction time for experiments performed at 175*C and 200*C. These data 
show no correlation between the weight loss and the reaction time. At 
200*C, the vapor pressure of water is near 15 atmospheres. Any leakage may 
be expected to completely empty the vessel at these temperatures. The 
scatter in the data is probably due to water loss during vessel assembly or 
during the opening of the vessel at the termination of an experiment. 



Table 12. FY 1988 Vapor Hydration Partial Experimental Matrix 

RXN RXN 
Time Temp. H2O Loss 
(Days) (»C) <mg) PH 
10 175 4.7 7 
10 175 47.3 6 
16 175 27.1 9 
16 175 16.4 10 
22 175 7.0 11 
22 175 9.2 6 
28 175 19.3 6 
28 175 4.4 11 
34 175 27.5 10 
34 175 16.4 9 
40 175 0.6 10 
40 175 2.7 8 
50 175 229.1 Dry 
50 175 228.5 Dry 
50 175 16.7 7 
40 200 18.3 9 
40 200 20.5 8 
28 200 48.1 9 
28 20C 182.7 Dry 
21 200 30.9 7 
21 200 26.5 7 
17 200 0.4 8 
17 200 31.1 10 
12 200 4.0 10 
12 200 3.9 7 
12 200 79.5 7 
8 200 41.5 8 
8 200 4.2 8 
4 200 39.2 6 
4 200 10.9 7 

AN/A = not analyzed. 

SRL U 
Layer Weight 

Sample Thickness Gain 
Number </»m) (nig) 

732 6 ± 1 N/A* 
734 3.5 ± 1 0.75 
736 7 ± 1 1.54 
738 16 ± 1 1.78 
740 22 ± 2 1.41 
742 7 ± 1 0.69 
744 5 ± 0.5 N/A 
746 15 ± 2 N/A 
748 23 ± 3 3.85 
750 7 ± 1 1.11 
752 6 ± 2 0.48 
754 8 ± 2 0.42 
756 N/A N/A 
758 N/A N/A 
760 N/A 0 
792 33 ; 3 3.27 
794 18 ; 1 N/A 
796 20 ; 2 2.59 
798 20 ; 1 0.43 
800 13 ± 2 1.51 
802 13 ± 1 2.04 
804 20 ± 1 2.99 
806 14 ± 2 0.90 
808 15 ± 2 1.41 
810 3.5 ± 1 0.64 
812 24 ± 2 1.0Z 
814 10 ± 0.5 0.58 
816 6 ± 1 0.53 
818 N/A N/A 
820 N/A N/A 

WV U 
Layer Weight 

Sample Thickness Gain 
Number (/*m) (mg) 
733 12 ± 2 0.89 
735 10 ± 1 0.32 
737 22 ± 3 0.88 
739 24 * 2 1.03 
741 22 4 3 0 
743 4 ± 1 0.29 
745 4 ± 1 N/A 
747 34 ± 4 N/A 
749 45 ± 5 N/A 
751 13 ± 2 1.26 
753 9 ± 1 0.05 
755 11 ± 1 0.12 
757 N/A N/A 
759 N/A N/A 
761 N/A 0.11 
793 95 r 5 3.05 
795 72 ; 4 3.08 
797 55 ; 5 1.64 
799 50 ; 6 0.19 
801 8 i 1 2.25 
803 20 * 2 1.50 
805 29 + 7 2.39 
807 21 ± 5 N/A 
809 18 ± 2 0.38 
811 2 0.35 
813 23 ± 5 1.49 
815 3 ± 0.5 0.49 
817 3 ± 1 0.46 
819 N/A N/A 
821 N/A N/A 
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Fig. 32. Vessel Weight Loss for Experiments Performed at 
® 175*c or (•) 200*0 vs. the Reaction Time 

Two means of monitoring the extent of reaction are (1) measuring the 
thickness of the alteration layer that forms on the glass surfaces and 
(2) measuring the weight gain of the samples due to water absorption. 
Figure 33 shows the measured layer thickness plotted against the reaction 
time for experiments performed at 175'C or 200*C for SRL U glass. The 
layers are quite distinct in the SEH and are easily measured.* Reacted 
samples were halved and mounted on edge 1n an epoxy resin and then polished 
to produce cross-sections that were used to measure the layer thicknesses. 
Thicknesses were measured at approximately 2 mil intervals about the entire 

'The appearance of the layers of a given glass type was usually similar for 
all samples, although some samples had an unusual appearance. This will 
be discussed 1n detail 1n the next report 
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perimeter of each cross-section. The points in the figures show the 
representative thickness while the error bars give the range of measured 
thickness for each sample. 

Figure 34 shows the measured layer thickness plotted vs. the reaction 
time for the WV U glasses that were vesselmates of the SRL U glass. Some 
samples produced thick layers, up to 40 /im after 34 days, while others 
reacted for the same length of time produced much thinner layers. 

Since the alteration layer forms as a result of water infiltration and 
subsequent ion-exchange and hydrolysis reactions, the layer thickness and 
sample weight gain are expected to correlate. Figure 35 plots the measured 
layer thickness vs. the measured weight gain for both glass types at two 
reaction temperatures. There 1s only a rough correlation between the 
measurements. Part of the difference may be due to the inclusion of 
precipitates in the weight change or loss of sample due to handling prior 
to weighing. Figures 36 and 37 show the sample weight gain plotted against 
the reaction time for SRL U and WV U glass, respectively, reacted at 175'C 
and 200*C. The weight gain Is just as scattered as the layer thickness as 
a function of the reaction time. 

The reacted surfaces are currently being examined using SEH/EDS to 
identify other secondary phases which form during the reaction. These 
analyses may give some indication as to why the results appear to be 
scattered. The results of previous experiments have shown the layer 
thicknesses to fall into a bimodal distribution where most samples had 
thicknesses showing a parabolic increase. Some experiments produced layers 
that were much thicker than other experiments performed under identical 
conditions. The results of SRL U glass reacted at 175*C, shown in 
Fig, 33a, show such a distribution. The majority of samples had layer 
thicknesses less than 10 pm while four samples had much thicker layers. At 
200*C most samples produced thicker layers. The volume of precipitates 
formed usually correlates with the layer thickness and both may be used to 
indicate the extent of reaction 1n these vapor experiments. The WV 44 
results at 175'C show a similar bimodal distribution, except more samples 
form thicker layers than form thin layers. Work is in progress to corre
late the layer thickness to the type and volume of precipitates formed on 
these samples, but it 1s speculated that nucleation of reaction products, 
and thereby the driving force for the continuation of the reaction, may be 
related to the scatter 1n layer thicknesses. 
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This report does not use any information from the Reference Information Base nor 
contain any candidate information for the Reference Information Base or the Site and 
Engineering Properties Data Base (SEPDB). 



The following number is for Office of Civilian Radioactive 
Waste Managemeni Records Management purposes only and 
should not be used when ordering this document: 

Accession Number: PA.910128.0062 


