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ABSTRACT

Samples of ordinary copper, hot-isotactically-pressed (HIP)
copper, and simulated borosilicate high-level waste glass were leached
at 25°C, 51°C, and 80°C in solutions simulating brine and
silicate groundwaters. It was found that the amount of glass leached
increased at higher temperatures, and more leaching occurred in brine
than in silicate groundwater. This behavior is predicted by Le
Chatelier's Principle. Similarly, more copper was dissolved at higher
temperatures, and more was dissolved in brine than in silicate
groundwater.

vi

I. INTRODUCTION

Hot-isotactically-pressed (HIP) copper has been proposed for
canisters for high-level radioactive waste (HLW). Copper is both tough
and ductile, so it is easily fabricated into canisters.

It is

unaffected by non-oxidizing or non-complexing acids in the absence of
air. It can be dissolved in ammonia or potassium cyanide solutions in
the presence of oxygen [Cotton and Wilkinson 1972]. In short, it is
probable that copper will be largely unaffected by the surroundings of
an underground waste repository, so it seems to be a good choice for HLW
canisters. Hot isotactic pressing consists of surrounding the waste
with copper powder, which is contained in a copper shell. This is then
subjected to very high pressures at elevated temperatures until the
copper powder becomes a solid. If this is done, the waste will be
embedded in a monolith of copper, providing more protection than the
walls of a canister. It has been proposed to use these canisters for
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spent fuel, but there is no evidence that processed waste cannot be put
into them, although in this case the copper powder must be pressed in a
reducing environment, or it will not form a monolith, and this will add
to the expense. For this reason, calcines would not be acceptable.
It is important to know how this copper will be affected by the
groundwater to which it will be exposed. It must be demonstrated that
the copper will not be affected to any great extent until the radio
activity of the waste has decayed to background level. In order to show
this, samples of HIP copper were exposed to both synthetic brine and
synthetic silicate groundwater. Since the radioactive waste may be
thermally hot when it is put into the canister, and since the
groundwater itself may be hot, the leachants were heated to different
temperatures to see how this affected the rate of leaching. For
purposes of comparison, samples of ordinary copper metal were exposed to
the same conditions.
Other research has been done on the behavior of copper under
simulated repository conditions. A copper monolith made by hot
isotactic pressing was exposed to conditions similar to those that would
be found in a basalt or a tuff repository, and it was found that a
container made of this material would resist corrosion for at least 1000
years under these conditions [Gause 1987], Other experiments on copper
in a simulated tuff repository show "some susceptibility to attack," but
the researchers had not done enough work to know how long a copper
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canister would be able to isolate waste from the environment under these
conditions [Konynenburg and McCright 1985].
Samples of HIP copper were exposed to both synthetic brine and
synthetic silicate groundwater. Since the radioactive waste may be
thermally hot when it is put into the canister, and since the
groundwater itself may be hot, the leachants were heated to different
temperatures to see how this affected th& rate of leaching. For
purposes of comparison, samples of ordinary copper metal were exposed to
the same conditions. It has been suggested that spent fuel pins from
reactors will be disposed of in copper canisters. However, waste from
reprocessing will probably be cast into borosilicate glass and disposed
of in carbon steel or stainless steel canisters. Samples of simulated
borosilicate glass were exposed to the same groundwaters and
temperatures as the copper samples, and their leaching reactions were
measured, in order to provide a comparison of the two waste forms and
the testing methods used.

II. THEORY

Leaching is defined as the extraction of soluble components from
a material by means of the percolating action of water. It takes place
through mechanisms which involve the redistribution of ionic species
within the waste form-leachant system.
There are four basic rate-controlling mechanisms of leaching:
1) electrically-assisted diffusion of mobile species within the
solid bulk;
2) release of surface species within the contacting species;
3) redeposition of species from solution onto the solid surface;
4) dissolution of the solid network [Pascatore 1983].
The mechanisms that actually occur, as well as the rates of leaching,
depend on a combination of physical parameters, i.e. temperature, and
chemical factors, e.g. the composition of the glass and of the leachant.
These factors can interact, since the leachant is affected by the
accumulation of glass dissolution products. This depends on the rate at
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which the leachant in contact with the glass is replaced, and the ratio
of the exposed surface of the glass to the volume of leachant in contact
with it.
There are two extreme conditions under which leaching occurs.
One is under conditions of high dilution. This is the constant-medium
or non-interactive case. Under these conditions, the amount of material
leached from the glass is too small to affect the composition of the
leachant, at least as far as its reactivity toward the glass is
concerned. The pH of the leachant does not change during the leaching
period, and the concentrations of solubility-limiting components, such
as Si and A1, also remain unchanged. In this case the original leachant
composition alone determines the rate of leaching. This same behavior
occurs when the glass is exposed to rapidly flowing water.
The second case is that of a very large glass surface exposed to
stagnant water for a prolonged period of time. In this case the compos
ition of the leachant is directly affected by the composition of the
glass, and its final pH is determined by the amount of alkaline and
acidic components leached from the glass.
The flow rate region at which the transition between
non-interactive and strongly interactive leach behavior takes place
depends on temperature as well as on glass composition, since the solute
concentration must become high enough to exceed the solubility of the
more-ordered dissolution products.
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Both at high flow rates and at low flow rates, the leach rate of
glass changes as the action of water modifies its surface. Both the
physical aspects and the chemical composition of the surface change, as
the surface becomes smoother and extraction of the soluble glass
components builds up surface layers.
The case where leachant volume can be taken as infinite is
simpler to model, since the leachant remains essentially unchanged. As
the leachant volume becomes smaller, there are increasing solute
concentrations in the aqueous phase and decreasing concentration
gradients between the glass and the solution. Back reactions can also
occur. The case of high dilution will be discussed first.
Selective leaching occurs when some components of the glass,
such as alkalis, are leached more readily from the glass than others.
For species which exhibit selective leaching, the amount "Q" leached per
unit area is initially proportional to the square root of time:

Q = at1/2

(1)

Dissolution of the glass matrix.in water is linear with time, and the
full expression for Q is

Q = at1/2 + bt

(2)

For short leaching periods, the first term dominates, but after a
certain length of time (days to years, depending on the nature of the
glass), the linear term becomes dominant [Mendel 1984].
The stagnant leachant situation is more complicated. Leaching
kinetics deviate from eqs. (1) and (2) as the dissolved glass
components accumulate in the leachant. The concentrations of major
matrix elements such as Si and A1 approach saturation, so the rate of
matrix dissolution slows down. The surface layer of the glass also
gains more of these elements, which affects the rate of migration of
material across this layer. When the glass is first immersed in the
leachant, it usually exhibits time-dependent leach rates. After a long
period of time (several months to years, depending on the type of
glass), the leachate composition becomes constant, and it is determined
by the solubilities of the matrix components rather than a constant
leach rate. At very slow flow rates, the leaching of material from the
glass is controlled by the rate at which the solution saturated with
dissolved glass components migrates out of the volume in contact with
the glass and is replaced by fresh leachant. Thus, the rate of glass
leaching is time-dependent in two ways: on total exposure time and on
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contact time. For long exposure periods, the dependence on total
exposure time disappears [Mendel 1984].
The leachant pH has a major influence on silica-based glass
dissolution. This mechanism has been proposed by Mendel:

-Si-O-Na + H20-^-Si-0-H + Na+ + OH

(3)

OH" + -Si-O-Si- ->-Si-0-H + -Si-0"

-Si -0" + H20-?--Si-0-H + OH"

(4)

(5)

It has been observed that the leach rate for defense nuclear waste glass
rises sharply when the pH of the leachant becomes greater than 9.5
[Mendel 1984].
For borosilicate glass, this reaction has also been observed:

Na+(gl) + H+(aq)^?H+(gl) + Na+(aq)

(6)

Equation (6) suggests that a low pH will also lead to more leaching.

III. EXPERIMENTAL PROCEDURE

Samples of ordinary copper, HIP copper, and simulated
borosilicate waste glass were obtained. Leachant solutions were
prepared, and tests were conducted by placing the samples in the
leachant solutions.

Preparation of Leachants

Synthetic brine and synthetic silicate water leachants were
prepared according to the procedure given in MCC-1P [Materials
Characterization Center 1984]. For the brine leachant, 48.2 g KC1, 90.0
g NaCl, and 247.8 g MgC^ 61^0 were dissolved with stirring in 900 ml of
distilled water, then diluted to exactly 1.0 L. The pH of this solution
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was 4.5.
For the silicate leachant, 0.17959 g of NaHCOg and 0.0762 g of
H^SiOg were added to 900 ml of distilled water and heated for an hour.
When dissolution was complete, distilled water was added to make 1.0 L
of leachant. The pH of this leachant was 6.5. Both leachants were
stored in polyethylene containers with screw tops. These containers had
been rinsed once with HN03, three times with distilled water, and twice
with the leachant.

Preparation of Samples

Three types of samples were used: ordinary cold-rolled copper,
copper made by hot isotactic pressing, and simulated borosilicate waste
glass. Both types of copper were in the form of rods approximately
0.375 inches (0.95 cm) in diameter. Samples 0.5 inches (1.27 cm) long
were cut from the rods. The exact diameter and length of each sample
was measured with a micrometer. The surface area of each sample was
approximately 0.81 in 2 or 5.21 cm2, and the volume of each sample was
approximately 0.055 in3 or 0.90 cm3.
Pieces of a sample of glass (MCC 76-68, lot 3, bar no. 247)
II

II

obtained from Battelle were cut into cubes approximately 1/2 x 1/2 x
1/2" (volume: 1.25 in3 or 2.053 , surface area: 1.5 in2 or 9.68 cm2)
using a carborundum wheel. The exact dimensions of each piece were
measured with a micrometer.
Each sample was cleaned in the following manner: 1) one
five-minute ultrasonic wash using distilled water; 2) three five-minute
ultrasonic washes using absolute ethanol; 3) drying for one hour at
110°C to remove residual ethanol.

Each sample was placed in its own

leach container with 30 ml of leachant. These leach containers were
small polyethylene bottles with screw tops. These containers had been
cleaned in the same way as those in which the leachants were stored. A
sample of each type was leached at room temperature (25°C or 298K), 51°C
(324K), and 80°C (353K). The elevated temperatures were obtained by use
of controlled-temperature ovens, in which the temperature was found to
vary by less than +/- 1'K.
Before leaching, the glass samples were examined with a scanning
electron microscope to obtain a photomicrograph of the surface. Because
the glass had to be coated with carbon to give a satisfactory image,
additional samples of glass were leached under the same conditions as
the original glass samples. The extra samples were removed after 42
days and examined with the scanning electron microscope to see what
changes the glass had undergone halfway through the leaching period.
One-milliliter samples of silicate leachant and 0.5-ml samples
of brine leachant were removed from each leach container after 3, 7, 14,
28, 56, and 91 days. The samples in which the glass had been leached
were analyzed by neutron activation analysis (3-minute irradiation at
100 kw with a flux of approximately 7x1011 neutrons/cm2/sec in the lazy
susan of the University of Arizona's TRIGA reactor) to determine the
amount of Na, K, Mg, and Si present. A sample of unused leachant was
irradiated at the same time to serve as a blank to determine how much of
each element in the leachant came from the glass. After irradiation,
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samples were counted with a Ge(Li) detector, along with standards
consisting of known amounts of each element that had been irradiated at
the same time. The pH of all leachants was measured before irradiation.
Samples of leachant were removed at the same time from the
containers in which copper had been placed. Again 1 ml of silicate
leachant was removed, and 0.5. ml of brine. (A smaller brine sample was
used, since the large concentration of Na made a 1-ml sample too
radioactive to be handled until an inconveniently long period of time
had elapsed.) The pH of each leachant was measured. These samples were
irradiated for 30 minutes at 100 kw with a flux of approximately 7x10**
neutrons/cm2/sec along with a standard consisting of a known amount of
copper in solution. Sodium present in the leachants interfered with the
counting of the 0.511-MeV peak of copper, as did any pair production
external to the detector and beta+ emission in the sample, so the copper
in the samples was separated from the sodium.
First, 1 ml of a non-radioactive copper carrier solution (10
mg/ml) was added to each sample to minimize the loss of the radioactive
copper. Then 2 ml of a 5% solution of ethylenediaminetetra-acetic acid
(EDTA) were added to each sample in order to complex any polyvalent
metals other than copper. 10 ml of a 4% solution of
diethyldithiocarbamic acid (DDCA) were added to each sample to obtain a
Cu(DDCA)2 complex. Each sample was extracted with ethyl acetate and
washed with distilled water. The ethyl acetate phase, now containing
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only CU(DDCA)2, was counted with a sodium iodide detector. Lack of time
prevented further work to determine the yield of copper, usually in the
form of a CuHg(SCN)^ precipitate for each sample. This would have been
a correction for loss of copper in .the separation. The error in this
determination is estimated to be 10%, due to losses at each step of
the separation.
After 91 days, the glass samples were examined with a scanning
electron microscope to obtain photomicrographs of the surface, and to
determine what elements were now present at the surface of the glass.
(See figs. 8-10).

IV. RESULTS AND DISCUSSION

Results of Copper Dissolution

After 91 days in the synthetic groundwater leachants, none of
the copper samples had lost enough weight to be measured by an
analytical balance with a sensitivity of 1x10_ 5 g. Figs. 1-6 show the
amount of copper in solution as a function of time. Some data points
are missing; in these cases, the containers cracked and all the leachant
was lost. The shapes of the curves in Figs. 1-6 resemble the curves
found by Lokken and Strachan [Lokken and Strachan 1984], although they
used the MCC-1P leach tests on glass. The amount of material in
solution rises very rapidly in the first few days of the leaching
period, then levels off toward the end. The dips and rises in the
curves shown in Figs. 1-6 do not represent a large amount of copper.
Usually a dip or a rise indicates a change of less than a microgram of
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copper found in one ml of solution. A table showing the amount of
copper found in each leachant sample at each temperature is included in
Appendix 1. Theoretically there should not be less copper dissolved as
the leaching period increases, but there are two possible reasons why
there may appear to be less: some of the dissolved copper may have been
precipitated out of solution as an oxide or a carbonate, or some may
have been adsorbed on the container. In fact, there was a blue-green
deposit on the sides and the bottoms of the brine leachant containers.
All of the containers should be examined to see what is on them, and to
measure how much. Other sources [Lokken and Strachan 1984] suggest that
the amount of material in solution is constant after a certain leaching
period (that is, an equilibrium between surface concentration and solute
concentration has been reached and no more is being dissolved), but if
copper is being precipitated, dissolution could still be occurring, even
though the amount of copper in solution is constant, since it is
determined by the solubility constant. This situation represents an
equilibrium condition between Cu (s) and Cu++(aq), and it is usually
more of a problem in a system where the leachant is flowing rather than
in a static system. However, Mendel stated that the same sort of
behavior occurs in a static system when the amount of material being
dissolved is small in comparison with the total amount of leachant, even
if this leachant is static (see Theory section).
If copper is being precipitated, this has important implications
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concerning the estimated lifetime of a waste canister, so it is a matter
for further study.
Table I lists the rates of dissolution of the samples in each
leachant at each temperature, assuming that dissolution is uniform over
each sample. These figures are conservative; the calculations are based
on the assumption that dissolution of the copper will continue at the
same average rate as it did during the first 91 days. The amount of
copper in solution begins to approach a constant value toward the end of
the 91 days, as shown in Figs. 1-6, suggesting that less copper will be
dissolved in a stagnant system than these calculations predict. The
waste canisters will be at least 10 centimeters thick, so the results
suggest that it will be several hundred thousand years before any
groundwater reaches the waste itself. Research indicates that pitting
corrosion will not be a problem, particularly in a silicate rock
repository (see below). It should be noted that a copper canister would
be expected to have a much longer lifetime in a silicate rock repository
than in a repository in a salt formation, if groundwater is present.
However, it is assumed that little if any groundwater will actually be
present in a salt formation, since if there ever had been any, the salt
formation would have been dissolved.
The pH of all the leachants remained unchanged throughout the
entire test period. It has been reported that the more chloride
present in solution, the more copper is dissolved [Lane and Neff 1969].

Table I
Dissolution Rates of Copper
Silicate Leachant
ordinary copper
25°C
51°C
80 C

HIP copper

1.6 x 10c yr/cm
1.3 x 10e yr/cm
7.3 x 10 yr/cm

8.0 x 10„ yr/cm
3.1 x 10. yr/cm
3.2 x 10 yr/cm
Brine Leachant

ordinary copper
25°C
51°C
80 C

2.5 x 10, yr/cm
5.1 x 10p yr/cm
2.2 y 10 yr/cm

HIP copper
1.4 x 10-3 yr/cm
3.9 x 10? yr/cm
3.2 x 10 yr/cm

ro.
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This agrees with the results obtained in this experiment.
The values calculated in Table I assume uniform dissolution over
the whole surface of the copper. However, pitting corrosion may also
occur. Pitting corrosion is localized corrosion producing small areas
of deep attack covered by corrosion products. The relative rates of
uniform versus pitting corrosion for copper are about 1:5. If pitting
corrosion occurs, holes may be made in the canister, allowing
radioactive waste to reach the environment. It has been shown that
large amounts of calcium carbonate dissolved in water are associated
with pitting corrosion. Low pH favors rapid attack, and the presence of
chloride seems to be essential for pitting corrosion to occur. Sulfate
ions, sodium ions, and dissolved oxygen in the water increase the
likelihood of pitting [Campbell 1971].
Experiments performed on copper to study pitting corrosion have
been reported. They involved exposing crystals or sheets of copper to
running water. Pitting corrosion did occur, but it was observed that
most of the pits occurred at points where products of slight general
corrosion, fell under the influence of gravity and collected [Lucey
1967]. This would not happen in a repository where the canister is
surrounded by rock, clay, or salt.
Other experiments showed that almost no pitting corrosion
occurred where the flow rate of the water was less than four feet per
second. The flow rate of any groundwater in a repository will be much

less than that. The presence of silicate in the groundwater was found
to prevent corrosion almost entirely [Lane and Neff 1969]. Thus
geologic repositories with silicate rocks might be preferable to salt
formations if other factors are equal. .
These experiments looked at the corrosion of the inside of the
copper pipes used to carry water. An examination of the outside of
copper pipes buried underground showed almost no attack of any kind
[Cohen and Lyman 1972].
It seems safe to conclude that pitting corrosion will cause
little if any damage to waste canisters fabricated of copper,
particularly if they are exposed only to slow-moving silicate
groundwater in which the concentration of chloride ions is usually very
low.
Copper dissolved in water can form several soluble species such
as CuOH+, CU2(OH)2++»

etc*

these species were present.

No attempt was made to find out which of

Results of Glass Leaching

After 91 days of leaching, none of the glass samples had lost
enough weight to be measured by an analytical balance with a sensitivity
of 1x10~5 g. Silicate leachant at 80oC was the only leachant whose pH
changed. Change in pH indicates an exchange of H+ ions between glass
and leachant. A plot of the change in pH as a function of leach time is
given in Fig. 7. This does not agree with Lokken and Strachan's result
[Lokken and Strachan 1984], They observed changes in pH for glass in
both brine and silicate leachants at both 40°C and 90°C. However, the
plot of change in pH for glass in silicate leachant resembles one they
obtained under similar conditions. They also found little change in pH
after 28 days. The surface area-to-volume ratio of glass to leachant in
this experiment was much smaller than theirs. This could explain why
there was little or no change in pH.
A photomicrograph of a sample of glass before leaching is shown
in Fig. 8, while Figs. 9 and 10 show samples of glass halfway through
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the total leaching period. After 91 days, the glass surfaces were so
rough that good images could not be obtained with the scanning electron
microscope. Since borosilicate glass is a matrix whose main components
are boron and silicon (it also contains traces of the alkali metals and
alkaline earths), it could be predicted that silicon and possibly boron
would be leached from the glass. The electron microprobe was used to
find the amount of silicon at the surface of each sample. Traces of A1,
Na, Ca, Ti, Fe, Zn, K, Cs, Ba, Sr, and CI were also found. These were
all in small amounts compared to silicon, and the uncertainty in their
values was high, so they were not used as a measure of leaching. Boron
also is expected to be present, but its atomic number, 5, is so small
the microprobe could not detect it very well, and it was
indistinguishable from oxygen. The percentage of silicon detected at
the surface of each glass sample at the end of 91 days as a function of
leachant temperature can be found in Tables III and IV.
Equation (6) suggests that the more H+ present in solution (that
is, the lower the pH), the more ions from the bulk will be released into
solution. This agrees with the experimental.results obtained for both
copper and glass: more leaching or dissolution occurred in brine than in
silicate groundwater. Higher temperatures evidently accelerate this
reaction.
Neutron activation of the glass leachants did not give
definitive results. No silicon could be detected in the brine

Table II

Composition of MCC-76-68 Borosilicate Glass (supplied by Battelle)
oxide
B?3

B?03
CaO
BdO
CeO,
r2 3
^
Cs,0
Dy2°3
Eu2°3

Fe^O,
Gd;o,
K,0 j
lLO,
Mgu 13
MnO,
MoO~
Na,0
Nd;o,
NiO J

?S|

S
SrO
TiO,
ZnO
Zr02

wt. %
0.59
9.06
0.55
2.37
0.05
0.92
0.47
1.11
0.01
0.01
9.56
0.02
<0.06
4.16
0.16
0.06
1.97
12.77
1.41
0.23
0.80
42.00
0.42
3.08
5.10
1.89

standard deviation
0.02
0.01
0.00
0.04
0.01
0.01
0.01
0.06
0.00
0.00
0.13
0.00
-

0.05
0.01
0.01
0.03
1.21
0.02
0.01
0.16
0.26
0.01
0.05
0.46
0.04

Table III

Oxides Found in the Glass by the Microprobe
Silicate Leachant After 42 Days
oxide

unleached glass

Si09
MgO
A1,0,
Cao •
TiO,
ZnO
K,0
C$,0
BaO
SrO

43.902±0.6%
0.136±0.9%
0.723±9.8%
2.764±2.2%
3.264±3.4%
4.682±2.7%
0.183±4.1%
1.054±7.1%
0.377±18.4%
0.492±9.8%
0.757±4.3%
11.246±0.9%

Nao0

25°C

51°C

80°C

43.352+0.6%
38.791±0.6%
35.328±0.6%
0.128±9.8%
1.113±2.2%
1.377±1.9%
0.751±2.6%
0.567±3.0%
0.775±2.5%
3.746±1.9%
2.619±1.6%
2.574±2.3%
3.215±3.4%
4.532±2.8%
3.793±1.8%
4.095±3.0%
8.427±1.9%
6.106±1.3%
0.202±3.8%
0.118±5.9%
0.165±4.6%
0.290±15.7%
0.367±12.0%
1.070±7.0%
0.572±12.7%
0.473H4.1%
0.689±7.6%
0.449±10.6%
0.453±9.1%
0.164±11.3%
1.543±2.8%
0.724±4.4%
1.621±2.7%
0.040±69.9%
5.586±1.2%
5.277±1.2%

CO

Silicate Leachant After 91 Days
39.854±0.7%
10.391+1.0%
0.293+7.4%
0.609+3.6%
2.418±1.8%
3.772+2.7%
4.404+2.9%
1.098+8.3%
0.510±10.4%
0.381±12.0%
0.621+4.9%

36.558±0.26%
0.920±1.21%
0.197+0.01%
0.677+0.02%
3.024+0.04%
4.126+0.05%
5.95510.46%
0.028+38.6%
0.479+11.9%
0.559+10.2%
0.470+10.4%
0.816+4.1%

33.978+0.7%
0.628+7.5%
0.315+7.4%
0.579+4.0%
3.332+1.5%
4.241+2.6%
8.049+2.0%
0.058+19.0%
0.904+8.9%
0.516+10.9
0.512+10.0%
1.297+3.1%

T a b l e IV

Oxides Found in the Glass by the Microprobe
Brine Leachant
42 Days
oxide

unleached glass

SiCL

43.902+0.6%
11.256±0.9%
0.136+9.8%
0.623+2.8%
2.764+2.2%
3.264+3.4%
4.682+2.7%
0.183±4.1%
1.054±7.1%
0.377+18.4%
0.492+9.8%
0.757+4.3%

Na,
MgO
A1«0,
Ca6 J
TiO,
ZnO
K,0

cLo

BaO
SrO
P2°5

25°C
37.360±0.6%
8,927±1.0$
1.825±1.6%
1,.873±1.4%
2,.312+2.4%
3,.077±3.4%
4,.159+3.0%
0,.346±2.5%
0,.892±7.6%
0,.374+16.9%
0,.302114.8%
0..663±4.7%

51°C

80°C

35.326±0.6%
4.594±1.3%
2.646±1.3%
0.78412.4$
1.126+2.4%
4.11511.7%
1.578+3.3%
0.874+1.4%
0.343+11.8%
0.307+13.5%
10.164+24.5%
1.621+2.7%

33..047+0.7%
0..280+5.8%
17.,125+0.6%
0..709+2.6%
0.,077+19.7%
3.484+3.2$
0.,700+6.2%
0.,508+1.5%
0.,108+26.9%
0.,092+52.8%
0
+66.4%
2.,232+2.2%

CO
CT>

91 Days
SiO,
Na,6
MgO
A1,0CaO 6
TiO,
ZnO
K,0
CS,0
BaO
SrO
P2°5

37.027±0.7%
7.427±1.1%
3.562±1.2%
0.558±3.9%
1.545±2.3%
3.674±2.7%
2.316±5.2%
0.293±3.7%
0.744±9.6%
0.300±15.6%
0.216±18.8%
0.736+4.3%

29.479+0.8%
6.938+1.2%
6.422±0.9%
0.583±3.8%
0.586±4.5%
3.497±2.8%
0.991±11.0%
1.226±1.3%
0.286±17.2%
0.163±24.9%
0.078±44.1%
1.120±3.3%

26.019±0.8%
0.298+7.0%
21.520±0.6%
0.479±4.5%
0.051±34.8%
1.790±4.2%
0.141±69.9%
0.190+5.9%
0.015±224.9%
0.128±123.0%
0.028+109.6%
2.521±2.1%

leachants: the concentration of Na was so high that the samples could
not be counted with a Ge(Li) detector until they had decayed for 48
hours, and by that time there was no Si activity left. (The half-life
of Si-31 is 2.62 hours.) This was not unexpected, since so much Na was
originally present, but it was done just in case a great deal more Si
was leached out than was expected. Si could be detected in the silicate
leachnt samples, but there was no definite pattern. The amount of Si in
the unused leachant also varied irregularly. Probably this occurred
because there was so much more Si present in the leachant to begin with
than was being leached from the glass.
Tables III and IV compare the amounts of oxides found at the
surface of the glass by the scanning electron microscope after 91 days
of leaching. Table II gives the initial amounts present [Mellinger and
Daniel 1984]. For the glass in both silicate and brine leachants, more
Sif^ and ^0 were lost from the glass than any other oxide. Glass
Glass in brine leachant lost ZnO, CaO, CS2O, BaO, and SrO at all
temperatures; more of these were lost as the temperature increased.
Both glass in brine and in silicate leachant appeared to gain MgO.
Glass in brine leachant appeared to gain P2O,. at all temperatures; glass
in silicate leachant appeared to gain it only at 80°C. These apparent
gains were probably due to the slower leach rate of magnesium and phos
phorus compared to that of the other components of the glass.
According to an analysis provided by Battelle laboratories,

B205, CdO, Ce02, c>"203'

Dy2°3' Eu2°3' Gc,2°3' La2°3' Mn02' Mo03» Nd2°3'

NiO, and Zr02 were present in the glass before leaching, but none were
detected at the surface of the glass after 42 or 91 days of leaching.
The atomic weight of boron is too low for the microprobe to detect, and
since the microprobe can analyze only a limited number of elements at
one time, these other oxides did not appear on the data obtained from
the microprobe.

V. CONCLUSIONS AND RECOMMENDATIONS

It can be seen from the table given in the Appendix that more
copper dissolves as the temperature of the leachant. increases, and more
is dissolved in brine than in silicate groundwater. There is not much
difference in the amounts of copper dissolved from ordinary and from HIP
copper under the same conditions.
It can be seen from Figs. 9 and 10 that as the temperature of
the leachant increases, the surface of the glass becomes more pitted,
and the pits become larger. At 80°C, there are fractures on the surface
of the glass. Furthermore, the samples that had been in brine
groundwater are more pitted than those that had been in silicate.
More silicon was lost from the glass as the temperature of the
leachant increased, and glass in the brine leachant lost more silicon
than glass in the silicate leachant, as is shown in Tables III and IV.
Le Chatelier's Principle says that in a reaction, the position of
chemical equilibrium will always shift in a direction that counteracts
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the effect of an applied stress. This suggests that the initial silicon
in the leachant retards the further dissolution of silicon from the
glass matrix, and thus less silicon is leached from the glass. The
equilibrium of eq.(6) will shift to the left, and therefore less silicon
will be leached.
Since the pH of all the leachants except that of silicate con
taining glass at 80°C did not change throughout the leaching period, it
seems that if ion exchange occurred, ions in the sample exchanged with
ions other than H+.
Table II lists the amounts of oxides known to be present in the
unleached glass [Mellinger and Daniel 1984]. Table III lists the
amounts of oxides found in a sample of unleached glass by the scanning
electron microscope. It can be seen that the values agree with
Battelle's figures when one takes into consideration both the standard
deviations of Battelle's values and the error percent in the values
found by the scanning electron microscope.
Tables III and IV list the amounts of oxides found at the
surface of the glass after 42 days of leaching. As the temperature
increased, more SiC^ and ^0 were lost from the glass. More SiOg
and ^0 were lost in brine than in silicate leachant.
Tables III and IV list the amounts of oxides found at the
surface of the glass after 91 days of leaching. Again, as the
temperature increased, more Si02 and Na20 were lost from the glass, and
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more were lost in brine than in silicate leachant.
All of the tables show that there were relative gains in some
oxides at the surface, such as MgO and P2O5. This may result from
selective leaching, with the MgO and P205 rates being slower than those
of the other oxides, SiOg and Na20 in particular. Ion exchange may
also be taking place at the surface of the glass, with the glass losing
sodium and silicon and apparently gaining magnesium and phosphorus from
the leachant. However, the amounts found by the scanning electron
microscope are relative amounts. As stated above, there may only appear
to be more of some oxides because they are being lost at a slower rate
than Si02 and Na20.
. Table I lists the amount of time necessary to dissolve a 1 cm
depth of copper, assuming uniform corrosion is taking place, based on
the data obtained in this experiment. Since the canisters will be at
least 10 cm thick, these results indicate that the waste will not be
released into the environment Until its radioactivity has decayed to
background level. As the figures show, a copper canister can be
expected to have a longer lifetime in a silicate rock repository than in
a salt formation. These figures assume that only uniform corrosion
occurs and that no pitting corrosion takes place, but other experiments
suggest that almost no pitting corrosion will occur under conditions
found in an underground repository, and that the presence of silicate in
the groundwater is an inhibitor of pitting corrosion (see Section IV).
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This is another reason for locating a high-level waste repository for
waste in a copper canister in silicate rock rather than a salt
formation.
Because of uncertainty in the data, it was not possible to
calculate an activation energy for either part of the dissolution
process, neither for the initial part (3-14 days) where the amount of
copper in solution was increasing rapidly, nor for the latter part where
the concentration of copper was increasing more slowly. Reasons for
this uncertainty in the data will be discussed later.
It would be very difficult to incorporate calcined waste in
copper rather than in borosilicate glass. If the copper is to be so
treated, it must be kept in a reducing environment, making the process
more difficult and more expensive when the powder is mixed with the
calcined waste, or the borosilicate waste form is embedded in the
powder.
Results of the leaching of the simulated waste glass suggest
that some kind of canister must be used to isolate the glass from the
environment. Both the photomicrographs of the glass surface and the
amounts of oxides found at the surface of the glass before and after
leaching say that after only 42 days of leaching, cracking and pitting
have occurred, permitting a possible release of radioactive elements if
borosilicate glass containing radioactive waste were to be buried in a
repository without being put into a canister. However, it is not
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expected that this will occur; the waste glass will probably be buried
in a low carbon steel container for a repository in a less corrosive
geometry, such as basalt, granite, or tuff. More corrosive geologies,
such as salt formations, will probably require a titanium alloy or a
high-nickel alloy such as Inconel 625. The actual canister design has
not been selected, but the proposed design assumes a 61 cm diameter cast
steel canister with 2.5 cm walls. Th length is assumed to be 300 cm,
but it could be as long as 500 cm. It is suggested that the canister be
filled to 90% of its capacity with the waste glass, then topped off with
steel shot. This type of canister will weigh about 370 kg. The proposed
canister will have a reversed-dished, flanged tank end so that it will
not be affected by thermally induced bowing. The weld region is located
about 5 cm from the bottom. The side walls are either rolled plate with
a seam weld, or centrifugally cast. The top end is a flanged tank end
with a single flange nozzle. Carbon steel is much cheaper than Inconel
or titanium alloys; it is easily worked and welded, but it must be
annealed to reduce sensitization and embrittlement. The finished
canister must be inspected for voids and cracks by X-ray and ultrasonic
inspection, and carbon steel may be inspected in this manner. It may
have to be machined if a very smooth surface is desired [Slate et. al.
1982].
Due to limited amounts of HIP copper and simulated borosilicate
waste glass, only one sample was leached at each temperature and in each
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leachant. This means that there were no checks on the individual
results or on consistency, and this is, of course, a source of error.
It would be a good idea to repeat the experiment with three or four
samples of HIP copper, ordinary copper, and simulated borosilicate glass
in each kind of leachant at each temperature. Besides using the
scanning electron microscope to determine what elements are at the
surface of the glass and how they change as the leaching period
increases, samples of the leachant could be analyzed using an
inductively coupled plasma.

When ICP analysis was used on samples of

leachants from similar experiments, Li, Na, Cs, B, Si, A1 Ca, and Sr
could be detected in the leachant [Lokken and Strachan 1984]. Since the
leachants were prepared according to the procedure given in MCC-1P, as
they were in this experiment, ICP analysis would seem to be suitable
even when the original leachant contains large amounts of Na.
Unfortunately, ICP analysis was not available at the time of the
experiment, so this was not done.
In the activation analysis of copper, copper was separated from
all other elements in the leachant, and the number of steps required to
do this led to unavoidable errors. Judging from the residues left after
washing, the reported amounts of copper are probably in error by at
least 10%. However, another method could have been used in which it is
not necessary to separate the copper before counting. If a known amount
of sodium is irradiated along with the samples of leachant containing
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copper, one can observe the relative peak heights of the 1.368-MeV and
the 0.511-MeV peaks from the sodium standard, and thus one can calculate
how much the 1.368 peak contributes to the 0.511 peak. This ratio will
remain the same no matter how much sodium is present, as long as the
counting geometry is constant, so if the area of the 1.368 peak in a
sample of a leachant containing copper is found, one can calculate how
much of the 0.511 peak is due to sodium, and one can subtract this to
get the activity due to copper only. Because the polyethylene vials in
which the samples are encapsulated for irradiation themselves contain a
trace amount of copper which varies irregularly from vial to vial, it
was found that 1x10 _5 g of copper is about the smallest amount of copper
that can be accurately determined by this method. Therefore this method
should be used in addition to rather than instead of separation of the
activated copper, and only for copper in brine leachant after 14 days.
With these restrictions, though, it will give a way to check the results
from separation of copper from the other elements.
Both copper and glass underwent less leaching at lower
temperatures, so for the canister to last as long as possible, the waste
should be allowed to cool to 25°C. However, this is not practical.
"Typical" LWR solidified waste was found to heat its surroundings one
meter away to 1255.2°C 0.1433 years after emplacement. The spent fuel
had been allowed to cool for one year before processing. 20.349 years
after emplacement, the temperature one meter away had dropped to
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124.4°C. These values were calculated by use of the computer code TRUMP
[Angelo 1976]. The actual temperature is of course dependent on the
amount of burnup and the amount of fuel in the canister. It is not
feasible to let the spent fuel cool to 25°C before placing it in the
canister, but it should be recognized that higher temperatures will
shorten the lifetime of the canister.
If groundwater in a prospective repository is much hotter than
25°C, the canister will not last as long as it would if the water were
cooler. There is little difference in the dissolution rates of HIP
copper and ordinary copper under the same conditions. However, a
canister fabricated from HIP copper could be expected to keep the waste
more effectively isolated from the environment, since the waste would be
embedded in a monolith of copper rather than encased in a copper shell.
Both copper and glass experienced less leaching in the silicate
rather than in brine groundwater. It has been shown that the presence
of silicate ions in the groundwater inhibits pitting corrosion, and that
the presence of chloride ions favors it, so silicate rock is preferable
to salt formations for a waste repository for this reason.
For a copper waste canister to have as long a lifetime as
possible, the waste should be allowed to cool as much as possible before
it is put into the canister; the amount of waste placed in a canister
should be limited to keep the temperature of the canister'as low as
possible; the repository should be chosen so the groundwater is

relatively cool; and the repository should be located in silicate rock
rather than in a salt formation.

APPENDIX
Amount of Copper in Solution

Brine leachant, ordinary copper
days

amount of Cu
in solution,
g/ml

at

25°C

51°C

80°C

3

1.13xl0"5

5.37xl0"5

6.42xl0"5

7

9.34xl0"6

8.63xl0"5

4.89xl0'5

14

1.06xl0"4

2.01xl0"4 2.08xl0~4

28

1.33X10"4

2.52X10"4

2.95xl0"4

56

3.22X10"4

8.01xl0"4

1.08xl0"4

91

1.56X10"4

7.51X10"3

-P*

VO

Brine leachant, HIP copper
time,days

amount of Cu
in solution, at
g/ml

25°C

51°C

80°C

3

1.32xl0~5 2.69xl0"5 3.66xl0"5

7

8.03X10"5 7.67xl0"5 1.95xl0_+-5

14

7.66xl0"5 2.llxlO"4 6.07xl0"5

28

1.71xl0"4 3.98xl0"4 2.55xl0"4

56

l.OOxlO"4 1.15xl0~3 7.64xl0"4

91

2.46xl0"4 l.OlxlO"3 1.07xl0~3

en

o

Silicate leachant, ordinary copper
time,days

amount of Cu
in solution, at
g/ml

25°C

51°C

80°C

14

2.52xl0"7 1.87x10'•7 3.70xl0"7
2.79xl0"7 6.56x10"•7 1.64xl0"7
1.33xl0"7 1.32x10'•6 8.91xl0"7

28

1.02xl0"6 2.44x10

56

2.52xl0"6 3.99x10'•6
2.46xl0"6 3.08x10"•6

3
7

91

•6 1.63x10
-

-

Silicate leachant, HIP copper
time,days

amount of Cu
in solution, at
g/ml

25or

L

c1o~
O I L

80°C

3

2.09X10"7

3.15xl0"7

4.92xl0"7

7

2.76X10"7

5.56xl0"7

1.41xl0"6

14

2.63X10"7

1.20xl0"7

1.53xl0"5

28

7.15xl0"7

1.33xl0"6

3.08X10"6

56

2.98X10"6

1.90xl0"5

5.12X10"6

91

4.99x10®

l.llxlO"5

1.22x10 +-5

U1

[S3
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