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ABSTRACT

Previously reported work by others indicates that dicopper
trihydroxide nitrate, Cu2NWNO3(OQH)?2, forms on copper and copper alloys
subjected to irradiated moist air near room temperature, We have
performed experiments over a range of temperatare and humidity, and
have found that this species is formed at temperatures up to at least
150°C if low to intermediate relative humidities are present, At
150°C and 100% reiative humidity, only Cu20 and Cu0 were observed.
The relative general corrosion rates of the copper materials tested
in l-month experiments at dose rates of 0.7 and 2.0 kGy/h were Cu >
70/30 Cu-Ni > Al-bronze. High-nickel alloy 825 showed no observable
corrosien.

INTRODUCTION

The U.S. Department of Energy, through its Office of Civilian
radioactive Waste Management, is conducting the Yucca Mountain
Project. The purpose of this project is to determine the suitability
~»f Yucca Mountain, in southern Nevada, as a location for a high level
nuclear waste repository. Lawrence Livermore Naticnal Laboratory
(LLNL) is concerned with evaluating waste package performarce for the
proposed repository, and Argonne National Laboratory is under
subcontract to LLNL to perform experimental work.

In order to give "reasonable assurance" of "substantially
complete” containment for 300 to 1000 years, as required in federal
regulation 10CFR Part 60, we need to develop a rather complete
understanding of the oxidation and corrosion behavior of the waste
package material in the expected environment over long time periods.
This understanding is needed both for selection of the coatainer
material and for assessment of waste package performance.

The expected environment in the unsaturated zone proposed for
the repository is moist air. The temperatures of the packages are
erxpected to rise initially because of nuclear decay heat and then to
drop slowly over long times. The highest temperature expected at a
container surface is about 200 to 250°C. For many packages the
surface temperature will be maintained above the local boiling point
(96°C) throughout the containment period, preventing the existence of
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more than a few molecular layers of liquid water on the container
surface. After the temperature drops below the boiling point, the
packages are still expected to remain dry, because the vadose water
is expected to be confined to pores in the rock and to undergo matrix
flow under the influence of capillary forces and gravity. In
addition, since each package will always be at a higher surface-
averaged temperature than the nearby recck wall, any liquid water on a
package would tend to undergo net evaporation from the package and
condensation on the rock.

A significant difference between the waste package environmeant
and the usual moist air corrosion environments is the presence of
ionizing radiation near the containers. The only significant form of
ionizing radiation that will be present outside the containers is
gamma radiation [1]). . The highest dose rates are expected to be in
the 102 Gy/h range and to decrease with time approximately in
accordance with the 30-year half-life of Cs-137, the principal gamma
emitter during the containment period.

Currently six primary candidate materials are being considered
for the container: three austenitic alloys, namely types 304L and
316L stainless steels and high-nickel alloy 825, and three copper-
based materials, namely CDA 102 (oxygen-free copper), CDA 613 (7%
aluminum bronze), and CDA 715 (70/30 copper-nickel). There is
considerable experience with the use of these materials in moist air
environments, but, particularly in the case of the copper-based
candidates, less is known about their performance when radiation is
present.

This paper reviews previous research on the behavior of copper-
based materials in irradiated moist air and gives an account of
short -term experiments we have performed to identify the corrosion
products formed on the copper-based candidates and on alloy 825 an
this environment over a range of temperature and relative humidity.

PAST OBSERVATIONS OF THE OXIDATION/CORROSICN OF COPPER-BASED
MATERIALS IN IRRADIATED MOIST AIR

In 1954, Pri=mak and Fuchs [2] reported that “certain metals and
alloys which are subject to nitric acid corrosioa (e.g., aluminum,
cobalt, copper, inconel, lead, and nickel) were coated with nitrates
or basic nitrates when irradiated in moist air, while others not
subject to nitric acid corrosion remained uncoated ({(gold, stainless
steel}.” The connection with nitric acid is that it forms when moist
air is irradiated, as discussed below. They found no corrosion in
irradiated dry air. They also reported that "E.J. Hart (Argonne
National Laboratory) brought to our attention a polonium sample which
he had suspended in a jar with a copper battery clip some six months
previous. The battery clip was coated with a rather heavy blue-green
deposit which must have been hydrated cupric nitrate." Actual
chemical analysis of this deposit was not raported, nor was an
estimate of the dose reported. The supposition that it was hydrated
cupric nitrate was apparently based on a knowledge of the reaction of
nitric acid with copper. It now seems more likely to us, based on
our results, that it was dicopper trihydroxide nitrate.
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Shatalov and Nikitina [3] (1958) investigated thc oxidation-
corrosion behavior of copper, aluminum, stainless steel, and carbon
steel in both dry and humid air with and without alpna irradiation.
The temperatures were between 20 and 25°C. Relative hnmidities of
100%, 73%, 44%, and 9% were used, in addition to air dried with
silica gel. The vessel was made of glass and had a volume of 375
cm3, The alpha radiation sources were made of Po-210, with
activities of 5.6, 28, and 56 GBqg. The experiments lasted up to 30
days. Weight gains of the samples were monitored by microgravimetry.
The surface area of tlLe samples was not given, but appears from the
diagram, data, and specified uncertainty in the paper to have been of
the order of 1 cm2. If one assumes that all the alpha particles were
absorbed in +the air (an overestimate by perhaps a factor of 2) the
dose rate using the 56 GBq source would have been 0.38 MGy/h, and the
dose at 30 days would have been 0.27 GGy.

Shatalov and Nikitina found that the rates of weight gain for
irradiated dry air were similar to those for non-irradiated air in
their room temperature experiments, However, the presence of both
humidity and irradiation together gave significant increases in the
weight gains of copper, aluminum, and carbon steel, with copper
showing the largest ‘weight gains, The relative weight gains of
copper, aluminum, and carbon steel ir. this order were 1.8:1.1:0.8 for
73% relative humidity. The stainless steel did not show observable
weight changes. The copper weight gains increased with increases of
humidity and of dose rate. At 9% relative humidity, the weight
increase of copper was logarithmic with time. At 44 and 73%, it was
parabolic. At 100% relative humidity, it was linear with time. The
copper samples tested at relative humidities of 100, 73, and 44%
became coated with a thick layer of moist, blue-colored corrosion
products which were reported to be Cu(NO3)5;.3H30, but the method of
chemical analysis was not given. (It now appears likely to us that
this material was dicopper trihydroxide nitrate.) The highest rate
of weight gain was observed for copper at 100% relative humidity and
a source strength of 56 GBq. The rate amounted to 0.454 g/m? .h.

Byalobzheskii {4] (1970} reported experiments in which a 99.99%
pure copper sheet specimen was placed in a glass vessel of volume in
the range 600 to 800 cm3 and was bombarded using a 4.1 microampere,
800 kV electron accelerator in the presence of air at 20°C and 98%
relative humidity. The resulting dose rate in the air was 0.16
MGy/h. LEfter 16 hours of irradiation, the sample had an “"olive-green
band on the periphery and brown~red corrosion products in the
middle.™ [Presumably, +the olive-green phase was dicopper
trihydroxide nitrate {see below), and the brown-red phase was Cu20.]
The increase in the weight of the sample was 7.50 g/mz. The surface
area of the sample was not given, but appears from the drawings to
have been no more than a few cmZ.

In the absence of irradiation, Byalobzheskii observed no change,
all other conditions being the same. Comparison experiments showed
Armco iron to be twice as heavily corroded as copper, while zinc and
aluminum were less corroded, and stainless steel showed no observable
corrosion at all. Further experiments with iron samples showed that
the corrosion was inhibited when the sample was directly bombarded
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with electrons at a sufficient power level such that it heated up to
"iridescent temperatures". Byalobzheskii stated that corrosion was
most severe when the temperature was maintained low enough that a
liquid film could exist on the sample. The rate of corrosion
increased both with increases in dose rate and in humidity.
Irradiated dry air was found not to produce observable corrosion. X-
ray diffraction analysis of corrosion products on copper reportedly
"failed to show evidence of any distinct phase." Chemical analysis
revealed "nitrate salts whose composition could not be determined
with accuracy. In addition the analytical data indicated the
presence of a certain amount of copper hydroxide."™ It is not clear
from this whether x-ray diffraction peaks were not observed, or
whether they were observed but could not be identified with the data
library then available to Byalobzheskii. If the latter was the case,
as seems likely, it appears that these observations are consistent
with the presence of dicopper trihydroxide nitrate on the samples.

Makepeace [5] (1974) performed corrosion tests on sixteen metals
in 100% relative humidity ir at room temperature for six months in a
gamma radiation field ranging from 1 to 60 kGy/h. He used a sealed
aluminum vessel with deionized liquid water in the bottom. Copper—-
containing samples included oxygen-free copper, 70/30 brass tubing
and strip, and K-Monel. The brass specimens exhibited severe
cracking. The oxygen-free copper exhibited general corrosion rates
which were about an order of magnitude greater than those of the
stainless steels, and also about an order of magnitude less than
those of mild steel. The K-Morel corroded about twice as fast as the
stainless steels. The corrosion rates of the stainless steels were
less than 0.13 micrometers per year. Makepeace identified a mixture
of CupNO3(OH)3 and zinc dihydroxide nitrate on the brass specimens by
x-ray diffraction. Atacemite (dicopper chloride trihydroxide) was
also found, the chloride coming from the water.

In 1984, it was noted by one of the present authors (R.V.K.} that
a light blue-green deposit covered the outside surface of an
internally water-cooled copper block exposed to the room air near the
beam stop in the "zero degree cave" of the 100-MeV electron linear
accelerator at Lawrence Livermore National Laboratory. This block
was thought to have been in place for several years (the facility was
about 15 years old), and the area was subject to very high but
variable and unquantified levels of ionizing radiation during
accelerator operation. The total dose is thought to be greater than
0.1 GGy. A powder sample was collected by scraping. X~-ray
diffraction analysis clearly revealed it to be composed of the
monoclinic form of CuyNO3(OH)3, as is shown in Table I. No other
phases were found.

Recently, as part of the Yucca Mountain Project, Yunker [6-8)
performed irradiated corrosion experiments on CDA 102 (oxygen-free
copper), CDA 613 (7% Al-bronze), and CDA 715 (70/30 copper-nickel)
in moist air at 95°C and 150°C using gamma ray dose rates in the
range 0.02 to 5 kGy/h for periods up to 16 months. These experiments
were part of a limited-time feasibility study directed toward
identifying any major effects that might be produced by corrosion
under irradiation. As such, a large number of specimens were placed
in a small volume to improve the statistics of the results, and only
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the middle portions of the corrosion layers were examined in detail.
In the 95°C irradiation, the air was nearly saturated with water
vapor, but care was taken to keep it slightly unsaturated. For the
150°C irradiation the air was humidified by bubbling it through water
at 75 to 80°C before heating. General corrosion rates varied from
0.25 to 3.8 micrometers per year at 10,000 hours of exposure. Only
Cu0 and Cup0 were found on pure copper, as identified by X-ray
diffraction. The compound (Cup, K 2Nip g)0 was identified on one
copper-nickel specimen. No nitrates were observed. Nitrogen was
sought but not found in Auger analysis of corrosion layers.
Subsequent XRD analysis at Argonne National Laboratory of greenish
phases evident on some of the immersed coupons showed that these
phases were associated with constituents of the Well J-13 water used,
and were not nitrates.

Recently, Brehm [9] reported significant increases in the
corrosion rates of copper and 90/10 cupronickel irradiated in an air-
steam mixture at a temperature of 250°C and dose rates up to 100
Gy/h. No description of the corrosion products was given.

FORMATION OF DICOPPER TRIHYDROXIDE NITRATE IN IRRADIATED MOIST AIR

The detailed mechanism of formation of CupNO3(0OH)3 on copper in
irradiated moist air is not known. However, it is clear that at
least nitrogen and water vapor must be present. The presence of
molecular oxygen is also necessary, since ammonia is found to be the
primary product in water-nitrogen mixtures, and this would not lead
to formation of CupNO3{(OH})3_  The relationship between the initial
oxygen content and nitrogen dioxide yield (which is the precursor to
nii-ic acid formatiocn), was determined by Jones [10] and goes through
a maximum at 15.4 mole%, which 1is slightly 1less than the
concentration of oxygen in air.

Molecular nitrogen in the air cannot participate in CusNO3(OH)3
formation until it is decomposed by the irradiation. Although, as
was pointed out by Lewis and Randall [11] in 1923, molecular nitrogen
is thermodynamically unstable in the presence of atmospheric oxygen
and water with respect to formation of nitric acid, the kinetics of
this reaction are extremely slow, and nitrogen is in fact inert at
moderate temperatures. In practice, significant fixation of
atmospheric nitrogen occurs only as a result of electrical discharge
(such as lightning or corona), high temperature processes (such as in
automobile engines or fossil-fueled power plants), the action of
certain bacteria, or bombardment by ionizing radiation (such as
cosmic rays).

The processes involved in the irradiation of moist air have been
reviewed by Reed and Van Konynenburg [12]. Briefly, irradiation
produces a host of ionized, excited, and free radical species, which
interact with each other and with the oxygen and water vapor in the

air, producing ozone and nitrogenous species. The total rate of
fixation of nitrogen as NO, NOp, and HNO3 is limited by the
radiation-chemical yield of atomic nitrogen (N). This yield has heen

measured at values ranging between G = 3.9 and 7.3 N atoms per 100 eV
of absorbed energy, depending on conditions.
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BACKGROUND ON DICOPPER TRIHYDROXIDE NITRATE

The compound of composition CupNO3(OH)3 (also written as
Cu(NO3) 243Cu(0H) ) is now known as dicopper trihydroxide nitrate by
the 1970 rules of I.U.P.A.C. nomenclature {13]. In the past it has
also been referred to variously as copper hydroxynitrate, cupric
trihydroxy-nitrate, basic cupric nitrate, basic copper nitrate, or
copper hydroxide nitrate. Early data on this compound are summarized
by Mellor {14] and Gmelin {15}. It can be synthesized from agueous
solutions in the laboratory in various ways, two of them being by the
heating of copper (II) nitrate solution and by precipitation from
copper (II) nitrate solution by addition of alkali hydroxide or
ammonium hydroxide [16}.

The compound assumes two crystalline forms: monoclinic and
orthorhombic. Laboratory synthetic methods lead predominantly to the
monoclinic form. The orthorhombic form, on the other hand, occurs as
a rare natural green mineral (Gerhardtite) in Zaire and in Arizona
[17,181. 1In these occurrences it is found as a secondary mineral in
the oxidation zone of massive cuprite (Cus0) deposits. The natural
mineral was named Gerhardtite by Wells and Penfield [1?2] in honor of
Charles F. Gerhardt, the chemist who was the first to determine the
true composition of the synthesized form.

CupNO3 (OH)3 1is also occasionally observed as a product of
atmospheric corrosion of copper [20}. One example is the patina on
copper conductors for railways in the Japanese Alps. Aoyama ([21]
notes that the CuyNO3(OH)3 forms near areas where electrical
discharges occur on the conductor. 1In addition, there are frequent
thunderstorms there, which lead to the fixation of nitrogen by
lightning, and this is also thought by Aoyama to contribute to the
formation of CuyNO3(OH)3. Mattsson and Heolm [22) have reported
observation of this corrosion product on copper-based materials from
a 7-year field test in Sweden, primarily on specimens exposed in a
rural area.

Le Ny et al. [23] have produced CupNO3(0OH)3 in the laboratory by
corona discharge in air between copper electrodes. Raffalovich [24]
has observed it in the bellows of copper waveguides as a result of
arcing within the bellows.

Two chemical properties of CupNO3(OH)3 are of interest in the
present context: solubility and thermal decomposition. The

solubility in water at 18°C is less than 10~5 moles of Cu per liter
[15}. No information is available on the temperature dependence of
the solubility. 1In boiling water, Cu;NO3(OH)3 darkens in color but
does not decompose. The temperature of the onset of thermal
decomposition has been reported by various early researchers to be as
low as 165°C and as high as 400°C {15'. Gmelin suggests that the
lower values apply to decomposition of mwist salt, whereas the higher
values apply to the dry state. The most receut studies have been
performed by Auffredic et al [25] and by Ilcheva et al [26]. The
former observed the beginning of decomposition at about 170°C, using
a heating rate of 3°C per hour. The latter reported the onset at
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about 205°C, with heating rates in the range from 240 to 1200°C per
hour.

Mattsson {[27] has presented a diagram showing the domain of
thermodynamic stability of CupNO3(OH)3 in terms of pH and nitrate
concentration, for an aerated aqueous solution at 25°C and 0.1 M Cu
concentration. His diagram shows that CuyNO3(OH)3 is stable only

for nitrate concentrations above about 3 x 102 M, and in a narrow pH
range between about pH 4 and pH 6. This accounts for the success of
laboractory synthetic methods involving relatively concentrated
solutions of copper (II) nitrate, since the Cu (II} ion—copper (II)
hydroxide equilibrium holds the pH in the proper range for
CupNO3 (OH) 3 stability in such solutions. This is also compatible
with the copious formation of CupNO3(OH)3 observed in the recent
YMP-sponsored experiments of H.D. Smith [2B], in which 0.1 M nitrate
concentrations (as copper (II) nitrate; were maintained at 90°C in
contact with copper metal.

DESCRIPTION OF EXPERIMENTS

A series of short-term experiments was performed in irradiated
moist air to determine the relationship between corrosion product
formation and the irradiation environment. These axperiments were
performed at several values of relative humidity and temperature, at
pressures that were equal to the sum of 88 % 3 kPa of air at the
temperature of the experiment and the vapor pressure of the water
content corresponding to the stated relative humidity at the
temperature of the experiment. For example, the experiment at 150°C
and 100% RH had a total pressure of 88 kPa plus 476 kPa, for a total
of 564 kPa.

One coupon each of four of the six candidate materials was
ezposed in each experiment. The candidate materials selected were
high-nickel alloy 825 and copper alloys CDA 102, CDA 613 and CDA 715.
All coupons were cut using a water-cooled cut-off wheel. Typical
dimensions of the coupons were 1-2 mm thick, 1 cm wide, and 2 cm
long. The coupons typically weighed 2 to 3 grams. All coupons were
polished to 600 grit, cleaned acco:ding to ASTM procedures and rinsed
ultrasonically in high-purity water. after air drying, they were
suspended in the irradiation vessel from a fused silica support.

The irradiation vessel was made of 304L stainless steel and
fitted with an H-series stainless steel bellows valve. The vessel
had a 6.0 cm ID with a height of 8.9 cm, corresponding to a volume of
256 cm3 and steel surface area of 224 cmZ. Dosimetry was performed
in-situ using nitrous oxide as the dosimeter gas.

The initial set of experiments was performed at 120°C. The dose
rate in this set was 2 kGy/h. Three relative humidities were
investigated: 0¢(+ 0.1, -0)%, 1.5 * 0.3%, and 15 * 3%. To move
toward more repository-relevant conditions, subsequent experiments
were performed at a lower dose rate and with a wider range of
relative humidities. Experiments at 90 and 120°C were performed at
0.7 kGy/h with relative humidities of O(+ 0.1, -0.)%, 15 % 1%, and
100%. The purpose of the 100% relative humidity experiments was to
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provide data to compare with two-phase and high-humidity experiments
performed elsewhere.

The :initial and final gas phases were analyzed via gas
chromatography for nitrogen, oxygen, carbon monoxide, carbon dioxide
and nitrous oxide content. Following gas chromatography analysis,
the post-irradiation gas phase was trapped in a 1:500 sulfuric acid
solution and subsequently analyzed for nitrate using a nitrate-
specific ion-selective electrode. The irradiation vessel walls were
also rinsed with the 1:500 sulfuric acid solution and analyzed for
nitrate content. Corrosion products, when formed in sufficient
quantities, were analyzed using a combination of XRD and SEM/EDS.
Weight gain and weight loss measurements were also made.

RESULTS OF EXPERIMENTS

The temperatures, doses, initial gas composition, and final gas
compositions for the experiments are given in Table II. The major
and minor phases identified as corrosion products are given in
Table III. The irradiated moist-air system was relatively aggressive
towards copper-based materials, with the extent of corrosion strongly
dependent on the moisture content of the gas phase.

In the experiments performed, at all three temperatures, no
evidence of atmospheric corrosion was noted on the Alloy 825 coupons
(based on weight change and visual evidence under a 50X microscope).
These went in and came out "mirror" shiny. This material was less
reactive than 304L stainless steel (composition of the irradiation
vessel), as light tarnishing and dulling of the vessels were ncted in
high-moisture, irradiated experiments.

The copper coupons exhibited the most extensive uniform corrosion
of the materials tested. The corrosion products were copper (I) oxide
and CuyNO3(0H)3 in the intermediate (15% RH) and low moisture
experiments performed. Only copper(I) and copper(II) oxides were
found in the high-moisture 90°C and 150°C experiments. At the higher
temperatures the appearance of the coupons changed progressively as a
function of the moisture content of the irradiation environment. 1In
dry-air systems, only light tarnish was noted. At intermediate
moisture levels, a brown/yellow scale began to develop, turning into
a black/brown scale in the 100% RH 150°C experiment. Light pitting
was noted in the 15% RH experiment performed at 150°C.

The copper/nickel coupons were also very reactive in the
irradiated environments. In dry-air experiments, a light dulling was
evident, turning the color of the coupon from silver to bronze. As
the moisture content was increased, a darker (almost black) scale
developed. This was primarily a nitrate phase at intermediate
moisture levels, becoming predominately Cus0 at 100% RH. Pitting was
noted in the 15% RH experiments performed at 120°C., These pits were
filled with a green phase that was identified as CupNO3(OH) 3.

The aluminum bronze coupons were also reactive in the irradiated
moist—-air system, but appeared to react more uniformly. In dry-air
experiments, only a light dulling was noted, with no sigrificant
change in color., A trace amount of a nitrate phase was noted. In
intermediate moisture experiments (15% RH) a darkening of the coupon
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was noted, but there was no scale formation. The major corrosion
product was CuaNO3(OH)3. At high moisture levels (100% RH at 90°C
and 150°C), a patchy dark bronze/black scale was noted over the
entire surface of the coupon. The corrosion product identified was
copper (I) oxide with lesser but substantial amounts of copper (II)
oxide. No nitrate phase was evident. No evidence of pitting was
noticed on any of the aluminum bronze coupons.

COMPARISON WITH PREVIOUS EXPERIMENTS AND OBSERVATIONS

Table IV summarizes the previous research by others. With the
exception of Yunker's work, all these experiments and observations
were conducted under room temperature, 1low absolute hunidity
conditions, and all showed corrosion products which were consistent
in appearance and gross composition with identification as dicopper
trihydroxide nitrate, even though they were not all positively
identified as such.

In the experiments of Yunker, higher temperatures and higher
absolute humidities were used, as well as lower "normalized doses™
(shown in Table IV as AxBxC, and representing the approximate
relative amount of radiolytically fixed nitrogen per unit area of
exposed metal). It was not clear until completion of the present
experiments why only CuO and Cu,0 were observed as corrosion products
by Yunker, whereas CupNO3(OH)3 was the primary product observed by
the others.

On the basis of the present results, we can now conclude that a
key factor is the humidity, since CugNO3(OH)3 was observed in our
experiments over the entire temperature range up to 150°C, and the
"normalized dose™ was even smaller in the present experiments than in
Yunker's experiments. Therefore, neither the elevated temperatures
nor the lower normalized doses appear to be responsible for the
differences between his results and those of others. The remaining
significant difference appears to be his higher humidities. The fact
that we did not observe the nitrate phase at 150°C and 100% relative
humidity supports the conclusion that the high humidities in Yunker's
experiments account for the absence of the nitrate corrosion product.

One significant issue for projecting the long-term corrosion rate
of nuclear waste package materials is the rate law obeyed by the
corrosion process. Shatalov and Nikitina have reported a linear
growth rate under conditions of 100% relative humidity near room
temperature. It appears that CupNO3(OH)3 was the corrosion product
under these conditions. It therefore would appear that this species
is nonprotective. We intend to perform long-term experiments to
check this inference.

SUMMARY

1. Previous work by others indicates that dicopper trihydroxide
nitrate, CugNO5(OH)3, forms on copper and copper alloys subjected
to irradiated moist air near room tcmperature,
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In the present work, the nature of the corrosion producte formed
on the coupons of the copper-based matarials CDA 102, CDA 613,
and CDA 715 was found to depend on the irradiation environment,
primarily its moisture content. Nitrate phases, principally
CusNO3(0OH)3, as well as copper oxides, were oObserved in
intermediate and low moisture experiments. No nitrates were
observed, however, in the experiments at 150°C with 100% relative
humidity.

The copper-based materials showed significant rates of general
corrosion, which depended on the moisture content of the systein.
The relative rates in descending order were Cu>70/30 Cn-Ni> Al-
bronze.

Localized corrosion, in the form of pitting, was noted on the
Cu/Ni coupon irradiated in 15% RH air at 120°C and on the copper
coupon irradiated in 15% RH air at 150°C. These results should
be considered tentative, since only a single coupon of each
material was present in each irradiation vessel.

High-nickel alloy 825 did not undergo significant corrosion in
any of the experiments perrormed.

ACKNOWLEDGMENT

This work was performed under the auspices of the U.S. Department
of Energy by Lawrence Livermore National Laboratory under
Contract W-7405-Eng-48 and by Argonne National Laboratory under
Contract W-31-109-Eng-38. This paper was prepared by Yucca
Mountain Project (YMP) participants as part of the Civilian
Radioactive Waste Management Program. The YMP is managed by the
Yucca Mountain Project Office of the U.S. Department of Energy,
Nevada Operations Office. YMP work is sponsored by the DOE
Office of Civilian Radiocactive Waste Management. The help of tlre
staff of the LLNL 100-MeV Electron Linac is gratefuliv
appreciatsu,

REFERENCES

1.

%)

R.A. Van Konynenburg, “Radiation Doses in Grarnite Around
Emplacement Holes in the Spent Tuel Test - Climax (Final
Report)," Lawrence Livermore National Laboratory Peport UCRL-
53580, Livermore, CA, July 26, 1984.

W. Primak and L.H. Fuchs, Physics Today 17, 15 (1954).

I.V. Shatalov and V.A, Nikitina, Proceedinags of the Second
Interpatiopal Zonference on_ Peaceful Uses of atomic Energy,
(United Nations, Geneva, 1958), Vol. 6, p.284.

A.V. Byalobzheskii, Bﬂg;a&ign_xnx£QSlQn, Izdatel' stvo “Nauka,"
Moskva (1967) (translated by Israel Program for Scientific
Translations, Jerusalem, 1970;.

C.E. Makepeace, Journal of Testing and Evaluation 2, 202 (1974).



10.
11.

12.
13.
14.
15.

16.

17.
18,

19.
20.

21,

23.
24,

25,

page 11 of 15

W.H. Yunker, "Corrosion of Copper—Based Materials in Gamma
Radjation, " Hanford Engineering Developmernt Laboratory Report
HEDL-7612, Richland, WA, 1986.

W.H. Yunker and R.S5. Glass, "Long-Term Corrosion Behavior ot
Copper—-Base Materials in a Gamma-~Irradieted Environment," in
Scientific Basis for Nuclear Waste Management X, edited by J. K.
Bates and W, B. Seefeldt (Mater. Res. Soc. Proc. 84, Pittsburgh,
PA 1987) pp.579-590.

W.H. Yunker, "Corrosion Behavior of Copper-Base Materials in a
Gamma-Irradiated Environment - Final Report,"” Westinghouse
Hanford Co. Report WHC-EP-0188, Richland, WA, 1988.

W. F. Brehm, "“Corrosion of Candidate Container Materials,™
Westinghouse Hanford Co. Report WHC-EP-0254, Richland, WA,
Septembesr 1989.

A.R. Jones, Radiation Research 10, 655-663 (1959).

G.N. Lewis and M. Randall, Thermodypnamics (McGraw-Hill, New
York, 1923), p. 568.

D.T. Reed and R.A. Van Konynenburg in Sgientific Basis for

Nuclear Waste Management XI, edited by M. J. Apted and R. E.
Westerman (Mater. Res. Soc. Proc. 112, Pittsburgh, PA 1987)
P .393-404.

International Tnion of Pure and Applied Chemistry, Nomenclature
of Inorganic Chemistry, Second Edition, (Butterworths, London,
1970) .

J.W, Mellor,

. y y s .

, Vol. III (Longmans, Green and Co., New

York, 1922), p.284.
in' b i i ie, Kupfer, Teil B-

Lieferung 1, System-Number 60 (Verlage Chemie, Gmbh,

Weinheim/Bergsstrasse, 1958) p.188.

H. R. Oswald, 2Zeitscarifi fur Kristallographie 116, 210-219

11961) .

C. Palache, H. Berman, and C. Frondel, The System of Mineralogy

of J. D, Dana and E. S, Dapa, Seventh Edition, Vol. II (John

liley and Sons, New York, 13951) pp.308-309.

J. W. Anthony, S. A. Williams, and R. A. Bideaux, Mineralogy of

Arizona (The University of Arizona Press, Tucson, Arizona,

1982), p.106.

Hd. L. Wells and S. L. Penfield, Amer. J. of S:cience 30, 50-57

(1985) .

T. E. Graedel, K. Nassau, and J. P. Franey, Cor:rosion Science

27, 639-657 (1987).

Y. Aoyama, Naturwissenschafiten 47, 202 /1¢50).

E. Mattsson and R. Kolm, "Cepper and Copvper Alloys,* in Hetal

Corrosion in the Atmosphere, S$TP 435 ({American Society for

Tes:ing and Materials, Philadelphia, PA, 1967), pp.187-210.

R. Le Ny, C. Fiaud, and A. J. Nguyen, J. de Physique, Collogque

C2, Supp. 2, 45, 661-664 (1984).

A. J. Raffalovich, Materials Performance 13, No. i1, 9-12

(1974) .

J. P. Auffredic, D. Louer, and M. Louer, J. of Thermal Analysis

16, 329-240 (1979).



26.

27,
23.

29.

page 12 of 16

L. Ilcheva, M. Maneva, and P. Bozadziev, J. of Thermal Analysis
18, 205-207 (1979).

E. Mattsson, Materials Performance 21, No. 7, 9-19 (1982).

H. D. Smith, "An Experimental Investigation of Copper-Zircaloy
Int=ractions Under. Potential Tuff Repository Conditions,"
Westinghouse Hanford Co. Report WHC-EP-0173, Richland, WA, 1988,
Joint Council on Powder Diffraction Standards, File Card No. 15-
14, based on Ref. 16.



Table |. X-ray Diffractometry of Corrosion Product on Copper from Target Cave of

—Observed

Peak

d (nm) Area
0.790 0.2
0.685 100.0
0.5606 0.3
0.5510 0.2
0.5398 0.2
0.4554 0.5
0.4096 4.0
0.3610 25
0.3440 58.9
0.3184 0.3
0.3027 1.6
0.3000 3.4
0.2927 0.3
0.2842 0.2
0.2781 9.6
0.2712 0.3
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Known Spectrum [29] of
NO3(OH)3

o_(am)

0.691
0.5597

0.4550
0.4188
0.4121
0.3631
0.3454

0.3047
0.3006

0.2843
0.2795
0.2725

100-MeV Electron Linac

Relative

100

13
10
40
30
70

10
20

40

__Observed

Peak
d (hm) Area
0.2656 27.4
0.2511 5.4
0.2450 37.7
0.2376 0.3
0.2298 2.6
0.2254 13.3
0.2218 0.8
0.2187 0.3
0.2145 8.5
0.2085 3.2
0.2069 18.4
0.2014 0.3
0.2001 0.4
0.1937 0.1

Known Spectrum [29] of

d (hm)

0.2669
0.2532
0.2460
0.2441
0.2331
0.2303
0.2283
0.2264

0.2193
0.2155
0.2093
0.2077
0.2006
0.1980
0.1942

Relative

80
20
70
10
10
20

5
50

40
20
60

[4)]




Table 1l. Initial and Final Composition of the Gas Phase (Other Than Water) for the
90, 120 and 150 "C Corrosion Experiments

Absorbed Gas Composition (mole%)
Run Dose {MGy) Description 0 No coO CO; N2O NO»
Initial Air 21.0£0.3  78.5+0.3 ND ir ND NA
90 °C Experi . Einal G
c7 0.48+0.04 dry air 20.910.3 79.0£0.3  0.007+0.001 0.039+0.002 0.0F3+0.001 NA
cs 0.48+0.04  15t1%RH 20.8+0.3 79.9+0.3  0.011+0.002 0.067+0.003 0.063:0.001 NA
(o] 0.48+0.04 100%RH 20.040.3 79.6+0.3 ND 0.26+0.02  0.041+0.002 NA
120 °C Experiments:_Final G
c1 1.690.12 dry air 19.620.1 79.9+0.1  0.032+0.02 0.23+0.005 0.24x0.005 0.018:0.04
c3 1.6420.12 0.006+0.001%RH 19.4%0.* 79.9£0.1  0.017+0.001  0.24%0.1 0.32:0.01  0.010.01
c2 1.54£0.12  15:1%RH 19.420.1 79.9£0.1  0.014:0.001 0.2920.01  0.38+0.01  0.019+0.011
150 i . Final
cé 0.51+0.04 dry air 20.1+0.3 79.6+0.3 ND 0.28+0.01  0.031+0.003 NA
c4 0.51%0.04  15z1%RH 20.00.3 79.2+0.3 ND 0.70:0.05 0 037+0.003 NA
cs 0.51+0.04 160%RH 18.9+0.3 80.4+0.3 NOD 0.69+0.01  0.012+0.001 NA

NA = Not anatyzed for; ND == Not detected; ir = trace
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Table 1ll. Corrosion Products ldentified as a Function of Irradiation Conditions

Metal

Aluminum Bronze

Copper

70/30 Copper Nickel
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Environment

90 °C, 100%RH
120 °C, 15%RH
150 °C, dry air
150 °C, 15%RH
150 °C, 100%RH

90 °C, 100%RH
120 °C, 15%RH
120 °C, 15%RH
150 °C, dry air
150 *C, 15%RH
150 °C, 15%RH
150 °C, 100%RH

90 °C, 100%RH
120 °C, 15%RH
120 °C, 15%RH
150 °C, dry air

Color Observed Major Component

CU2O
CU2NO3(OH)3
CUzo
CU2N03(OH)3
Cu,0

CUgO
yrilow Cu
red Cuo0
Cu
black Cu0
yellow Cu0
Cuz0

Cu 20
green specks CusNO3(OH)3
btack spots CugNO3(OH)5
CU2O

Lesser Components

CuO
Cu (solid solution)
CUzNOs(OH)@,, CuQ
amorphous CugNO3(OH)3
CuO

CuO
Cu,0, CusNO3(OH)3
CuaNO3(OH);
CUQO, CUgNOa(OH)a
CupNO3(OH)5
CUzNOa (OH)3
CuO

CupNO3(OH)3 and CuO

Cux0, Cu solid solution
CuO, CusNOa(OH)3



Table IV. Suminary of Previous Research

A B C
Temp.  _Partial Pressure (105 Paj Max. Product Reported
Beference {'C) No O Ha H0 Ratio® Dose (Gy) AxBxC  Corrosion Product
Primak and not 0.8 0.2 0 “moist™ not not - “nitrates or
Fuchs (1954) specilied specified specified basic nitrates”
Shatalovand ~ 20-25 0.8 0.2 0 up 10 0.03 >100  2.7x108 >2x1010 Cu(NOg)33H,0
Nikitina (1958)
Byalobzheskii 20 0.8 0.2 0 0.023 >100 2.6x108 >2x108 “nitrate salts" and
(1970) “copper hydroxide™
Makepeace room 0.8 0.2 not 0.025 1.3 2.6x108 2,7x108 CugNO3(OH)q
(1974) temp. specified
LLNL Linac room 0.8 0.2 0 vanable ~1000 >108 >8x1010 CuzNO3(OH)3
target room temp.
Yunker (1988) 95 0.8 0.2 0 0.8-0.9 0.87  a.6x107 ax107 CuO, Cup0
(init) (imit.) {init.)
0.1-0.9 0.1-0.9 Upto
{range) {range) 1.7
Yunker {(1988) 150 0.47 0.1 0 0.42 0.78 2.9x107 1%107 CuO, Cu0

* Ratio of gas volume fo total metal area (cm3/cm?2)
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