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3.4 CORROSION OF COPPER AND COPPER ALLOYS IN
A BASALTIC REPOSITORY ENVIRONMENT

W.F. Brehm
Pacific Northwest Laboratory
Richland, Washington, U.S.A.

I will discuss the corrosion testing done on copper and copper alloys in
support of the basalt repository program. I will include tests performed
in condensed systems and in air/steam environments. More detail on testing
procedures and results can be found in references 1 to 3.

TESTING

Our tests were conducted under anoxic conditions, achieved by loading
pressure vessels in an argon-filled glove box. Tests were performed at
temperatures of 50°C, 100 C, 150°C and 200°C in the presence of a saturated
packing. We also performed tests in an air/steam mixture at temperatures
between 150°C and 300°C. The air/steam environment was created by bubbling
filtered air through humidifiers maintained at 50°C. This steam (122
moisture) was then passed into the ovens containing the test specimens.
Samples were exposed both in and out of packing. Some of the samples were
simply suspended in the test chamber; others were placed in alumina boats
containing dry packing. The packing was 3 parts (by weight) crushed basalt
and 1 part Wyoming sodium bentonite.

Some tests, particularly those in air/steam mixtures, were done in the
presence of radiation fields of 10 , 10 or 10 rad»h" . To do this we had
to modify our air/steam and pressure vessel apparatus to fit into the gamma
facility. The facility consists of a pool of water with dry tubes arranged
vertically within the pools. Pressure vessel assemblies were placed inside
these tubes. The radiation field was calibrated as a function of position
along these tubes.

Various exposure periods up to 28 months were used. Five specimens were
exposed in each test. Four of these specimens were used for weight-loss
determinations, while the fifth was reserved for corrosion product
identification using X-ray diffraction. In all tests a synthetic
groundwater, Grande Ronde # 4, was used. The composition is given in
Table 1. This water is not quite as "pure" as J-13 well water from Nevada,
but contains much less salt than granitic waters. It is also very low in
sulfate and inorganic carbon. The pH at the beginning of the test is 9.7.
It is basically a mild solution of sodium chloride taken from wells deep in
the ground, and is quite anoxic.

Operated by Battelle Memorial Institute for the U.S. Deparment
of Energy Under Contract DE-AC06-76RL0-1830.
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TABLE 1

COMPOSITION OF GRANDE RONDE #4 GROUNDWATER

Species

Na+

K+

Ca2 +

cr
F'

SO4"
Si
Inorganic C
Dissolved O2

H+ (as pH)

Concentration (mg'L1)

337
13.8
2.2

405
20.0
4.2
44.6
18.1

< 20 ppb
9.70

The materials studied were:

ASTM B402-84, wrought cupronickel 90-10, UNSC70600
ASTM B152-84, wrought oxygen-free copper, UNSC10200
ASTM B152-84, phosphorus-deoxidized copper, UNSC12200.

The autoclave system is shown in Figure 1 and the various components
identified in the legend to the figure. The autoclaves were standard

FIGURE 1: Schematic of the Autoclave System Used for Exposing Specimens to the
Synthetic Groundwater, Grande Ronde #4 (Table 1) at Various
Temperatures from 50 to 200°C: (1) Autoclave (Fluitron Inc.); (2)
Pressurizing Pump (Milton Roy); (3) Pressure Regulator Valve, Model
S-91XW (Grove Valve and Regulator Co.); (4) Rupture Disk Assembly
A.E. P/N P7321; 1/4 in. Inconel (2500 psig. at 72°F) (Autoclave
Eng.); (5) Titanium Valve (Fluitron Inc.)
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refreshed vessels pressurized to ~ 1000 psi. The aqueous supply to this
system was the synthetic groundwater of Table 1. The reservoir for the
groundwater supply was a polyethylene container placed inside another
container filled with argon to ensure anoxic conditions.

Figure 2 shows the air/steam testing apparatus. Laboratory air is pumped

CORROSION TESTING

AIR/STEAM TESTING SYSTEM

FIGURE 2: Schematic of the Air-Steam Test System

through the two boilers, the first one filled with distilled water, the
second one with synthetic groundwater. Attempts to use groundwater in both
boilers yielded very concentrated solutions. The series of valves AS-1 to
AS-8 allowed us to valve each test chamber in or out without disturbing the
others. The air/steam flow passes through the four chambers and is then
condensed at the outlet. Generally, we collected several millilitres per
month. A discussion of pressure vessel testing is given in the paper on
ferrous material corrosion.

With the groundwater tests there is a large scatter in the data.
Generally, in both the groundwater tests and the air/steam tests, uniform
corrosion was observed. Often the corrosion is uneven but we did not
observe pitting. At high temperatures (200 C) in the groundwater series we
identified chalcocite (Cu2S) as the corrosion product, with an indication
of cuprite (Cu20) at lower temperatures. The reduction of sulfate, present
in bentonite as gypsum, and the presence of sulfur species in the basalt
could account for the presence of sulfide films. The lack of oxide at high
temperatures is a good indication that, in the absence of substantial
concentrations of chloride, copper does not react directly with water.

Corrosion rates were calculated from weight-loss measurements. The data
was treated by regression analysis to produce correlations of the form
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L = Mt + B

where L is the weight loss and t is the exposure time, z is the time
exponent, and M and B are constants. Corrosion rates at a given time were
obtained by differentiating this correlation expression.

At 50°C and 100°C, a
The maximum corrosion rates obtained at 150°C and 200"C were
39 /im»a for copper and 1/ /im»a for cupronickel.
maximum corrosion rate of 13 /*m«a~ was obtained. Generally, the
cupronickel shows less weight loss than the pure copper. The rates should
not be interpreted too literally, given the data scatter.

There was no detectable radiation effect in the groundwaters, though due to
the range of results obtained it is possible that a minor effect is lost in
the data scatter. It is possible that In the saturated packing there is
insufficient water available to yield a noticeable radiolysis effect. If
we produced radiolytic oxidants in the reducing environment, they may never
have reached the copper surface due to reaction with reducing species in
the basalt.

The data from the air/steam tests, plotted as a depth of penetration, are
shown in Figures 3, 4, and 5. Again, we observed no pitting. Pure copper,
either "oxygen-free" or "phosphorus-deoxidized", shows essentially linear
corrosion at all temperatures, with a maximum penetration of 0.13 mm in 25
months, Figures 3 and 4. This value is for 300°C, which is above the
maximum temperature expected in a basalt repository. This, of course,
assumes that the corrosion rate would "Ot change with longer exposures.
This corrosion (penetration) rate could ba taken as an upper limiting value
in the absence of a radiation field.
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FIGURE 3: Penetration by Corrosion of Oxygen-Free Copper in Air-Steam
Mixtures as a Function of Exposure Time at Various
Temperatures: • 150°C; V 200°C; o 250°C; A 300°C
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FIGURE 4:

FIGURE 5:
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Penetration by Corrosion of Cupronickel 90-10 in Air-Steam
Mixtures as a Function of Exposure Time at Various Temperatures:
n 150°C; V 200°C; o 250°C; A 300°C

The cupronickel specimens had penetration rates which were a factor of 2 to
3 lower than copper, Figure 5. Analyses of the corrosion products showed
the presence of both Cu2O and CuO. The maximum cupronickel penetration is
0.045 mm after 25 months. However, the penetration as a function of time
shows that accelerating corrosion occurs at 250°C and particularly at
300°C, Figure 5. The exponent for the curve drawn at 300°C is greater than
1. The likely excuse for such an exponent is a change in the corrosion
mechanism, giving an apparent exponent greater than 1. The most probable
explanation is that the film present at longer times is less adherent, and
hence less protective, than that present at shorter times. The evidence
for this is in the nature of the corrosion products. With copper, only
cuprite (Cu2O) is detected in the corrosion product layer, and the
penetration remains linear with time. For the cupronickel specimens, both
cuprite and tenorite (CuO) are observed, the latter at longer times when
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accelerating corrosion is observed. The tenorite has a different crystal
structure than the cuprite, and may thus be forming a non-protective film.

Figures 6 and 7 show the corrosion rates in air-steam tests as a function
of radiation dose rate. The effect of radiation is minimal at 150°C,

too
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FIGURE 6:
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Effect of Radiation Level on the Corrosion Rates of Copper and
Cupronickel in Air-Steam Mixtures at 150°C. Data for steels
also included (see section on iron and steels).
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FIGURE 7: Effect of Radiation Level on the Corrosion Rates of Copper and
Cupronickel in Air-Steam Mixtures at 250°C. Data for steels
also included (see section on iron and steels).
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particularly for the cupronickel, Figure 6. At 250°C both copper and
cupronickel show a pronounced radiation effect, the corrosion rates
increasing- by about a factor of 5 to 10 from zero dose to one of
10 rad#h* . A cursory look at the surface films shows that their
morphology is different when formed in the presence of irradiation.

Table 2 shows corrosion data, expressed as penetrations, for short-term
tests in the presence and absence of packing material. Contrary to what
was anticipated, more corrosion occurred when the packing was present. A
possible explanation is that the basalt/bentonite packing absorbs the
moisture, yielding a more aggressive environment adjacent to the copper
surface. This explanation is consistent with previous data [4,5] which
show that the rate of copper oxidation was significantly reduced by the
presence of small amounts of water vapour, i.e., 15-mm partial pressure of
water vapour in a system at a total pressure of 1 atmosphere. This was
ascribed to the healing of the oxide film on the copper surface which
prevented free access of oxygen to bare copper. If the packing had
absorbed the moisture, it would have allowed more extensive corrosion.

TABLE 2

THE EFFECT OF PACKING MATERIAL ON
THE DEPTH OF CORROSION PENETRATION

Temperature

150°C
200°C
250°C
300°C

150°C
200°C
250°C
300°C

With Packing Material
(4 Months)

Penetration (mm x 10 )

1.0
5.4
3.2
4.2

1.5
10.1
10.4
17.4

Cupronickel

± 0.1
± 1.2
± 0.3
± 1.3

Oxygen-Free

± 0.1
± 4.0
± 1.2
± 1.3

Without Packing Material
(4 Months)

Penetration (mm x 103)

90-10

0.3 ±
1.1 ±
2.6 ±
1.4 ±

Copper

0.5 ±
1.4 ±
6.2 ±
19.7 ±

0.1
0.4
0.6
0.9

0.1
1.0
4.1
1.5

KASS I am not surprised that the presence of a packing makes
things worse. Do you think it is possible to design the
system so that you have an air gap separating the container
from the packing material? In this way you would absorb
water in the packing and prevent it from ever coming in
contact with the container.
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BREHM That would defeat the whole purpose of having the bentonite
present in a repository. Its purpose is to absorb water,
thereby swelling and coming into contact with the
container. Then, when the container eventually fails, the
radionuclides are provided with a diffusive, as opposed to
convective, transport pathway.

KASS Unfortunately, when you do that you force the water into
contact with the container, enhance its corrosion, and
decrease its lifetime. With an air gap you could still
have the transport properties of the buffer when the
container eventually fails. But it would corrode more
slowly if separated from the water.

BREHM That may indeed be possible in a tuff repository where you
have very little water present. With the basalt repository
we have to assume that it will flood sooner or later. When
that happens, I don't think we will be able to prevent
contact between the container and the bentonite. We
planned some corrosion experiments in basalt alone.
However, our experiments suggest that the presence of some
water is beneficial and this is supported by the work from
the 1950s which I discussed.

Before I conclude, I would like to discuss possible reasons for the scatter
in our corrosion rate data. To obtain our weight-loss numbers, we used the
ASTM recommended procedure for stripping films off copper. At first we
tried the formaldehyde-inhibited HC1 reagent which works well with iron.
Unfortunately, it doesn't work with copper, so we used 50% HC1 which, I
suspect, is a little too aggressive and may have caused the scatter in our
data. The National Association of Corrosion Engineers (NACE) recommends
the use of a 10£ sulfuric acid solution, so we intend to repeat some
weight-loss measurements on some of our remaining specimens using this
reagent.

CONCLUSIONS

(a) In Synthetic Groundwater

(i) We observed considerable scatter in our corrosion data.

(ii) The maximum corrosion rates at 150°C and 200°C were 39 fim'a'1 for
pure copper and 17 [im*a~ for cupronickel. The average rates are
much less.

(iii) At 50cC and 100°C a maximum corrosion rate of 13 /im'a'1 was
observed. The rates at longer times were less than one third of
this value.
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(iv) Corrosion increased monotonically with time and temperature, as
could best be judged from the data which, as mentioned, showed
considerable scatter.

(v) Chalcocite (Cu2S) was identified as a corrosion product at 200°C.

(vi) There was no detectable radiation effect.

(vii) No pitting was observed.

(b) In Air/Steam

(i) Uniform corrosion, with no pitting, was observed.

(ii) Linear corrosion was observed for pure copper. The maximum
corrosion penetration after 25 months was 0.13 mm at 300°C.

(iii) Cupronickel corroded less rapidly, a penetration of 0.045 mm
occurring after 25 months.

(iv) Cuprite (Cu20) and tenorite (CuO) were identified on cupronickel
specimens but only Cu20 on copper.

(v) A pronounced radiation effect was observed at 250°C but not at
150°C.

(vi) The surface film morphology was different when irradiation was
present.

(vii) For short-term experiments, the presence of the packing increased
the corrosion rate.
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DISCUSSION
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Your claim that sulfide films form on copper at 300°C is
consistent with the thermodynamics, which indicate that
sulfate will react directly with copper to produce Cu2S.
No one has any idea of the kinetics though.

That is one possible explanation for Cu2S formation. How-
ever, there is also the possibility that it formed by
reaction with sulfur present in the basalt. The basalt
originally came from a volcano and there is definitely
sulfur present. If it is present as iron pyrite (FeS2),
can it convert to Cu2S under our conditions? A further
possibility is that Cu2S is formed by reaction with a
sulfur impurity in the bentonite. I should add that when
we opened up our pressure vessels we could smell H2S.

We do have a problem with our air/steam tests in the
presence of radiation. There is a very definite effect of
radiation at 250°C. In a radiation field of 104 rad'h"1,
the corrosion rate is over 100 /im»a" . The question
remains as to whether this high rate will be sustained over
longer exposure periods. A possible explanation for the
effect of radiation is corrosion by HN03 formed by
radiolysis of N2 in the air/steam mixture. However, at
250°C we would not expect the nitric acid to condense onto
our specimen. This suggests another explanation is
required.

Uas there packing present in your tests with radiation?

No. These results were obtained with no packing present.

Surprisingly, when a radiation field is present the cupro-
nickel corrodes as badly a? the copper.

That is true. Also, we observe a copper (II) oxide
(tenorite, CuO) on cupronickel. This observation raises
the question; is there an effect of radiation (at high dose
levels) on the adherency of the surface film? Does it
become less protective at higher dose rates?

It is possible that the 7 irradiation separates charges in
the semiconducting copper oxides, and that the holes
produced cause further copper corrosion.
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BREHM That could be. The oxides of copper are semiconducting. I
recall, we did see a radiation effect with steel corrosion
in air-steam mixtures. Are the iron oxide films
semiconductors? We identified magnetite as our corrosion
film, and that phase is a conductor not a semiconductor.
Consequently, we would not expect the effect you suggest
with iron.

SARGENT Were the dose rates given maintained throughout the whole
test? Did you ever calculate the total dose to the sample?

BREHM The radiation dose rates were measured with
thermoluminescent dosimeters. To obtain the integrated
dose, you can just multiply the dose rate by the time the
radiation source was in the experiment.


