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ABSTRACT 

Research is being conducted at the Idaho National Engineering and Environmental Laboratory to assess 
corrosion rates of metals in the subsurface environment in direct support of waste management operations 
and environmental restoration activities. This research addresses a need identified by Department of 
Energy – Headquarters when reviewing the performance assessment for the low-level waste disposal 
facility at the Radioactive Waste Management Complex. Corrosion rates are a key factor determining 
release rates of long-lived radionuclides from activated metal waste streams. Radionuclide releases from 
these wastes are key contributors to the projected long-term dose associated with the disposal facility. 
Short-term results from the corrosion samples buried for one and three years suggest that the corrosion 
rates assumed for the assessments are conservative. However, the rates appear to be increasing, thus, 
future retrievals of coupons will be used to identify whether the increasing trend continues. 

INTRODUCTION 

The Idaho National Engineering and Environmental Laboratory (INEEL) is pursuing opportunities to 
better integrate research with needs associated with on-going waste management operations and clean-up 
activities. One area of need is related to the performance assessment required to support continued 
operation of the low-level radioactive waste (LLW) disposal facility located at the Radioactive Waste 
Management Complex (RWMC). The Department of Energy (DOE) LLW Disposal Facility Federal 
Review Group (LFRG) identified some research needs as a condition of granting the Disposal 
Authorization Statement for the disposal facility at the INEEL. One of the research needs addressed 
release rates of radionuclides from activated metals as a result of corrosion. Such research is also of value 
in support of Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 
clean-up activities at the RWMC. 

Millions of curies of short-lived radionuclides and lesser quantities of long-lived radionuclides are present 
in activated metals that have been disposed or will be disposed at the RWMC. Of particular interest in 
determining potential long-term risk are long-lived activation products, such as carbon-14, nickel-59, 
nickel-63, niobium-94, and technetium-99. In the past, these activated metals were disposed in trenches or 
soil vaults, directly or in metal containers, and then covered by soil. Currently, high activity, activated 
metals are disposed in metal containers in concrete vaults. Waste materials include stainless steels (types 
304 and 316) from core barrels and core rod assemblies, aluminum fuel end boxes, beryllium reflectors 
and shims, as well as activated zirconium alloys and Inconel, primarily end boxes from spent fuel 
assemblies. 

BASIS FOR CURRENT ASSUMED CORROSION RATES 

The current modeling approach, used for low-level waste disposal performance assessments and 
CERCLA risk assessments at the INEEL, assumes that the activation products are tightly bound in the 
metal matrix and releases will occur gradually as the metal corrodes. Subsurface corrosion is a function of 
the metal geometry, metal type, and the surrounding vadose zone environment, including physical, 
chemical, and biological influences. Ideally, corrosion rates used for the assessments should be 
representative of the metals buried and the site-specific subsurface environment. 
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In lieu of site-specific underground corrosion rates for the metal types buried at the RWMC, corrosion 
rates currently assumed for the performance assessment and risk assessment are based on evaluations of 
existing research and on extrapolation of data from short-duration, non-site-specific corrosion 
experiments. To reduce the uncertainties existing with the current approach, the INEEL instituted a long-
term corrosion test project to obtain site-specific underground corrosion rates of the metal types buried at 
the disposal site.  

An extensive search of the literature databases maintained by the National Association of Corrosion 
Engineers (NACE) and by the INEEL Technical Library was performed in 1995 to determine whether 
any experimental data for corrosion rates of metal in INEEL soils existed. The literature search revealed 
three comprehensive underground metal corrosion studies: Paige et al.’s study of buried waste pipes (1), 
Romanoff’s (2) definitive study of underground corrosion in U. S. soils conducted for the National 
Bureau of Standards (NBS, now the National Institute of Science and Technology [NIST]), and the 
follow-on series of NBS underground corrosion tests by Gerhold et al. (3). Gray desert soils is the generic 
name given to the soils in the Idaho Snake River plain, in portions of eastern Washington and Oregon, all 
of Nevada, and western Utah. For the Gerhold et al.’s (3) test, one of the soils, “Sagemoor Sandy Loam 
(Site A),” was also a “gray desert soil.” Romanoff’s (2) and Gerhold et al.’s (3) studies considered carbon 
steels and austenitic stainless steels, respectively. No zirconium, Inconel, aluminum, or beryllium alloys 
were included in their underground corrosion studies. 

FIELD VALIDATION OF CORROSION RATES 

In 1996, the INEEL initiated a field-scale, long-term test to determine site-specific corrosion rates. The 
test is located in close proximity to the subsurface disposal area at the INEEL to simulate the local 
environmental and underground disposal conditions. The long-term corrosion test uses metal coupons 
broadly representing the prominent activated metals buried at the INEEL disposal site. Electrical 
resistance probes were placed with the coupons to provide some information about corrosion rates prior to 
excavation. Other factors potentially influencing corrosion rates, such as soil chemistry, soil moisture, and 
microbes, are also being studied as part of the test. The test has produced early results from coupons 
exposed for one and three years, and additional retrievals are planned in conjunction with scheduled 
updates to the performance assessment. The test and early results are described in the following sections. 

Test Design 

The long-term corrosion test was specifically designed to provide valid site-specific corrosion rate 
information to support the performance assessments. Among the factors considered during the test design 
were proximity to the subsurface disposal site, depths of typical disposals, soil characteristics, typical 
maintenance and operations at the disposal site, types of metal disposed of, test methods, and performance 
assessment update schedule. 

A berm was constructed to accommodate the long-term corrosion test. The berm is made from materials 
typical of the disposal site’s backfill soils. The berm’s soil characteristics have been analyzed for direct 
comparison to that of the disposal site. Soil vaults, typical of those used for the activated metal disposals, 
were constructed in the berm for the corrosion test. Two distinct depths are used in the test: a shallow test 
depth (i.e., 1.22 m [4 ft] below the surface) representing environmental effects of a shallow burial 
exposed to the freeze and thaw cycles, and a deeper test depth (i.e., 3.05 m [10 ft] below surface) 
representing a typical disposal level. 

Both the INEEL Contaminated Inventory Database for Risk Assessment (CIDRA) and the waste 
generators were consulted to determine the types of metals to include in the long-term corrosion test.  The 
most common types of activated metals disposed of and the most common types of metal containers used 
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for disposing of radioactive waste were included in the tests. As a result of these consultations, nine 
metals were selected for testing: 304L and 316L stainless steels, aluminum, Inconel, Zircaloy, beryllium, 
welded 316L stainless steel, mild carbon steel (typical of waste containers) and a welded duplex stainless 
steel that was proposed for a high-integrity disposal container. The use of non-radioactive metal coupons 
was based on the assumption that activation does not significantly affect corrosion characteristics or 
corrosion mechanisms. 

Corrosion testing using buried coupons was selected as the primary method for determining corrosion 
rates, since it is the most widely used and simplest method of underground corrosion testing (2,3,4). 
Because corrosion is a long-duration, non-linear process, obtaining accurate measurements of corrosion 
rates depends on taking consecutive measurements during the corrosion process. In order to provide 
accurate data, with the buried coupon method, multiple test sets were initially buried for recovery at set 
intervals. The secondary method selected for corrosion rate determination was underground electrical 
resistance corrosion probes. The electrical resistance probes provide a “real-time” measurement that can 
be compared with the buried coupon results. To help support the correlation of the corrosion rate results at 
the test site to those at the disposal site, a number of environmental data are collected, both at the test 
location and at the subsurface disposal area. Those data include soil characterization (i.e., physical, 
chemical, hydraulic, and microbiological properties) and field condition monitoring (i.e., precipitation, 
soil moisture, soil-gas, and soil temperature). 

The intent of the long-term corrosion test is to obtain valid site-specific corrosion rates to support the 
performance assessments at the INEEL.  The test schedule supports field recovery of the buried coupons 
and analysis of the data before the required five-year performance assessment updates.   

Test Implementation 

The test was initiated in the spring of 1997, when the berm was constructed near the underground disposal 
site. Table I represents the current test implementation schedule (5). 

Table I. Coupon Installation and Retrieval Schedule 

Coupon array 
Depth 

(m) Installation date Retrieval date 

1 1.22 Oct. 22, 1997 Oct. 23, 1998 

2 3.05 Oct. 21, 1997 Nov. 5, 1998 

3 1.22 Oct. 22, 1997 Oct. 15, 2000 

4 3.05 Oct. 21, 1997 Oct. 23, 2000 

5 1.22 Nov. 3, 1997 Oct. 2003* 

6 3.05 Nov. 3, 1997 Oct. 2003* 

7 1.22 Oct. 22, 1997 Oct. 2008* 

8 3.05 Oct. 22, 1997 Oct. 2008* 

9 1.22 Nov. 10, 1998 Oct. 2013* 

10 3.05 Nov. 11, 1998 Oct. 2013* 

11 1.22 Oct. 26, 2000  Oct. 2018* 

12 3.05 Oct. 26, 2000  Oct. 2018* 

*Planned 
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A 1.83-m (6-ft) diameter auger drill, similar to that used for the actual soil vaults, was used to excavate 
soil vaults to receive the coupon sets. Each coupon set consisted of 36 coupons (four 7.62×7.62×0.32 cm 
samples of each metal type) assembled on 1.27 cm diameter polypropylene rods with 
polytetrafluoroethylene (PTFE) tubing as spacers between the coupons. Polypropylene and PTFE were 
selected because these materials are chemically inert and will electrically isolate the coupons from each 
other. Each end of the polypropylene rod has an engraved PTFE identification marker and is secured with 
a threaded nylon nut. A coupon set (see Figure 1) was placed at each selected depth (1.22-m [4 ft] and 
3.05-m [10 ft]) at four locations. 

 
Figure 1.  Coupon array in test hole during installation. 

Vadose zone hydrology, physical soil parameters, soil gas, and soil resistivity were characterized before 
the corrosion test started. These environmental factors are also sampled throughout the duration of the 
corrosion testing. Some of the sampling results follow. Soil resistivity, measured according to ASTM G 
57, is 8,500 to 10,000 ohm-cm (7). This soil resistivity results in a mild soil corrosivity rating, according 
to the work of Palmer (8). The soil type is mildly alkaline (pH 8.1-8.3). Soil moisture is dependent on 
depth and location. At the test location, it varies seasonally, at the shallow depth, between 15 and 25%. At 
the greater depth, the soil moisture is approximately 25%. Other testing has further characterized the 
soluble ions and exchangeable cations (7). The temperature, measured at the 3.05 m depth, is consistent at 
approximately 4.5°C. Soil gas sampling is useful in classification of microorganisms, and samples can be 
taken at the test location in proximity to the underground coupon locations. 

The first two sets of electrical resistance probes were placed on October 26, 2000. At that time, one set of 
316L and 304L stainless steels, aluminum, Inconel, Zircaloy, and carbon steel coupons was placed at each 
test depth. Electrical resistance probes were placed with the coupons to provide “real-time” corrosion 
monitoring prior to excavation of the coupons. Data from the electrical resistance probes have yet to be 
compared with the data from the corrosion coupons. 

Once the coupons have been exposed for a set period of time, the coupons are removed and examined. 
When extracting the coupons from the hole, care is taken not to loosen the adhering soil around them. The 
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coupons are double-bagged for transport to the laboratory, where corrosion products and the potential 
presence of microorganisms can be sampled. 

The coupon cleaning process is designed to remove all corrosion products from the coupons. The mass of 
the coupon after cleaning is compared to the original mass, and the difference represents the loss of metal 
due to corrosion. Coupon cleaning follows ASTM G 1 (6).  

Early Results – Short-Term Corrosion 

Two coupon arrays were retrieved in the fall of 1998, after 1 year of exposure, and two additional arrays 
were retrieved in the fall of 2000, after 3 years of exposure. Corrosion rates and the potential for 
microbiologically induced corrosion were examined for each coupon. In all, 72 three-year coupons and 72 
one-year coupons were recovered, cleaned, and weighed. Table II presents corrosion data for coupons 
buried at the 1.22-m depth for 1 and 3 years.  Table III presents corrosion data for coupons buried at 3.05 
m for 1 and 3 years. A notation of “No Change" indicates that either no significant mass loss (less than 
0.009% change in mass) was measured, even though corrosion was observed or detected, or the measured 
value was within the balance uncertainty. 

Table II. Corrosion Test Data - 1.22 Meters (4 feet) Below Surface  
 1 YEAR 3 YEARS 

Composition Mass Change 
(%) 

Corrosion Rate 
(mm/year) 

Mass Change 
(%) 

Corrosion Rate 
(mm/year) 

0.009 4.32E-05 
0.016 7.37E-05 
0.025 1.12E-04 

Aluminum  
 

No Change 
0.037 1.70E-04 

0.042 6.35E-04 0.043 2.18E-04 
0.133 2.06E-03 0.046 2.31E-04 
0.165 2.51E-03 0.110 5.49E-04 

Beryllium 

0.188 2.82E-03 0.167 8.56E-04 
0.214 2.79E-03 0.602 2.70E-03 
0.238 3.05E-03 0.607 2.71E-03 
0.248 3.30E-03 0.736 3.36E-03 

Carbon Steel 

0.265 3.55E-03 0.811 3.57E-03 
Duplex Stainless Steel 
304L Stainless Steel 
316L Stainless Steel 
316L Welded 
Inconel 
Zircaloy 

 
 

No Change 

 
 

No Change 
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Table III. Corrosion Test Data - 3.05 Meters (10 feet) Below Surface 

 1 YEAR 3 YEARS 
Composition Mass Change 

(%) 
Corrosion Rate 

(mm/year) 
Mass Change 

(%) 
Corrosion Rate 

(mm/year) 
0.010 4.83E-05 Aluminum*  

 
 

No Change 0.019 8.13E-05 
0.263 3.86E-03 0.979 5.12E-03 
0.306 4.47E-03 1.489 7.47E-03 
0.321 4.70E-03 1.636 8.10E-03 

Beryllium 

0.353 5.13E-03 1.683 8.30E-03 
0.447 5.59E-03 2.520 1.07E-02 
0.470 5.84E-03 2.610 1.13E-02 
0.543 7.11E-03 2.635 1.15E-02 

Carbon Steel 

0.546 6.86E-03 2.679 1.17E-02 
Duplex Stainless Steel 
304L Stainless Steel 
316L Stainless Steel 
316L Welded 
Inconel 
Zircaloy 

 
 

No Change 

 
 

No Change 

*Only two aluminum coupons from the 3-year set had greater than 0.009% mass change. 

The aluminum, beryllium, and carbon steel coupons all experienced pitting to some degree. Figure 2 is a 
carbon steel coupon before and after cleaning.  The coupon is a 3-year exposed coupon from the 3.05-m 
depth. Likewise, Figure 3 shows a beryllium coupon before and after cleaning; again the coupon is a 
3-year exposed coupon from the 3.05-m depth. Pitting was evident in three metal types: aluminum, 
beryllium, and carbon steel. Table IV details the pit depth measurements from six coupons with visibly 
deep-pitted surfaces. 

Figure 2.  Carbon steel coupon after 3-year exposure at 3.05-m (before and after cleaning). 
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Figure 3.  Beryllium coupon after 3-year exposure at 3.05 m (before and after cleaning). 
 

Table IV. Pitting Measurements 

Composition 
Exposure Time

(year) 
Test Depth 

(m) 
Pit Depth 

(µm) 
Carbon Steel 1 1.22 141 
Beryllium 1 1.22 153 
Aluminum 3 1.22 209 
Aluminum 3 3.05 188 
Carbon Steel 3 1.22 121 
Carbon Steel 3 3.05 167 

The coupons and the adhering soil were examined to determine microbial presence. Microorganisms were 
found on the surface of all examined coupons, as well as in the surrounding soil. From the 1-year 
coupons, the presence of heterotrophic microorganisms, some of which are organic acid producers, was 
identified. There was no indication of denitrifying bacteria or the mineral acid producing Thiobacillus 
thiooxidans (T. thio.). Although sulfate-reducing bacteria were found in the soil, none were detected on 
the 1-year coupons. The 3-year coupons showed similar results, with the exception of sulfate-reducing 
bacteria colonizing some, but not all, of the carbon steel, aluminum, and beryllium coupons. 

Conclusions from Early Results 

Of the various metals subjected to long-term corrosion testing and evaluated after 1 year and 3 years of 
underground exposure, carbon steel and beryllium exhibited the highest corrosion rates, with higher 
corrosion rates on coupons at greater depth. Corrosion rates for aluminum, austenitic stainless steel (Type 
304L and Type 316L), nickel-chromium alloy, and duplex stainless steel were low, but detectable after 3 
years. Corrosion rates for the zirconium alloy coupons were very low, below detection limits in most 
cases.  

Corrosion behavior of beryllium in the subsurface is of particular interest, because underground corrosion 
data were not found in the literature. Since activated beryllium has been disposed at the RWMC, the 
release rate of long-lived radionuclides from buried, activated beryllium directly influences the 
management of the radioactive burial site and its subsequent closure and remediation. 
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Pitting caused by corrosion was evident on the carbon steel, beryllium, and aluminum coupons. The 
contributions of pitting rather than uniform corrosion, particularly with beryllium, are significant. In 
instances where pitting occurs, the coupon evaluations must include pit characterization (i.e., pit 
geometry) for the results to be meaningful. There are several possible methods of pit characterization, 
including surface profiling using vertical scanning interferometry and metallography.  

Further investigation is needed to understand the differences between the corrosion conditions at the test 
location and those at the actual disposal location. Such investigations will necessitate continued 
monitoring of the arid vadose zone environment, especially for those factors that influence corrosion. 
Additional soil characterization, soil moisture monitoring, and other monitoring at both the test location 
and at the disposal site needs to be completed for comparison and data correlation purposes. 

Indications of microorganism presence were found on the surface of all the examined coupons. Results 
indicate an increasing occurrence of organic-acid-producing microbial species colonizing the coupon 
surfaces, along with sulfate-reducing bacteria colonization of carbon steel, aluminum, and, in particular, 
beryllium. The environment is suitable for the promotion of microbiologically induced corrosion. By 
inference, microbiologically induced corrosion should be expected at the disposal site and might have 
significant impact on the calculated rate of activated metal corrosion. 

The goal of the test is to reduce uncertainties by developing a site-specific basis for corrosion rates used 
in the performance assessment. The one- and three-year test results, although preliminary, support the 
conservatism of the values being used in the performance assessment at the INEEL. However, the data are 
not sufficient to alter the assumptions used in the existing performance assessment. As additional, longer-
term data are obtained from the test, the need to revise the assumptions in the performance assessment 
will be considered.  

OTHER RESEARCH ON LONG-TERM CORROSION RATES 

In addition to the site-specific corrosion test, the INEEL continues to pursue longer-duration empirical 
corrosion rates from other underground corrosion tests. The INEEL will be the lead laboratory for a 
collaborative research project supported by the Environmental Management Science Program of the 
Office of Science, U. S. Department of Energy. The project will retrieve and characterize corrosion 
samples buried in 1970 by the NBS. The project focuses on one of the six available NBS test sites, a site 
that is located in a semi-arid environment. The study is intended to examine corrosion rates as well as the 
effects of soil properties, soil chemistry, microbiological processes, biota influences, and corrosion 
product transport leading to a better understanding of material degradation. 

SUMMARY 

The INEEL has implemented a research activity in direct support of waste management operational 
needs. The research is directed at verifying assumptions made for the performance assessment and risk 
assessment for the LLW disposal facilities at the RWMC. Corrosion of activated metals is an important 
contributor to the potential dose to the public, according to the conclusions of the performance assessment 
and risk assessment; therefore, the DOE reviewers requested that research be conducted to verify the 
corrosion rates that were assumed. Results obtained to date suggest that the corrosion rates assumed in the 
current assessments are conservative, but the data suggest that corrosion rates may be increasing, thus, it 
is important to continue the test to retrieve the remaining coupons at later dates, as scheduled.  
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