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ABSTRACT

The Subsurface Disposal Area (SDA) of the Radioactive Waste
Management Complex (RWMC) located at the Idaho National
Engineering and Environmental Laboratory (INEEL) contains neutron-
activated metals from non-fuel, nuclear reactor core components. The
Long-Term Corrosion/Degradation (LTCD) Test is designed to obtain
site-specific corrosion rates to support efforts to more accurately estimate
the transfer of activated elements to the environment. The test is using
two proven, industry-standard methods—direct corrosion testing using
metal coupons, and monitored corrosion testing using
electrical/resistance probes—to determine corrosion rates for various
metal alloys generally representing the metals of interest buried at the
SDA, including Type 304L stainless steel, Type 316L stainless steel,
Inconel 718, Beryllium S200F, Aluminum 6061, Zircaloy-4, low-carbon
steel, and Ferralium 255. In the direct testing, metal coupons are
retrieved for corrosion evaluation after having been buried in SDA
backfill soil and exposed to natural SDA environmental conditions for
times ranging from one year to as many as 32 years, depending on
research needs and funding availability. In the monitored testing,
electrical/resistance probes buried in SDA backfill soil will provide
corrosion data for the duration of the test or until the probes fail.

This report provides an update describing the current status of the
test and documents results to date. Data from the one-year and three-
year results are also included, for comparison and evaluation of trends.

In the 6-year results, most metals being tested showed extremely
low measurable rates of general corrosion. For Type 304L stainless
steel, Type 316L stainless steel, Inconel 718, and Ferralium 255,
corrosion rates fell in the range of “no reportable” to 0.0002 mils per
year (MPY). Corrosion rates for Zircaloy-4 ranged from no measurable
corrosion to 0.0001 MPY. These rates are two orders of magnitude
lower than those specified in the performance assessment for the SDA.

The corrosion on the carbon steel, beryllium, and aluminum were
more evident with a clear difference in corrosion performance between
the 4-ft and 10-ft levels. Notable surface corrosion products were
evident as well as numerous pit initiation sites. Since the corrosion of
the beryllium and aluminum is characterized by pitting, the geometrical
character of the corrosion becomes more significant than the general
corrosion rate. Both pitting factor and weight loss data should be used
together. For 6-year exposure, the maximum carbon steel corrosion rate
was 0.3643 MPY while the maximum beryllium corrosion rate was
0.3282 MPY and the maximum aluminum corrosion rate was 0.0030
MPY.



Long Term Corrosion/Degradation Test
Six-Year Results

1. INTRODUCTION

The Radioactive Waste Management Complex (RWMC) Subsurface Disposal Area (SDA) at the
Idaho National Engineering and Environmental Laboratory (INEEL) has been a major disposal site for
solid radioactive waste since the early 1950s. The SDA contains low-level waste, transuranic waste,
hazardous waste, and mixed waste. Since 1970, incoming waste generally has been segregated according
to waste type before disposal, and transuranic waste has been stored instead of being place in disposal. A
large portion of the radionuclide inventory disposed at the SDA consists of neutron-irradiated metals,
mostly reactor core structural components (subassemblies, cladding, and other non-fuel reactor core
components) composed of stainless steel, nickel-based alloys (such as Inconel 718), and other metals.

The neutron-irradiated metal buried at the SDA represents an environmental concern. The
irradiation produces long lived (e.g., C-14, Ni-59, Nb-94, Tc-99) and short lived (e.g. Co-60, Ni-63, H-3)
radioactive isotopes (10 CFR 61). The radioactive isotopes are contained inside the crystalline structure
of the metal, and the assumption is that the isotopes are released into the environment as the metal
corrodes (Rood and Adler Flitton, 1997). Thus, for these waste forms, the assumption is the calculated
release rate is driven by the corrosion rate.

Department of Energy (DOE) Order 435.1, “Radioactive Waste Management,” requires a
radiological composite analysis and a performance assessment of existing and proposed DOE low-level
waste facilities. In the original performance assessment for the SDA (Maheras et al. 1994), release rates
for a variety of reactor components were obtained using the IMPACTS methodology (Oztunali and Roles
1986) and were based on corrosion rates of 4 mils per year (MPY) (1.02 x 10™* m/year) for carbon steel
and 0.3 MPY (7.62 x 10°° m/year) for stainless steel. The corrosion rates for the stainless steel are rates
from the IMPACTS study for austenitic stainless steels (Types 304 and 316) in natural waters and
secawater.

Corrosion rates cited in the literature are typically derived from testing in water or in soils that are
wetter and less alkaline than SDA soils. Such generic corrosion rates were used in the original 1994
version of the performance assessment for the SDA LLW disposal facility. Since that time there have
been efforts to produce more representative corrosion rates for the conditions at the SDA. For example, a
1996 study reviewed corrosion rates for low carbon steels, Types 304 and 316 stainless steels, and Inconel
600, 601, and 718 alloys in SDA-type soils (Nagata and Banaee 1996). That study estimated that the
corrosion rate for the stainless steels and the Inconel 718 in environments with geochemistry similar to
that of the SDA soils was 0.00047 MPY (1.2 x 10 m/year), which is about two orders of magnitude
lower than the corrosion rate assumed in the original 1994 SDA performance assessment for stainless
steel based on “textbook” corrosion rates.

The current composite analysis (McCarthy et al. 2000) and the supplementary update for the SDA
performance assessment (Case et al. 2000) use the Disposal Unit Source Term—Multiple Species
(DUST-MS) software to model the container failures and release mechanisms. Corrosion rate data
entered into the model were 2.2 X 107 MPY (5.6 x 10™"* m/year)(from Nagata 1997) for stainless steels,
and 2.2 x 10°to 1.5 x 10° MPY (5.6 X 10" to 3.8 x 10™"" m/year)(from Banaee and Nagata 1996) for
carbon steels.
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Site-specific underground corrosion rate are limited to the early data acquired from the Long-Term
Corrosion/Degradation (LTCD) Test for metals exposed to SDA soils (Mizia, et al. 2000 and Adler-
Flitton, et al. 2001). This document reports the most recent results of that ongoing test intended to
provide a defensible basis for corrosion rates being used to calculate the release rates for irradiated metals
buried at the SDA.

1.1 Test Strategy

The LTCD test described in this report will determine site-specific corrosion rates for metals
representing the neutron-activated metals buried at the SDA. The test will collect data to satisfy the
requirements of the radiological composite analysis, the performance assessment, the environmental
baseline risk assessment for the SDA, and closure monitoring.

The test consists of four main components:
¢ Direct corrosion testing, using metal coupons buried in the soil
¢ Monitored corrosion testing, using electrical resistance probes

¢ Soil characterization (sampling and analysis), including analysis for physical, chemical,
hydraulic, and microbiological properties

¢ Monitoring of field conditions, including precipitation, soil moisture, soil-water chemistry,
soil-gas composition, and soil temperature.

The direct corrosion testing and the monitored testing provide corrosion rate data. The soil
characterization and field monitoring aid in the evaluation of the corrosion results.

The direct testing uses buried coupons—the most widely used and simplest method of underground
corrosion testing. Clean coupons are measured for dimension and mass before being buried, so that
corrosion rates can be determined by measuring the resulting coupon mass loss upon coupon recovery and
cleaning, after a known time period. Corrosion times will range from one to as many as 32 years.

The monitored testing uses electrical resistance (E/R) probes. The E/R technique is an online
method of measuring the extent of total metal loss, based on the electrical resistance of an exposed
metallic strip subjected to corrosion conditions, compared to that of an equivalent metal strip protected
from corrosion. The electrical resistance of metals changes as corrosion occurs over time, allowing
determination of the corrosion rate.

Both the buried coupon method and the E/R method are industry standard methods for measuring
corrosion. The corrosion tests (both methods) are being conducted in soil brought to the test location
from Spreading Area B, the source of the soil used as backfill to cover the wastes buried at the SDA.

The test began in 1997 with burial of metal coupons for direct testing. Additional coupons were
buried in 1998 and 2000. The direct testing will continue, as necessary, until enough data have been
collected to satisfy the requirements of the radiological composite analysis, the performance assessment,
and the risk assessment conducted to support closure of the SDA under CERCLA. One-year coupons
(coupons exposed to environmental conditions for one year) were removed and examined in 1998, Mizia,
et al. (2000) reported the results. Three-year coupons (coupons exposed to environmental conditions for
three years) were removed and examined in 2000, the results were reported by Adler-Flitton, et al. (2001).



Monitored testing began in 2000 when the first set of E/R probes were installed. A second set was
installed after the 6-year coupons were recovered in 2003. E/R probe monitoring will continue, funding
permitting, until the end of the test period or until the probes fail.

The timing and extent of soil characterization work monitoring depends on funding availability and
research needs. Field conditions will be monitored during the entire test period as funding and schedule
allows. Schedule details are provided later in this report.

The direct testing is using non-radioactive coupons of various metals and alloys selected to
generally represent the irradiated metals buried at the SDA. The materials included in the direct testing
are Type 304L stainless steel, Type 316L stainless steel, welded Type 316L stainless steel, Inconel 718,
Beryllium S200F, Aluminum 6061, and Zircaloy-4 (the list recommended by Rood and Adler Flitton,
1997). In addition, low-carbon steel (the material presently used in the disposal liners of the 55-ton scrap
casks and other disposal liners and containers) and Ferralium 255 (a duplex stainless steel material
proposed for construction of high-integrity disposal containers) are included as part of the test. The
monitored testing is using E/R probes equipped with metal strips of the following materials: Type 304L
stainless steel, Type 316L stainless steel, Inconel 718, Aluminum 6061, Zircaloy-4, and low-carbon steel.

This report describes the corrosion test, documents the second scheduled placement of E/R probes,
presents the results of the 6-year coupon retrieval and evaluation, compares the 6-year results with the
first- and third-year results as well as comparing the results to other corrosion tests, draws tentative
conclusions, and makes recommendations for the future conduct of the testing.

1.2 Objectives

The corrosion test is designed to determine the corrosion rates of neutron-irradiated metallic
materials buried at the SDA. The corrosion rate data are needed to confirm that rates used in the
performance assessment, composite analysis, and CERCLA risk assessments are appropriate. Of interest
are the metallic materials used in fabricating nuclear reactor components that are exposed to high neutron
fluxes in a reactor environment, such that they became activated with long-lived radioactive isotopes.
After disposal of the irradiated metallic waste at the SDA, corrosion processes can cause these radioactive
isotopes to be released to the environment. The current SDA performance assessment (Case et al. 2000;
see also Maheras et al. 1994) and composite analysis (McCarthy et al. 2000) postulate that the largest
release factor during the corrosion process will be from carbon-14 or other activation products that are
released only as the metal corrodes.

The corrosion test is designed to provide an underground environment similar to that in which the
neutron-activated metals are buried at the SDA. The objective is to obtain site-specific corrosion rates
that will support accurate estimates of the transfer of radioactive isotopes to the environment (release
rate). Corrosion rates will be established for non-radioactive metals, representing the prominent activated
material buried at the SDA. The test’s use of non-radioactive metal coupons, as well as use of probes
equipped with non-radioactive metal strips, assumes that activation does not affect corrosion
characteristics or corrosion mechanisms.

Environmental conditions existing or potentially existing at the SDA affect the corrosion rates of
metals buried there. Underground corrosion rates are directly related to soil characteristics. The test
includes characterization of soil at the test location (soil brought in from Spreading Area B), with analysis
for chemical, physical, hydraulic, and microbiological characteristics, along with characterization of soil
at the SDA for comparison purposes. Soil moisture and other soil conditions will be monitored, and
timing and amounts of precipitation will be monitored.
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1.3 Test Location

The corrosion test location is just outside of the SDA boundary. The corrosion coupons and E/R
probes buried at the test location are exposed to the same soil and environmental conditions as the
activated metals buried in the SDA. The tests are being conducted at a specially constructed test site
adjacent to the Engineered Barriers Test Facility (EBTF) located about 900 ft north of the SDA, as shown

in Figure 1-1.
Direct burial in the SDA was not feasible, for the following reasons:
¢ The SDA has limited access because of radiological concerns
¢ Limited space is available in the SDA for coupon emplacement
¢ The logistics of handling samples with possible radiological contamination are too complex

¢ The final soil cover might be placed on the SDA before the end of the test.
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Figure 1-1. Location of the LTCD testing near the RWMC SDA at the INEEL.



The EBTF was constructed earlier to test the hydraulic performance of prospective engineered
barriers for use at the SDA. The berm on the east side of the EBTF was expanded from its original
dimensions to form the corrosion test berm, where the corrosion tests are being conducted (see
Figure 1-2). Native soil underlying the corrosion test berm area was excavated to a depth of 2 ft, and soil
from Spreading Area B was brought in to form a rectangular berm, to replicate soil conditions in the SDA
where the activated metals are buried. The corrosion berm has sloping sides and a flat top. The height of
the corrosion test berm (above the existing grade) is 10 ft; the top surface dimensions are 85 ft east to
west and 88 ft north to south. The test location includes a frustum-shaped, flat-topped mound, centered
and just north of the corrosion test berm, where testing for specific environmental effects might be
conducted as part of a separate test.

6-ft diameter
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Test Facility
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Figure 1-2. Location and layout of the corrosion test berm.
The test plan (Adler-Flitton, et al. 2001) calls for burial of coupons and/or probes at as many as ten
designated locations in the berm, as shown in Figure 1-3. Each set of 36 coupons, after assembly, is

referred to in this report as a coupon array. Each set of six probes and associated instrumentation is
referred to as a probe array. In general, two arrays of coupons or probes make up one set and will be
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buried at each location, one array at 4 ft deep and one array at 10 ft deep. In some instances, a probe
array and a coupon array might be buried at the same location at the same depth. Some of the locations
can be used more than once; for example, if two coupon arrays are removed for evaluation after only a
year or a few years, new arrays can be installed at that location as part of the ongoing test.

b X
o2e%e2e2
#%%%

+%%%

Figure 1-3. Locations for placement of coupon arrays and probe arrays at the corrosion test berm.

The configuration shown in Figure1-3 arranges the coupon/probe placement locations in a grid
within the berm, with spacing of 15-ft center to center. The berm size is limited and the placement
arrangement is purposefully non-random to optimize the number of arrays that can be placed in the berm.
This arrangement separates the coupon arrays (edge to edge) by a minimum of 10 ft, so that retrieval of
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Figure 2-2. Corrosion coupon assembly details.

Figure 2-3. Coupon array.
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2.4 Coupon Array Emplacement

In general, coupon arrays are buried at depths of 4 ft and 10 ft at each of the designated locations in
the berm, as shown in Figure 1-3. The 4- and 10-ft burial depths were chosen to represent the activated
core components that are buried from 4 ft to a maximum of 20 ft below the surface in the SDA. The 4-ft
depth provides a high level of exposure to changing environmental conditions, while the 10-ft depth more
closely represents actual conditions for waste buried at the SDA. At each location, a hole was drilled
using a drill rig equipped with a 6-ft-diameter auger (see Figure 2-5). Coupon arrays, each consisting of
six polypropylene rod assemblies, were placed in the holes at the 10-ft depth, with nine inches separation
between the rods. Following burial of each coupon array at the 10-ft level, the 6-ft diameter hole was
back-filled in 8-in. lifts with Spreading Area B soil and manually compacted to approximately the 4-ft
level, at which point the second coupon array was placed. The hole was then back-filled to the surface in
8-in. lifts with manual compaction. Figure 2-6 shows a typical coupon array placed in a hole. The
emplacement procedure is documented in “Corrosion Coupon Installation,” TPR-1659.

Figure 2-5. Drill rig with 6-ft-diameter auger.



Figure 2-6. Coupon array in test hole.

2.5 Coupon Array Removal

After coupon arrays have been exposed to corrosion conditions for the scheduled exposure time (1,
3, 6 years or more), they are removed for evaluation. The coupons are recovered by reopening the hole
manually and by using soil excavation equipment. The procedure documenting the recovery is
“Corrosion Coupon Recovery,” TPR 1660. The drill is used to dig to 3 ft or the hole is excavated
manually, then the hole is manually opened from the 3-ft level to the 4-ft level, and coupon array was
removed. Using either the drill or soil vacuum extractor (see Figures 2-7 and 2-8), the hole is then dug to
approximately 8 ft, with the remaining soil excavated manually to recover the coupon array. The coupons
are extracted carefully from the hole, with care not to lose the adhering soil around them. The excavated
coupons are double bagged and transported to the appropriate laboratory, disassembled, and the corrosion
products sampled. Figure 2-9 depicts containment process. A 1-year exposed coupon rod after transport
to the laboratory is shown in Figure 2-10. Figure 2-11 shows a coupon rod after three years of exposure
(note a carbon steel coupon centered on rod). Figures 2-12 and 2-13 shows coupon rods from the 10-ft
level after six years of exposure.



Figure 2-12. Six-year exposed rod from 10-ft coupon array.
Note the carbon steel sample, centered on the rod, with adhering soil.
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3.2 Preliminary Evaluation of Trends

Table 3-7 summarizes the average measured mass losses after 1, 3 and 6 years for sets of four
coupons of each composition buried for corrosion testing. Apparent from Table 3-7 is that the averages
from the measured mass losses for the beryllium and carbon steel continues to be much greater than for
any other coupon compositions. For the 6-year averaged mass loss data, the compositions not exceeding
the 26 balance uncertainty are the welded Type 316L stainless steel and Zircaloy-4. Aside from the
welded Type 316L stainless steel and Zircaloy-4, all other compositions have average mass losses above

the 26 balance uncertainty.

Table 3-7. Average mass changes (mg).

Material 4-Ft Depth 10-Ft Depth
Type 1-Year 3-Year 6-Year 1-Year 3-Year 6-Year
Aluminum 6061 * -0.98 -12.32 -7.62 -0.55 -5.07 -3.2
Beryllium S200F * -47.0 -32.07 -30.30 -109.8 -507.25 -928.9
Carbon Steel 1018 ° -312.2 -891.1 -2296.3 -642.8 -3306.15 -5053.9
Ferralium 255 ° -0.53 -2.22 -1.2 -1.0 -1.77 -1.1
Inconel 718 ™€ +0.10 -2.55 -1.7 -0.05 -3.57 -1.6
304L > -0.08 -1.82 -1.6 -0.45 -2.52 -0.9
316L >* -0.53 -2.67 -1.5 -0.43 -3.57 -1.3
316L Welded +0.48 -1.45 -0.8 +0.58 -2.22 -0.8
Zircaloy-4 +0.98 -0.27 +0.8 +1.15 -0.97 +0.4

2 o balance uncertainty = +0.4 mg
2 obalance uncertainty = 0.8 mg
2 o cleaning +balance uncertainty = £0.92 mg
2 o cleaning +balance uncertainty = £0.89 mg
2 o cleaning +balance uncertainty = £0.98 mg

o0 o

Individual coupon mass losses from the 1-, 3-, and 6-year coupons for each composition with
balance uncertainties and combined cleaning/balance uncertainties noted as error bands as applicable are
detailed in Appendix G. These data plots illustrate the fact that for most compositions, with exposure
times increasing, the mass losses are being to have significance.




Table C5. Corrosion results after six years for coupons buried at 4 ft.

Coupon location | Composition | Identifier | Mass loss (g) | Mass loss (%) | Corrosion rate (MPY)
CA05-1-3 Aluminum 3494 0.0035 0.0077 0.0007
CA05-2-5 Aluminum 3495 0.0094 0.0210 0.0019
CA05-4-3 Aluminum 3496 0.0027 0.0060 0.0005
CA05-5-2 Aluminum 3497 0.0149 0.0342 0.0030
CA05-1-2 Beryllium S/N-19 0.0372 0.1015 0.0105
CA05-2-6 Beryllium S/N-20 0.0152 0.0421 0.0043
CA05-3-5 Beryllium S/N-21 0.0411 0.1139 0.0115
CA05-3-6 Beryllium S/N-22 0.0277 0.0752 0.0078
CA05-2-2 Carbon Steel 3338 2.3053 1.7418 0.1559
CA05-3-1 Carbon Steel 3341 2.6791 2.0140 0.1806
CA05-4-2 Carbon Steel 3343 2.3045 1.8277 0.1565
CA05-4-4 Carbon Steel 3344 1.8962 1.4734 0.1286

Coupon location | Composition | Identifier Mass loss (g) Corrosion rate (MPY)
CA05-2-4 Ferralium 255 W3748 0.0013 0.0001
CA05-3-2 Ferralium 255 W3749 0.0012 0.0001
CA05-4-5 Ferralium 255 W3750 0.0009 0.0001
CA05-6-2 Ferralium 255 W3751 0.0014 0.0001
CA05-4-6 Inconel 718 3440 0.0016 0.0001
CA05-5-3 Inconel 718 3441 0.0024 0.0002
CA05-5-4 Inconel 718 3442 0.0016 0.0001
CA05-5-7 Inconel 718 3443 0.0010 No Reportable corrosion ”
CA05-3-4 304L 3320 0.0022 0.0001
CA05-4-1 304L 3319 0.0008 No Reportable corrosion *
CA05-4-7 304L 3313 0.0010 0.0001
CA05-5-6 304L 3314 0.0022 0.0001
CA05-1-1 316L 3380 0.0017 0.0001
CA05-3-3 316L 3381 0.0018 0.0001
CA05-5-1 316L 3382 0.0016 0.0001
CA05-5-5 316L 3384 0.0010 0.0001
CA05-2-7 316L Welded W3688 0.0008 No Reportable corrosion *
CA05-3-8 316L Welded W3689 0.0009 0.0001
CA05-4-8 316L Welded W3690 0.0004 No Reportable corrosion *
CA05-6-3 316L Welded W3691 0.0009 0.0001
CA05-2-1 Zircaloy-4 3808 -0.0006 No Reportable corrosion *
CA05-2-3 Zircaloy-4 3809 -0.0012 -0.0001
CA05-3-7 Zircaloy-4 3810 -0.0004 No Reportable corrosion *
CA05-6-1 Zircaloy-4 3811 -0.0010 -0.0001

a.

b.

mass loss or gain (if any) is within the tolerance of the Mettler AE 163 Balance

mass loss or gain (if any) is within the tolerance of the Mettler AE 163 Balance and cleaning uncertainty combined.




