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ABSTRACT

The waste package site recommendation design specified a 
boron-containing stainless steel, Neutronit 976/978, for fabrication of the internal 
baskets that will be used as a corrosion-resistant neutron-absorbing material.
Recent corrosion test results gave higher-than-expected corrosion rates for this 
material. The material callout for these components has been changed to a 
Ni-Cr-Mo-Gd alloy (ASTM-B 932-04, UNS N06464) that is being developed at 
the Idaho National Laboratory.

This report discusses the results of initial corrosion testing of this material 
in simulated in-package environments that could contact the fuel baskets after 
breach of the waste package outer barrier. The corrosion test matrix was executed 
using the potentiodynamic and potentiostatic electrochemical test techniques. 
The alloy performance shows low rates of general corrosion after initial removal 
of a gadolinium-rich second phase that intersects the surface. The high 
halide-containing test solutions exhibited greater tendencies toward initiation of 
crevice corrosion.
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Electrochemical Testing of Ni-Cr-Mo-Gd Alloys

1. INTRODUCTION

A corrosion-resistant, neutron-absorbing material based on the Ni-Cr-Mo alloy system with a 
gadolinium addition is being developed by the Idaho National Laboratory (INL). This work is being 
managed by the National Spent Nuclear Fuel Program (NSNFP), which coordinates and integrates 
national efforts to manage and dispose of U.S. Department of Energy (DOE)-owned spent nuclear fuel 
(SNF) for DOE Office of Environmental Management. The material is described in an American Society 
for Testing and Materials (ASTM) standard B932-04.1 An American Society of Mechanical Engineers 
(ASME) Code Case N-728 for use of the material in Section III, Division 3 is in the final approval 
process.2

The metallurgical development process and corrosion performance of this material has been 
reported previously.3-8 This material has an austenitic microstructure with a eutectic second phase of the 
form Ni5Gd, which is called a gadolinide. The size, shape, and distribution of the gadolinide in the plate 
product are controlled by alloy chemistry, primary and secondary melting/refining, and thermomechanical
processing. This secondary phase was preferentially removed in electrochemical and long-term
immersion corrosion tests leaving a passivated surface. The passivated surface then tends to result in 
corrosion performance similar to other Ni-Cr-Mo alloys in the test solutions.

Under Bechtel SAIC, LLC (BSC) technical direction, a corrosion testing program for this new 
material was initiated in FY 2005 by INL. BSC provided INL with the required test parameters such as
temperature, environment, and specimen conf iguration. The INL-prepared test program was designed to 
provide confirming corrosion rate data over the range of relevant waste package, in-package
environments, and temperatures potentially present once the waste package is breached. Another goal of 
the testing program was to demonstrate that the gadolinium-rich secondary phase (gadolinide) in this 
material will not be leached from the matrix through localized corrosion processes after the initial 
removal of the gadolinides that intersect the surface.
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2. PURPOSE OF WORK

2.1 Background on Material Selection

The BSC materials staff recommended boron-containing austenitic stainless steel,
Neutronit 976/978, for the corrosion-resistant, neutron-absorbing plates used to fabricate the waste 
package fuel basket. This material can be characterized as a 316 stainless steel with a boron addition. 
Initial corrosion testing performed by Lawrence Livermore National Laboratory on a borated stainless 
steel gave favorable results.9 However, the corrosion rates measured on the Neutronit material at the 
Long-term Corrosion Test Facility located at Lawrence Livermore National Laboratory were higher than 
expected.10,11 The BSC materials staff then decided that the Ni-Cr-Mo-Gd alloy under development at 
INL was a promising replacement. An initial corrosion rate of 1 µm/year was recommended for Yucca
Mountain Project (YMP) modeling purposes based on analysis of published corrosion data on the 
Ni-Cr-Mo-Gd alloy and Alloy C-4.

2.2 Corrosion Test Plan Development

The BSC and INL staff discussed optimized corrosion test parameters and developing detailed 
descriptions of expected in-package environments that might contact the basket plates. The key statement 
in the resultant Statement of Work issued to the INL12 is “The proposed testing will provide confirming 
corrosion rate data over the range of relevant in-package environments and temperatures potentially 
present once the waste package is breached. The testing will also assist in demonstrating that a non-
interconnected gadolinide particle is achievable.”

To execute the corrosion testing program and provide confirmatory corrosion rate data as described 
in the YMP Statement of Work, INL developed a Quality Plan,13 Experimental Plan,14 and an 
Experimental Procedures Plan.15
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3. EXPERIMENTAL

The investigations were performed using procedures written specifically for the testing. These 
procedures are grouped together in a controlled document PLN-1885, “Experimental Procedures for 
Electrochemical Testing of Ni-Cr-Mo-Gd Alloys,” (see Reference 15). These procedures were written to 
perform the work described in PLN-1880, “Experimental Plan for Electrochemical Testing of 
Ni-Cr-Mo-Gd Alloys ,” (see Reference 14).

3.1 Specimens

The specimens used for electrochemical testing were prepared from heat M340 (Table 1), which 
was also used for ASME Code qualification. The material ingots were prepared by Vacuum Induction 
Melting with a secondary refinement treatment using the Vacuum Arc Remelt process. The material was 
hot rolled to size, annealed at 1,204°C (2,200°F), and water quenched. Two specimen configurations were 
machined: crevice specimens (~15.8 cm2 area) and cylindrical specimens (~8.9 cm2). The specimens were 
carefully controlled to avoid loss of traceability and were stored individually in a controlled cabinet 
(PLN-1885-Procedure 1100, Reference 15). The specimens were removed as needed for testing. Using 
ASTM G5 practice,16 the outer surfaces of the specimens were sequentially ground with 240 and 600 grit
SiC paper (PLN-1885 Procedure 1500, Reference 15). The surface area was calculated from 
measurements of the specimen dimensions using calibrated calipers. Then the specimens were degreased 
(acetone and ethanol) and weighed prior to testing. The procedure called for careful handling practices 
and documentation with photographs to avoid mixing the specimens. Crevice tests used multiple crevice 
assembly (MCA) ceramic washers (12 tooth, OD 1.6 cm, ID 0.65 cm) with Teflon tape (1-1/2–in.-wide
military grade) placed between the specimen surface and the crevice washer. The crevice bolt was C-276
and tightened to 70 in.-lb (PLN-1885 Procedure 1600, Reference 15). Teflon compression washers were 
used to connect the assembly to the specimen holder. Cylindrical specimens used Viton rubber gaskets to 
seal the attachment of the specimen.

Table 1. Composition of Ni-Cr-Mo-Gd alloy M340.

Element
Weight

(%)
Mo 14.07

Cr 15.25
Gd 1.99

Co <0.005
Mn <0.005

Si 0.01
Fe <0.005

P <0.005
O 0.0146

N 0.0007

C 0.0118
S Not reported

Ni Balance
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3.2 Corrosion Cell

The corrosion cell was a standard 1-L glass flask as described in ASTM G5 (Reference 16).
PLN-1885 Attachments 14 and 15 show pictures of the complete cell setup. The testing stations have 
labels to avoid traceability issues. The cell and associated parts were carefully acid cleaned prior to 
testing to remove residual contaminates. The cell used water jacketed Luggin capillary compartments 
(with chilled water flow) to keep the reference electrode near room temperature during the test. A carbon 
rod was used as the counter electrode, and saturated calomel electrodes (SCEs) were used as reference 
electrodes. The reference electrodes were checked (PLN-1885 Procedure 1300, Reference 15) prior to 
each test. The solution temperature was controlled using a mantle heater setup with a thermocouple probe. 
The temperature of the solution and reference compartment was checked prior to initiating the test by a 
calibrated thermometer (PLN-1885 Procedure 1400, Reference 15). The cell also employed an Allin
condenser with chilled water circulation to prevent solution loss. The cells were purged with nitrogen gas 
prior to and during the tests.

3.3 Solutions

The six solution compositions were defined in PLN-1880, Table 1 (see Reference 14). Only four of 
these solutions, Average low pH, High nitrate, High chloride, and High halide, were tested. These 
solutions were made in approximately 20-L volumes. Immediately after being mixed, aliquots were taken 
in environmentally cleaned containers for later solution analysis. The anion targets were met using
sodium salts. Nanopure deionized water was used in all solutions. The pH was achieved using additions 
of HCl and a standardized pH meter (PLN-1885 Procedures 1200 and 1700, Reference 15). Table 2 shows
the ionic compositions obtained from analysis.

3.4 Electrochemical Testing

The setup and breakdown of the electrochemical tests were performed using detailed procedures 
(PLN-1885 Procedures 1500 and 2100, Reference 15). These setup and breakdown procedures had 
checklists (PLN-1885 Attachments 2–3, Reference 15) to ensure all steps were performed. The 
electrochemical tests were performed using calibrated potentiostats (PLN-1885 Procedure 4100,
Reference 15) manufactured by Gamry Instruments. Two types of tests were performed: potentiostatic 
(PS) and potentiodynamic (PD). Each test type has a specific sequence of measurements that was 
maintained throughout all the tests. Both tests began with a 50-minute Ecorr (open circuit potential) 
measurement. PS tests were performed for 7 days immediately following the Ecorr measurement. For PD 
tests, a linear polarization (LPR) measurement was performed immediately following the Ecorr

measurement. This was performed at 600 mV/hr in the range of ±30 mV of the Ecorr value. Then two PD 
scans (cyclic PD) were performed sequentially. The second PD test evaluates the performance after the 
expected dissolution of the secondary phase of the Ni-Cr-Mo-Gd alloy.

Table 2. Composition of solutions used in corrosion testing.

Solution ID Solution name pH
[Cl-]
mg/L

[NO3
-]

mg/L
[F-]

mg/L
[Cl-]
m

[NO3
-]

m
[F-]
m

100 Average low pH 5.71 134 27.5 ND 3.79E-03 4.45E-04 ND

101 High halide 4.95 223 8.94 178 6.31E-03 1.45E-04 9.40E-03

102 High nitrate 5.07 71.8 47.2 ND 2.03E-03 7.64E-04 ND
103 High chloride 5.36 218 9.06 ND 6.17E-03 1.47E-04 ND

ND = not detected.
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3.5 Post-test Analysis

The solution and specimen were examined using visual examination and photography. The
specimen was descaled (300-mL HCl in 1-L) to better elucidate damage and determine the weight loss 
due to the testing. An aliquot of solution was collected from the corrosion flask for later analysis of
dissolved metal ion composition. The specimen was further examined by light optical microscopy (LOM) 
(PLN-1885 Procedure 3100, Reference 15) and scanning electron microscopy (SEM) (PLN-1885
Procedure 3200, Reference 15). Microstructural analysis was also performed for one specimen. The 
specimens were placed in archival storage for later retrieval if needed.

3.6 Data Analysis

Data were plotted using Igor Pro v. 4.01 and CorelDraw v. 11 (PLN-1885 Procedure 2700,
Reference 15). These data plots are contained in the laboratory notebooks. The data were examined using 
validated software package Gamry Echem Analyst V1.31 supplied with the potentiostats. This software 
was used to integrate, find maximum and minimum values, and curve fit LPR data. Data workup sheets 
(PLN-1885 Attachments 4–5, Reference 15) were filled out for each test and pasted in the laboratory 
notebooks.

The current and charge data were scaled to the measured surface area. Ecorr data were examined for 
initial, final, minimum, and maximum values (PLN-1885 Procedure 2500, Reference 15). LPR data were 
fitted to determine the polarization resistance from which the corrosion rate was calculated using 
ASTM G59 (PLN-1885 Procedure 1600, Reference 15). The generic Stern-Geary coefficient of 0.0261 V
was used in this calculation (assume Tafel slopes of 0.12 V/decade). PD data were analyzed to determine
a) the critical potential using crossover potential criteria, b) the charge in the passive and transpassive 
regions, and c) the maximum current in the passive and transpassive regions (PLN-1885 Procedure 2200,
Reference 15). The division between the passive and transpassive regions was set at 0.6 V for the analysis 
of all tests. PS data were analyzed to determine : a) the total charge, b) the maximum current, and c) the
current at the final data point defined as Icorr from which a corrosion rate is calculated (PLN-1885
Procedure 2300, Reference 15). The corrosion rate for PS tests was also determined using the weight loss 
due to the test. All potentials are reported versus the SCE.
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4. RESULTS

4.1 Corrosion Potential Measurements

The corrosion potential (Ecorr) was measured for 50 minutes before each electrochemical test. As 
the setup was identical for both types of tests (PD and PS), they can be compared as a whole. Four Ecorr

values were obtained from the Ecorr data, initial, final, and minimum and maximum values. The value 
considered most relevant is the final value, as it represents the most equilibrated result. Although outside 
the scope of work, longer term Ecorr measurements would be more ideal in understanding where the 
long-term Ecorr value will equilibrate.

The values for Ecorr obtained from the test data are grouped by the specimen type and environment,
and are shown in Table 3. In general, Ecorr values do not have a dependence on the specimen type or 
temperature. However, Ecorr is strongly tied to the solution composition, with the solutions with higher 
halide concentrations having more negative corrosion potentials. The fluoride containing solution, High
halide , has the lowest Ecorr values. The Average low pH and High nitrate solutions have the highest Ecorr

values. This trend would be expected from solutions with greater halide concentrations. In general, the 
Ecorr values do not change dramatically during the tests, as evidenced by how close most of the min imum
Ecorr and maximum Ecorr values are. Longer term tests would be needed, however, to determine if this 
trend continues. Test 071805 appears to have had problems likely rela ted to the reference electrode.

Table 3. Corrosion potential data (vs. SCE) collected prior to each electrochemical test.

Test Specimen Solution Temp Initial Ecorr Final Ecorr Min Ecorr Max Ecorr

040405 Cylinder Average low pH 60 -0.3164 -0.3364 -0.3399 -0.3164

040605 Cylinder Average low pH 60 -0.3667 -0.3565 -0.3689 -0.3550

040805 Cylinder Average low pH 60 -0.3818 -0.3654 -0.3877 -0.3640

041205 Cylinder Average low pH 60 -0.3621 -0.3883 -0.3982 -0.3577

042205 Cylinder Average low pH 60 -0.3081 -0.3427 -0.3428 -0.3081

050305 Cylinder Average low pH 60 -0.3041 -0.3224 -0.3224 -0.2984

042505 Cylinder Average low pH 90 -0.3143 -0.3255 -0.3299 -0.3138

042605 Cylinder Average low pH 90 -0.3205 -0.3086 -0.3295 -0.3066

052405 Cylinder Average low pH 90 -0.3254 -0.3303 -0.3317 -0.3225

060205 Cylinder Average low pH 90 -0.3249 -0.3354 -0.3370 -0.3241

060105 Crevice Average low pH 60 -0.3260 -0.3547 -0.3567 -0.3251

060305 Crevice Average low pH 60 -0.3472 -0.3617 -0.3670 -0.3468

061305 Crevice Average low pH 60 -0.2932 -0.3108 -0.3114 -0.2907

051905 Crevice Average low pH 90 -0.3191 -0.3204 -0.3231 -0.3172

052005 Crevice Average low pH 90 -0.3429 -0.3407 -0.3479 -0.3381

062305 Crevice Average low pH 90 -0.3842 -0.3664 -0.3869 -0.3645

050505 Cylinder High nitrate 60 -0.3564 -0.3632 -0.3741 -0.3527

050605 Cylinder High nitrate 60 -0.3111 -0.3361 -0.3387 -0.2979

051605 Cylinder High nitrate 60 -0.3161 -0.3457 -0.3513 -0.3160
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Test Specimen Solution Temp Initial Ecorr Final Ecorr Min Ecorr Max Ecorr

051705 Cylinder High nitrate 90 -0.2945 -0.3066 -0.3075 -0.2918

051805 Cylinder High nitrate 90 -0.3222 -0.3233 -0.3313 -0.3193

060805 Crevice High nitrate 60 -0.2867 -0.3072 -0.3097 -0.2821

081105 Crevice High nitrate 60 -0.3413 -0.3445 -0.3457 -0.3343

062105 Crevice High nitrate 60 -0.3351 -0.3467 -0.3477 -0.3321

070105 Crevice High nitrate 90 -0.3485 -0.3202 -0.3542 -0.3183

072705 Crevice High nitrate 90 -0.3623 -0.3330 -0.3658 -0.3288

072905 Crevice High nitrate 90 -0.3167 -0.3006 -0.3217 -0.2972

070605 Crevice High nitrate 90 -0.3143 -0.3228 -0.3231 -0.3138

071205 Cylinder High chloride 60 -0.3411 -0.3499 -0.3509 -0.3398

071505 Cylinder High chloride 60 -0.3415 -0.3443 -0.3451 -0.3379

071805 Cylinder High chloride 90 -0.3800 -0.3465 -0.5861 -0.1038

072005 Cylinder High chloride 90 -0.3651 -0.3650 -0.3669 -0.3609

072505 Cylinder High chloride 90 -0.3643 -0.3648 -0.3678 -0.3610

071405 Crevice High chloride 60 -0.3817 -0.3790 -0.3854 -0.3745

072105 Crevice High chloride 60 -0.4176 -0.3997 -0.4281 -0.3997

080105 Crevice High chloride 60 -0.3586 -0.3628 -0.3663 -0.3502

071905 Crevice High chloride 90 -0.4141 -0.4039 -0.4174 -0.4019

072605 Crevice High chloride 90 -0.3821 -0.3656 -0.3845 -0.3626

080205 Crevice High chloride 90 -0.3392 -0.3533 -0.3537 -0.3370

042705 Cylinder High halide 60 -0.4184 -0.4179 -0.4224 -0.4173

042805 Cylinder High halide 60 -0.4243 -0.4267 -0.4314 -0.4236

050905 Cylinder High halide 60 -0.4403 -0.4487 -0.4511 -0.4403

050205 Cylinder High halide 90 -0.4526 -0.4377 -0.4729 -0.4376

050405 Cylinder High halide 90 -0.5042 -0.4503 -0.5067 -0.4500

052505 Cylinder High halide 90 -0.4750 -0.4388 -0.4753 -0.4386

060605 Crevice High halide 60 -0.4095 -0.4260 -0.4265 -0.4095

060705 Crevice High halide 60 -0.4002 -0.4202 -0.4207 -0.4000

061405 Crevice High halide 60 -0.4205 -0.4235 -0.4314 -0.4205

080905 Crevice High halide 90 -0.4908 -0.4567 -0.4910 -0.4561

081005 Crevice High halide 90 -0.5070 -0.4621 -0.5103 -0.4598

063005 Crevice High halide 90 -0.4672 -0.4409 -0.4674 -0.4407
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4.2 Potentiodynamic Test Results

4.2.1 Explanation of Potentiodynamic Data

The PD tests were used to determine the susceptibility to localized corrosion and determine the 
overall corrosion characteristics of the material in that environment. Cyclic PD polarization scans were 
employed to determine the passivation characteristics and specifically the repassivation potential (Erp). A
scan includes both forward and reverse directions while a sweep is part of a scan performed in one 
direction (i.e., forward sweep).

Several parameters were obtained from these scans to allow comparison of the characteristics of 
each scan in numerical form. Figure 1 shows a diagram of a generic PD scan for the Ni-Cr-Mo-Gd alloy. 
The curves were split into two regions: (1) passive region and (2) transpassive region. The passive region 
begins at the initiation point of the PD curve to 0.6 V. The designation of passive region does not 
necessarily designate the state of the material. The passive region is characterized as being stable under 
nonpitting environments. The transpassive region is from 0.6 V to the anodic limit (0.8 or 1.0 V). This 
region is characterized as the point where uniform corrosion of the material is observed because of
oxidation of Cr2O3 to chromate. Strictly speaking, choosing a value of 0.6 V to divide these two regions 
does not consider the different responses (shifts in the dividing point due to condition) but does provide a 
way to compare values under the various conditions examined. In both of these regions, the maximum 
current was determined (in forward or reverse sweeps). The maximum current in the passive region tends 
to drop after the initial forward sweep because of removal of the secondary phase, thus providing a 
measure of the degree of passivation for the material. The maximum current for the transpassive region 
always occurs at the anodic limit as would be expected. The maximum transpassive current tends to be 
similar in both scans as it is a uniform reaction for the base metal. Values for the charge measured in the 
passive and transpassive region were also obtained. In the passive region, forward and reverse sweep 
charge values were obtained separately. The charge in the transpassive region was the combination of the 
forward and reverse sweeps. As was observed for the maximum passive current, the initial forward 
passive charge is the greatest, whereas the subsequent charge values in the passive region decrease in 
value. This again provides a measure of the passivation characteristics of the material due to the removal 
of the gadolinide secondary phase.

The propensity for localized corrosion can also be ascertained by comparing the values of the 
corrosion potential (Ecorr) and the critical potential (Ecrit). No attempt was made to develop such a 
localized corrosion model. A value for the repassivation potential (Erp) was obtained for each PD scan. 
While several definitions of the repassivation potential can be used, the most common definition is the
value where the reverse sweep (being higher than the forward sweep, i.e., positive hysteresis) crosses over 
(below) the value of the forward sweep. While this definition appears straightforward, in practice some 
level of interpretation is required. In some cases, the hysteresis (reverse sweep is positive of the forward 
sweep) is well negative of the anodic limit , and the curves may cross several times. The repassivation 
value is then obtained where the current for the reverse sweep crosses to lower current than the forward 
sweep for the final time. Part of the reason for this ambiguity and complexity may be due to the 
two-phase nature of this alloy as will be discussed in more detail below.
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Figure 1. Diagram of a hypothetical potentiodynamic curve for Ni-Cr-Mo-Gd alloy demonstrating the 
various parameters collected from the curves.

4.2.2 Potentiodynamic Tests Results

The results of the PD tests are similar to what has been observed previously for Ni-Cr-Mo-Gd
alloys (see Reference 8). Figure 2 shows two PD tests as examples of the type of behavior observed. The 
curves in Figure 2A for Test 042605 highlight the typical behavior for these alloys in benign 
environments (Average low pH solution at 60°C). The initial forward sweep shows a broad current almost 
1 mA/cm2 in magnitude. This feature is primarily associated with the dissolution of the secondary phase. 
This was confirmed by LOM examination of the specimens, where small pits (5–20 mm in diameter) are 
observed on the surface in a pattern consistent with the total removal of the surface exposed secondary 
phase. The reverse sweep response is also typical, where the current is about two orders of magnitude 
lower than that of the forward sweep. Hysteresis was not observed, partly because the current involved 
with dissolution of the gadolinide phase is so large. It is expected that most of the gadolinide phase has 
been removed by the completion of the forward sweep as the current actually drops significantly around 
0.4 V before reaching the transpassive region. Similar behavior is also observed in the initial sweep in 
Figure 2B for Test 072605, a crevice specimen in High halide solution at 90°C (a more aggressive 
condition). Interestingly, for Test 072605, the current density is somewhat lower for the initial sweep and 
does not exhibit a smooth nature. This could be an effect of the crevice former obscuring the reaction to 
the internal parts of the crevice specimen resulting in poor mass transport and thus lower overall 
secondary phase dissolution rate at these inner locations. The level of passivation is also much less in the 
return sweep, which would also speak to a similar mass transport issue.

A second scan was also performed to demonstrate the properties of the material after removal of
the secondary phase. Figure 2A shows that the forward sweep current is two orders of magnitude lower 
than that of the forward sweep of the initial scan. The reverse sweep shows a hysteresis from the 
transpassive region to approximately 0.4 V (0.3870 V), the repassivation potential. Similar behavior is 
observed for the crevice specimen in Figure 2B with almost an order of magnitude more current, not 
unexpected due to the more aggressive conditions. The Erp occurs around 0.1 V (0.1371 V). Crevice 
corrosion is quite likely although extensive damage was not observed under the crevice former. The 
limited time the specimen existed in the critical condition may prevent extensive damage from occurring.
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Figure 2. Potentiodynamic curves for Tests 042605 and 072605. See Tables 4 and 5 for conditions.

The repassivation potentials (Erp) were evaluated using the crossover criterion (where reverse 
sweep last crosses the forward sweep). Tables 4 and 5 provide these values for the cylindrical and crevice 
specimens, respectively. All tests are included in these tables, and some anomalies are noted in the EC
Comments column. In general, repassivation values were not observed in the initial scan because of the 
large current for gadolinide dissolution in the forward sweep as discussed earlier. The exception to this is 
found in the High halide solution where hysteresis was observed for 90°C tests for both types of 
specimens. This test condition had a relatively low current in the initial forward sweep but also had very
low degree of repassivation in the subsequent sweeps. Repassivation potentials were observed in most of 
the second scans and generally were between 0.2 to –0.2 V. However, in some cases the repassivation 
value is much more positive. Much of the discrepancy occurs as the currents for the forward and reverse 
scans are very similar and often cross over several times. A current magnitude-based criterion should be 
considered as an alternative value in future work or in further analysis of this data.

Other parameters in Tables 4 and 5 can be examined to show the trends mentioned earlier. In all 
tests, the passive charge in the forward sweep for the initial scan is greater than the reverse sweep (and 
also subsequent sweeps as well). The forward and reverse sweep charge tended to be similar for the 
second scan, as the base material was controlling the corrosion properties of the material in both 
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directions. The maximum current in the passive range for the first scan was in almost all cases greater 
than the value for the second scan. The transpassive parameters are similar in value for both scans.

The transpassive parameters (maximum current and charge) tended to increase with temperature. In 
tests where the anodic limit was 1.0 V, the solutions displayed a yellow color indicative of significant 
Cr2O3 oxidation. The anodic limit was moved negative (0.8 V) after the initial tests to avoid excessive 
transpassive dissolution. The specimens had some faint coloration probably due to transpassive 
dissolution products. This was removed during the post-test descaling in many cases.
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4.3 Linear Polarization Resistance Measurements

LPR measurements were performed for PD tests following the Ecorr measurement. The 
measurement was used to determine the corrosion rate of the alloy. It has been established in previous 
work that the secondary phase is much more susceptible to corrosion than the base material and is subject 
to selective dissolution processes (see References 4 through 8). During the LPR tests, the secondary phase
is likely intact during the measurement. Thus the corrosion rates are expected to be controlled by the 
corrosion rate of the gadolinide phase. The corrosion rates by this method are much higher than what is 
obtained from PS tests as will be shown below.

Table 6 shows the LPR-determined corrosion rates for the 34 LPR tests performed. The corrosion 
rates covered a large range as high as 506 mm/yr and as low as 2.1 mm/yr with much scatter. From 
examination of the data performed under similar conditions, the corrosion rates were not very 
reproducible. The average corrosion rate for all the tests was 211 ± 161 mm/yr (not including Test 081005
value). There was not a clear trend toward higher corrosion rates with increasing temperature or with the 
type of specimen. Also, these values were obtained from generic values of the Stern-Geary coefficient. 
Thus, these values are more useful for comparison purposes within this data set or for similar alloys under 
similar conditions.

Table 6. LPR derived corrosion rates.

Test ID
Specimen

type Matrix Solution
Temp
(°C)

LPR CR
(mm/yr)

040405 Cylinder #26
Average low
pH 60 506

040605 Cylinder #26
Average low
pH 60 97.3

040805 Cylinder #26
Average low
pH 60 46.9

041205 Cylinder #26
Average low
pH 60 43.2

042205 Cylinder #26
Average low
pH 60 369

042505 Cylinder #32
Average low
pH 90 490

042605 Cylinder #32
Average low
pH 90 308

060105 Crevice #38
Average low
pH 60 211

060305 Crevice #38
Average low
pH 60 137

051905 Crevice #44
Average low
pH 90 278

052005 Crevice #44
Average low
pH 90 329

050505 Cylinder #28 High nitrate 60 139

050605 Cylinder #28 High nitrate 60 410
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Test ID
Specimen

type Matrix Solution
Temp
(°C)

LPR CR
(mm/yr)

051705 Cylinder #34 High nitrate 90 452
051805 Cylinder #34 High nitrate 90 297

081105 Crevice #40 High nitrate 60 169
060805 Crevice #40 High nitrate 60 553

072705 Crevice #46 High nitrate 90 88.6
072905 Crevice #46 High nitrate 90 237

071205 Cylinder #29 High chloride 60 385
071805 Cylinder #35 High chloride 90 326

072005 Cylinder #35 High chloride 90 314
071405 Crevice #41 High chloride 60 78.6

072105 Crevice #41 High chloride 60 6.89
071905 Crevice #47 High chloride 90 68.3

072605 Crevice #47 High chloride 90 153
042705 Cylinder #30 High halide 60 143

042805 Cylinder #30 High halide 60 120
050205 Cylinder #36 High halide 90 75.7

050405 Cylinder #36 High halide 90 28.4

060605 Crevice #42 High halide 60 50.9
060705 Crevice #42 High halide 60 60.2

080905 Crevice #48 High halide 90 2.1
081005 Crevice #48 High halide 90 0.698*

* Test ID 081005 appears to be flawed.

4.4 Potentiostatic Test Results

4.4.1 Explanation of Potentiostatic Tests

PS tests were also used to evaluate the corrosion properties of the alloy. In this case, the specimen 
is held at one potential while measuring the current flow. For a passive metal, it would be expected that 
the current would drop during the test as the passive oxide film thickens and composition changes. Under
conditions where the material might be susceptible to localized corrosion, the current could increase, 
possibly in a chaotic fashion because of pit evolution processes. The potential used in the test should be
representative of what might be expected for the Ecorr value or some type of boundary condition (more 
positive than expected). As the pitting probability usually increases with potential, a bounding case would 
be to use a more positive value than the expected Ecorr. In addition, a value for the corrosion rate at the 
potential chosen can be calculated from the corrosion current (Icorr). The value chosen in these tests, 
+0.2 V, is likely a bounding Ecorr value and thus should represent a bounding case for determining the 
corrosion rate from Icorr.

In these tests, the expected long-term Ecorr value was not known. A value of +0.2 V is known from 
previous testing of this alloy to remove the secondary gadolinide phase (under different conditions) 
exposed to the surface, leaving a more passive surface than the initial condition. The PS tests highlight the 
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tendency of the material to become more passive over time. The tests were performed for a period of 
7 days. The maximum current and the total charge during the test are also reported. A second corrosion
rate based on specimen weight loss was also calculated using a method for exposure coupons.

4.4.2 Potentiostatic Test Results

Tables 7 and 8 contain the data obtained from the PS tests for cylindrical and crevice specimens,
respectively. Two curves for two extremes of behavior are shown in Figure 3. This figure displays the 
tendency for the current to decrease during the experiment. The curve for the cylindrical specimen 
Test 072505 shows the current drops to approximately 30 nA/cm2, while the crevice specimen 
Test 063005 for the same condition shows a final current of approximately 3 mA/cm2, two orders of 
magnitude higher. The difference in these two tests is due to crevice attack of the base material for 
Test 063005, as evidenced from observations of attack at the crevice former following the test. 
Passivation was observed with corrosion rates less than approximately 2 mm/yr (calculated from Icorr) for
all tests except the crevice specimens in the High halide and High chloride solutions. All crevice tests in 
these two solutions indicated crevice attack and much higher corrosion rates as calculated from the Icorr.
The observed crevice damage, corrosion rates, and weight loss increased significantly with temperature in 
these solutions.

Figure 3. Potentiostatic curves for Tests 063005 and 072605. See Tables 7 and 8 for conditions.
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The corrosion rates calculated from weight loss (42.8 ± 18.6 mm/yr for cylinders specimens and 
43.4 ± 23.6 mm/yr for crevice specimens) are greater than those calculated from Icorr (1.27 ± 0.60 mm/yr
for cylinder specimens and 11.1 ± 16.7 mm/yr for crevice specimens). This can be explained by 
considering the difference in the way the two rates are determined. Figure 4 shows a hypotheticalPS
curve in the absence of crevice corrosion. The curve is split into two regions. Region I occurs
immediately following polarization of the specimen and is associated with rapid dissolution of the 
reactive secondary phase where the current decreases as the secondary phase exposed to the surface is 
consumed. Region II is where the current drops at a much slower rate as the base material undergoes 
passivation. The corrosion rate due to weight loss considers all the processes during the test including 
removal of the secondary phase. The corrosion rate calculated from Icorr is determined from the final 
current measured in Region II where the secondary phase has been removed and passive currents of less 
than 100 nA/cm2 are observed. The corrosion rate calculated from Icorr is considered more indicative of 
the true long-term corrosion rate as the gadolinide will be selectively removed from the surface by
pickling processes or by moist environments for long periods. For tests where crevice corrosion is 
observed, the values for the two corrosion rates are much closer due to the higher Icorr value. It is expected 
that the commercially available plate product that will be used for the waste package basket will have a 
hot rolled, annealed, and pickled finish. The pickling process used to remove the oxide scale formed 
during the hot rolling and annealing of the plate is expected to remove the exposed gadolinide. This
material would probably exhibit Region II behavior.

Other observations can be made from the tests results in Tables 7 and 8. The maximum currents for 
all the tests are between 5.5 mA/cm2 and 0.141 mA/cm2 and always occur near the initiation of the tests.
The total charge tracks the weight loss values, as the charge can be related to mass dissolved through 
Faradaic relationships. The solutions are all colorless with the exception of one crevice Test 080205.
Blackish-brown films were observed in the four specimens that experienced significant crevice corrosion, 
isolated to the crevice region. Figure 5 shows a photograph of the damage caused in Test 063005 (after 
descaling) by crevice corrosion of the specimens.

Figure 4. Diagram of a hypothetical potentiostatic curve for Ni-Cr-Mo-Gd alloy demonstrating two 
regions of behavior.
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Figure 5. Photograph of the crevice specimen from Test 063005 showing extensive crevice attack.

4.5 Morphology of Corrosion Specimens

To determine the type of damage incurred by the corrosion tests, SEM was used to image the 
specimen surfaces after the tests. This was performed following specimen descaling, although some 
remaining precipitate was observed on some of the specimens. The corrosion-induced damage can be 
divided into two types: 1) secondary phase dissolution (gadolinide), where shallow pitting on the surface 
is observed and 2) primary phase etching (austenite) under creviced regions in the High halide and High 
chloride solutions.

Complete secondary phase dissolution was observed under most conditions. An exception to this is 
in the High halide solution where fluoride ions appeared to impede that process in PS tests due to the 
formation of insoluble GdF3, which will be discussed in the solution analysis section.17 Figure 6A shows a 
backscatter SEM image of the boldly exposed surface of the crevice specimen used in Test 063005, a PS 
test in High halide solution at 90°C. In this image, the bright phase is due to the high Z Gd atoms of the 
secondary phase. These particles are intact although significant micro pitting is observed. In other 
solutions, the secondary phase appears readily soluble, as evidenced by the clear removal of a secondary 
phase particle in Figure 6B, from the specimen used in Test 072505, at 90°C in High chloride solution. A 
high magnification of the structure of the pit bottom left by the removed secondary phase is shown in 
Figure 6C, from Test 042605, a PD test in Average low pH solution. This image demonstrates the shallow 
nature of this pitting damage.

Significant damage to the primary austenite phase was observed in tests employing crevice 
specimens with greater halide to nitrate ratios (High halide and High chloride solutions). This damage 
was most severe in potentiostatic tests due to the time the specimen spent (7 days) at the aggressive 
condition (0.2 V vs. ref). In all the PS tests using crevice specimens in these solutions, extensive damage 
could be observed by the naked eye. A low magnification SEM image shown in Figure 7A shows damage 
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from Test 063005, a PS test in High halide solution at 90°C. The damage essentially corresponds to the 
specimen area in contact with the ceramic crevice forming tooth. This contact area is outlined by 
precipitate that was not removed by the descaling procedure and shows greater damage in the area next to 
this precipitate. A higher magnification of this interface region is shown in Figure 7B, taken from the 
outer edge of the crevice tooth shown in Figure 7A. This image contrasts the damage from under the 
crevice former (right) to the relatively undamaged region on the upper left that was outside the crevice 
former. A line of precipitate separates these two regions, where metals (corrosion products) dissolved in 
the low pH environment under the crevice precipitate at the crevice boundary where the pH is moderated. 
High magnification of the damaged region is shown in Figure 7C. The damage under the crevice former 
appears to be an etching of the base material and no longer resembles the morphology due to removal of 
the secondary phase. Similar attack has been observed for Alloy 22 under crevice formers under more 
aggressive conditions after PS tests.18 Evidence of crevice attack of the base material has been observed in 
PD tests in High chloride solution (Test 072605). The location and morphology of the damage appears 
similar to what was observed above but not as extensive.

Figure 6. SEM micrographs of test specimens: (a) Test 063005 specimen from boldly exposed region, 
(b) Test 072505 specimen, and (c) high magnification of pot from Test 042605 specimen.
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Figure 7. SEM micrographs of crevice damage on Test 063005 specimen at various magnifications.

4.6 Analysis of Corrosion Test Solutions

The corrosion test solutions were analyzed after performing the tests to determine the amount of
metal dissolved into solution. An aliquot of solution was collected following the test and sent to a 
qualified laboratory for metal analysis for the primary constituents (Ni, Cr, Mo, and Gd ) by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and solution pH. The results are shown in 
Table 9. From each of the constituent metal concentrations the total metal concentration was calculated. 
This can be compared directly with the values from weight loss measurements (also provided for 
comparison). Because the testing solution was one liter, the values can be compared directly and should 
result in agreement if precipitation does not influence the solubility of the metal. For tests where solution 
precipitation was not observed, the total metal concentration and weight loss values agree fairly well. This 
provides confidence in both of the methods of analysis. The pH values are of less significance as reactions 
at the electrodes and dissolved components will shift the unbuffered solution. As an example,
Test 070105 had the lowest pH value and was a test that had a reference electrode failure (capillary 
leaked) and excessive current occurred.
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Table 9. Post-test solution analysis results.

Test
ID Matrix Solution

Temp
(°C)

Solution
Analysis Ni 

µg/L

Solution
Analysis Cr 

µg/L

Solution
Analysis Mo 

µg/L

Solution
Analysis Gd 

µg/L

Total Solution 
Analysis wt 

mg/L

Wt
Loss
(mg) pH

PD Cylinder specimens

040405 #26
Average low
pH 60 41200 5100 5620 10200 62.12 28.53 7.05

040605 #26
Average low
pH 60 6330 645 763 1460 9.20 14.99 6.96

040805 #26
Average low
pH 60 22100 1960 2420 5000 31.48 13.13 7.09

041205 #26
Average low
pH 60 69700 8420 8710 11500 98.33 24.74 7.26

042205 #26
Average low
pH 60 14800 1840 2160 2790 21.59 18.60 7.04

042505 #32
Average low
pH 90 140000 18800 23200 12500 194.50 66.36 7.20

042605 #32
Average low
pH 90 5190 116 142 1820 7.27 7.04 5.06

042705 #30 High halide 60 5450 757 751 14.1 6.97 6.82 4.76

042805 #30 High halide 60 1950 276 276 1.31 2.50 7.52 4.81

050205 #36 High halide 90 22800 3570 3810 176 30.36 24.79 5.76

050405 #36 High halide 90 35000 4160 4790 640 44.59 25.12 6.78

050505 #28 High nitrate 60 3140 212 242 414 4.01 7.03 6.51

050605 #28 High nitrate 60 7540 323 343 2400 10.61 13.55 6.72

051705 #34 High nitrate 90 6590 360 209 2220 9.38 9.03 3.54

051805 #34 High nitrate 90 9580 946 1500 2250 14.28 10.97 6.64

071205 #29 High chloride 60 7190 61.8 98.8 1490 8.84 10.98 6.29

071805 #35 High chloride 90 5980 293 238 150 6.66 12.28 6.70

072005 #35 High chloride 90 6070 411 363 160 7.00 10.40 6.49

PD Crevice specimens

051905 #44
Average low
pH 90 8990 258 268 1780 11.30 12.16 6.34

052005 #44
Average low
pH 90 10300 417 324 2240 13.28 13.26 6.06

060105 #38
Average low
pH 60 5530 73.8 152 1550 7.31 8.18 6.22

060305 #38
Average low
pH 60 11100 857 978 3140 16.08 18.70 6.91

060605 #42 High halide 60 14100 1850 2090 26.3 18.07 21.02 5.25

060705 #42 High halide 60 9720 1040 1230 16.5 12.01 12.94 4.87

060805 #40 High nitrate 60 14100 345 335 5040 19.82 20.54 5.49

071405 #41 High chloride 60 10600 308 267 4380 15.56 20.69 6.83

071905 #47 High chloride 90 4230 230 277 1050 5.79 14.74 6.70

072105 #41 High chloride 60 1910 90.4 135 292 2.43 7.50 6.24

072605 #47 High chloride 90 3410 65.8 69.7 237 3.78 17.83 6.47

072705 #46 High nitrate 90 2420 112 134 78.5 2.74 9.21 6.28

072905 #46 High nitrate 90 7060 119 58.4 1670 8.91 10.48 5.93

080905 #48 High halide 90 15900 1980 2300 846 21.03 28.00 6.95

081005 #48 High halide 90 10900 1090 1400 191 13.58 17.34 6.34
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Test
ID Matrix Solution

Temp
(°C)

Solution
Analysis Ni 

µg/L

Solution
Analysis Cr 

µg/L

Solution
Analysis Mo 

µg/L

Solution
Analysis Gd 

µg/L

Total Solution 
Analysis wt 

mg/L

Wt
Loss
(mg) pH

081105 #40 High nitrate 60 6290 193 203 2070 8.76 12.07 6.68

PS Cylindrical specimens

050305 #2
Average low
pH 60 6710 112 3.75 3340 10.17 9.13 3.81

050905 #6 High halide 60 3330 51.2 8.22 5.86 3.40 3.23 5.76

051605 #4 High nitrate 60 4920 1.1 14.4 2120 7.06 7.21 6.10

052405 #8
Average low
pH 90 6590 14.2 18.7 3290 9.91 8.91 4.30

052505 #12 High halide 90 1370 51.3 27.9 4.18 1.45 1.28 4.98

060205 #8
Average low
pH 90 5430 61.1 7.66 2660 8.16 6.04 3.78

071505 #5 High chloride 60 5480 79.9 13.5 2810 8.38 7.51 3.89

072505 #11 High chloride 90 4900 0.917 40.7 1850 6.79 8.03 6.24

PS Crevice specimens

061305 #14
Average low
pH 60 15000 ND 22.5 6770 21.79 17.50 5.91

061405 #18 High halide 60 9740 345 229 3.42 10.32 8.14 5.00

062105 #16 High nitrate 60 5350 ND 23.3 2060 7.43 7.09 6.12

062305 #20
Average low
pH 90 1940 0.637 44.5 34 2.02 4.32 6.37

063005 #24 High halide 90 7080 6.92 163 0.873 7.25 12.62 6.47

070105 #22 High nitrate 90 35700 5550 2830 756 44.84 4.73 2.80

070605 #22 High nitrate 90 7120 ND 60.6 3010 10.19 10.39 5.51

080105 #17 High chloride 60 5600 0.971 16.8 1220 6.84 8.31 6.37

080205 #23 High chloride 90 12100 97.1 23.8 148 12.37 23.17 6.48

Gadolinium is observed in all the conditions. The secondary phase is known to dissolve in these 
tests as observed by SEM analysis following the tests. In the High halide solution, gadolinium complexes 
with fluoride ions in solution forming the insoluble compound GdF3, (see Reference 17) leading to very
low concentrations of gadolinium in the post-test solutions. This sequestration by fluoride ions to form
GdF3 can allow this compound to be homogeneously distributed throughout the breached waste package 
by replating on metallic surfaces or moving to the sludge in the bottom of the waste package. The GdF3

could possibly then form a new, gadolinium rich surface layer on the fuel basket plates.

Nickel, the primary constituent of the primary and secondary phases, was the most abundant metal 
in solution for all tests. Nickel would thus be involved in all dissolution processes.

Chromium and molybdenum are located in the primary austenite phase as the secondary phase does 
not have a significant concentration of chromium and molybdenum (see Reference 8). The PD tests show 
more dissolution of chromium and molybdenum, as these elements are dissolved in the transpassive 
region at the anodic limit. The values for chromium and molybdenum are lower for the PS tests, as 
potentials where transpassive dissolution occurs were not accessed. One exception is Test 070105, a test
that was flawed due to a reference failure (potential not controlled). The PD tests that used 1.0 V as the 
reversal potential (versus 0.8 V for most tests) showed the most base metal constituents (Ni, Mo, and Gd) 
due to deeper penetration into the transpassive region.
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4.7 Microstructural Analysis

A typical microstructure for the Ni-Cr-Mo-Gd alloy is shown in Figure 8. This image is from a 
cross-sectioned cylindrical specimen from Test 072505, which is a PS test in the High chloride solution at 
90ºC. The microstructure consists of a Ni-Cr-Mo austenitic matrix with a composition similar to UNS 
N06455 (darker structure) and a dispersed secondary phase (lighter structure) with a crystal structure 
based on the Ni5Gd gadolinide. This secondary phase is generally found at the austenite grain boundaries. 
The Ni5Gd phase also contains small amounts of dissolved chromium and molybdenum (on the order of 
1 wt%) (see Reference 8). The size, shape, and distribution of the secondary phase evolves from its initial
solidification morphology in the interdendritic area of the as cast ingot through hot rolling and heat 
treatment to the wrought structure illustrated here. Gadolinium has extremely limited solubility in the 
nickel austenite matrix and has not been detected there. In general, the alloy can be described as one 
containing a hard dispersed secondary phase within a softer austenitic matrix.

Figure 8. Light optical micrograph of cross-sectioned specimen at 500X magnification.
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5. DISCUSSION AND CONCLUSIONS

5.1 Discussion of Results

An important issue has arisen in the work presented in this report concerning the crevice corrosion 
of the alloy. Previous work with this alloy has examined boldly exposed specimens, which under a variety 
of conditions exhibited only secondary phase corrosion (see References 4 through 8). The damage 
observed in the PS tests in both solutions having higher concentrations of halides needs to be addressed.
The crevices used here are formed using a very high torque (70 in.-lb). The combination of the MCA 
crevice formers, Teflon tape, and high torque values result in a crevice much tighter than anticipated in 
service. The potential chosen for the PS tests (+0.2 V) needs to be evaluated by long-term Ecorr

measurements to determine if the potential used in this testing is more positive than should be used and 
overly conservative. During long-term Ecorr measurements for Alloy 22, only solutions with significant
nitrate concentrations exhibited extremely positive Ecorr values (above 0.1 V versus saturated silver 
chloride [SSC]), a solution that contains a large concentration of nitrate ion (see Reference 19,
Appendix V).

Intermediate Ecorr values (0.031 V to 0.108 V versus SSC) were observed for Alloy 22 in simulated 
dilute water solution, which is the closest to the range of chemistries used in this work. Values in chloride 
solutions exhibited much lower Ecorr values.

The enoblement (positive Ecorr values) of Ni-Cr-Mo alloys was studied by Lloyd et al. in 1 M NaCl
plus 0.1 M H2SO4 solution.20 Ennoblement was observed for the higher chromium alloys (Alloy 22 and 
C2000), but not for lower chromium alloys (C-4 and C276) at 75°C. The alloys with higher chromium
have Ecorr values between 0.1 V to 0.25 V versus Ag/AgCl (0.1 M KCl), while the lower chromium alloys 
had Ecorr values below –0.2 V versus Ag/AgCl (0.1 M KCl). This is due to the extreme passive state of the 
alloys via a stable Cr2O3 inner layer film. The more negative values for Ecorr were the result of a less 
stable inner layer film. The Ni-Cr-Mo-Gd alloy has a base material composition similar to C-4. Thus for 
the case where the Ni-Cr-Mo-Gd alloys are passive, the PS value of 0.2 V is likely close but slightly
positive of the expected Ecorr value. However, under conditions where localized (crevice) corrosion of the 
base material is observed, the Ecorr is expected to shift significantly more negative as was observed for the 
lower chromium alloys (see Reference 20).

Another approach would be to consider the use of a higher chromium version of the alloy. One 
higher chromium version (21.01% chromium) of the Ni-Cr-Mo-Gd alloy demonstrated the increased 
corrosion resistance compared to the nominal ASTM B932-04 specification Ni-Cr-Mo-Gd alloy.21

Although crevice corrosion performance was not evaluated, it is anticipated that better performance 
would be observed.

PS testing of crevice corrosion has been performed on Alloy 22 in mixed chloride-nitrate solutions 
at near neutral pH values at 100°C (see References 18 and 22). These tests were performed in solutions 
with nitrate to chloride ratios similar to the High chloride solution used here, but approximately 
three orders of magnitude more concentrated. Extensive crevice corrosion was observed for Alloy 22 at 
0.1 V versus SSC. The SSC is 0.043 V negative of the SCE-type reference electrode used in this work or 
adjusted is 0.143 V versus SCE. This is very similar to the value used in these tests. The crevice attack 
was eventually stifled due to the enlarging of tight crevices by metal dissolution. Such a mechanism could 
occur in this material although that may require longer tests to observe. Crevice corrosion occurs here 
under much more benign conditions likely due to the much lower corrosion resistance of this material 
(lower chromium level). The dissolution of secondary phase particles may also influence the crevice 
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attack by providing a lower pH environment in the crevice region via metal ion dissolution. On boldly 
exposed areas, this should be less of a concern.

The measurement of repassivation potentials in the second sweep shows the potential for localized 
corrosion. The repassivation values tend to be between 0V and -0.1 V versus SCE under most conditions. 
Because the measured Ecorr values are about 0.2 V negative of these values, more work is needed to 
further evaluate the potential for localized corrosion. Establishing the long-term value for Ecorr is needed. 
In addition, the long-term Ecorr for the alloy with the secondary phase dissolved should also be measured.

Under many conditions, the alloy performance in PS tests appears very promising. While the 
secondary phase is very reactive, the base material appears to be stable for boldly exposed specimens and 
in crevice specimens with higher NO3/Cl ratios. The corrosion rates measured in PS tests following the
removal of surface exposed secondary phase are around 1 mm/yr and in some cases somewhat lower. This 
rate is similar to rates determined in previous work performed under different conditions (see
Reference 7). Figure 6 shows a cross-sectional diagram of the near surface region of the Ni-Cr-Mo-Gd
alloy showing the processes that are thought to occur in these tests. First, selective removal of 
surface-exposed secondary phase occurs as evidenced by the morphology of the surface. This is followed 
by oxide growth processes and passivation of the surface exposed by the removal of the secondary phase. 
The corrosion rates measured here were after 7 days, where the current slowly decays after the initial 
steep decline (Figures 3 and 4). From previous exposure testing results from Alloy 22 (see Reference 19,
Figure 7-1), it is expected that the corrosion rates would continue to decrease over time. This could be 
confirmed using longer term PS tests or by exposure testing materials in a manner similar to that 
performed for Alloy 22 in long-term corrosion tests mentioned above.

The LPR data collected prior to the PD tests show relatively large corrosion rates compared to 
those obtained from PS tests (both weight loss and Icorr derived). The values do not appear to correlate to 
the corrosive nature of the test as they did in PS tests. The LPR rates should be controlled by the 
dissolution rates of the secondary phase. These rates are expected to be quite high. Because the oxide film 
covering these secondary phase particles should not contain significant amounts of chromium based on 
previous examination of composition (see Reference 8), this phase is not very resistant to corrosion 
compared to the base material. It is possible that the corrosion rate of the secondary phase has a different 
corrosion rate dependence on environment than the base material. The corrosion rates obtained by LPR 
for Alloy 22 are about two orders of magnitude higher than the rates (slightly different environments)
obtained by exposure testing for Alloy 22 (see Reference 19, Figures 6-11, 6-23, and 6-24). One
explanation for the discrepancies between the two measurement methods might be the higher rates for a 
material immediately following immersion. The corrosion rates are known to drop with immersion time 
in long-term corrosion tests (see Reference 19, Figure 7-1), as was mentioned earlier. Also, LPR is used 
to define general corrosion rates, and the dissolution of the secondary phase is a localized phenomenon. 
For these reasons, it is thought that the LPR-measured values presented here are not as representative as 
those obtained in PS tests. In future testing, the LPR rate should be collected after the electrochemical test 
to determine the rate for the base material for comparison with the initially measured LPR value.

The general corrosion rate for Alloy C-4 has been measured in long-term corrosion tests in 
concentrated solutions considered for the waste package outer barrier.23 The most complete data set exists 
for the SAW solution (simulated acidified water, a concentrated acidified water solution), where the 
immersed coupons showed a decrease in corrosion rate from 6 months to 1 year of 0.08 mm/yr to 
0.04 mm/yr at 60°C and 0.13 mm/yr to 0.05 mm/yr at 90°C. This shows a decrease in corrosion rate for
Alloy C-4 with exposure time and also provides a value for comparison with the secondary phase 
depleted rates obtained by Icorr measurements of the Ni-Cr-Mo-Gd alloy tested here. The values for the 
Ni-Cr-Mo-Gd alloy, albeit in more dilute solutions, are near 1 mm/yr (in noncrevice corrosion tests)
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Figure 9. Diagram of Ni-Cr-Mo-Gd surface evolution during potentiostatic tests.

and as low as 0.233 mm/yr (Test 062305) at 7 days. Testing at longer times than 7 days and at potentials 
that better define the likely corrosion potential would be desirable. Ideally, exposure test coupons would 
provide a better comparison case. Reference 19, Figure 7-1, also provides a time-based corrosion rate 
curve for Alloy 22 obtained through LPR and weight loss measurements in various simulated solutions.
The average corrosion rate for cylindrical specimens (1.27 ± 0.60 mm/yr) after 7 days exposure for the 
Ni-Cr-Mo-Gd alloy fall above the trend line curve for the data and are similar to the LPR-derived
corrosion rate for Alloy 22 after several minutes of immersion.

5.2 Future Work

While this alloy has shown promise in meeting the needs of a corrosion-resistant,
neutron-absorbing alloy, more work is needed to investigate the unique corrosion characteristics of this
alloy.  This material has a unique two-phase structure where a highly reactive, gadolinide containing 
second phase is present in a corrosion resistant, austenitic matrix. Understanding this unique system is 
important to defending the corrosion properties of the material.

The corrosion properties of the secondary phase are very different than the base material and thus
present a unique situation. Using traditional corrosion tests, the material does not have excellent 
performance as evidenced by the LPR data presented in Section 4.3. However, once the surface-exposed
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secondary phase is removed, the corrosion properties improve dramatically. While this improvement in 
performance has been documented in previous work, longer-term performance is yet to be examined. The 
secondary phase is still present in the material and will be exposed as the base material is corroded. 
Understanding how the subsurface secondary phase might be exposed and corroded is important. It is 
important to understand if there is a mechanism to penetrate deeper into the material. This is also a 
function of the microstructure of the alloy, and thus a careful study should consider a material that is in 
production form. The holes left by the removal of the secondary phase may act as crevices (limited mass 
transport). One method of approaching this problem would be to use more aggressive environments and 
long exposure times followed by sectioning analysis. Another would be to determine penetration rates 
through thin sections of material.

Other considerations for future work should consider pretreatments to remove the surface exposed 
secondary phase prior to performing the corrosion tests. The plate processing mill will use an acid 
pickling bath to remove the thick surface oxides that were formed during hot rolling and final annealing.
This would also eliminate the issues with the exposed secondary phase observed in corrosion tests that 
have been discussed earlier.

Future work on this alloy should also include comparison testing of a standard commercial alloy 
with known corrosion performance. The target composition for the base metal for the Ni-Cr-Mo-Gd alloy 
is Alloy C-4. Thus comparison with this alloy would provide a greater level of understanding of how well 
the base material passivates after the secondary phase is removed. Knowing the corrosion rate of the base 
metal in the same environment without influence of the secondary phase will allow the residual effect of 
the secondary phase to be known.

Of some concern is the potential of fluoride ions to enhance crevice corrosion and needs to be 
ascertained. The concentration of fluoride ions are enhanced by leeching from vitrified waste within the 
waste package. Concentrations of fluoride in the High halide solution (0.01 m) are higher than the 
maximum chloride solution (0.006 m). The effect of this constituent needs to be further ascertained, 
particularly if elevated concentrations are expected in the waste package.

If the corrosion rates for the base composition alloy (ASTM 932B material) are not acceptable  due
to issues with crevice corrosion, investigation of higher chromium variants of the Ni-Cr-Mo-Gd alloys
should be explored. There has been some promising work on an alloy having 21.01% chromium (see 
Reference 7). While crevice corrosion has not been studied for that alloy, it is anticipated that the 
performance should be greater than the material studied in this report.
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Explanation of the Data Package

The data package is in the form of an Excel spreadsheet that contains both numerical data 
(i.e., corrosion rates) and observations made (i.e., damage to specimens) from the tests. The 
source of the information is contained in the scientific notebooks covering the work. The 
spreadsheet is split into four categories based on the type of specimen (crevice or rod) and the
type of test (potentiodynamic [PD] and potentiostatic [PS]). The results are listed in the order 
they were performed. At the end of this document is an explanation of each data column for PD 
and PS data. All potentials are versus the saturated calomel electrode (SCE).

Electrochemical testing sequences

Potentiodynamic test sequence (in order)
Corrosion potential (Ecorr) measurement 50 minutes
Linear polarization resistance (LPR) measurement ±30 mV of Ecorr

Potentiodynamic measurement (scan 1) Ecorr to 0.8 or 1.0 V
Potentiodynamic measurement (scan 2) Ecorr to 0.8 or 1.0 V

Potentiostatic test sequence (in order)
Corrosion potential (Ecorr) measurement 50 minutes
Potentiostatic measurement +0.2 V for 7 days

Description of electrochemical tests and outputs

Below are the four types of measurements and descriptions of the output parameters that are 
in the spreadsheet. For more information, consult Idaho National Laboratory (INL) document 
PLN-1885 that includes all the experimental procedures for the work.

1) Corrosion potential (Ecorr) measurement
The corrosion potential was obtained immediately after immersion of the specimen. This

was performed for 50 minutes for all tests. Four values were obtained:

Output:
Initial Ecorr The first data value obtained
Final Ecorr The last data value obtained
Min Ecorr The minimum value obtained
Max Ecorr The maximum value obtained

2) Linear polarization resistance (LPR) measurement
The corrosion rate was calculated using the slope of the I-V curve (obtained using Echem 

Analyst Software V1.31). The calculation was performed using ASTM G59-97 Section 3 
guidelines. The INL document PLN-1885, Procedure 2600 covers this calculation. LPR curves 
were obtained for PD tests only. A generic value of 0.0261 V was used for the Stern Geary 
Coefficient, a value based on generic Tafel slopes of 0.12 V/dec.

Output:
LPR CR The corrosion rate in µm/yr
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3) Potentiodynamic (PD) measurement
Several parameters are obtained from the PD curves. The PD sweeps are split into two 

regions: 1) the passive region from the initiation value of the sweep to 0.6 V and 2) the 
transpassive region from 0.6 V to the anodic limit. The parameters obtained are explained below.

Output: (one set of values for each scan)
Pass Q Forward Charge passed from the initiation of the sweep to 0.6 V.
Pass Q Reverse Charge passed from 0.6 V to the origin of the sweep.
Max I Passive Maximum current observed in forward or reverse sweep between 

initiation and 0.6 V.
Trans Pass Q The charge (both forward and reverse) between 0.6 V and the 

anodic limit.
Max I Trans Pass The maximum current in forward or reverse sweep between 0.6 V 

and the anodic limit.
Erp The repassivation potential. A definition of when the reverse 

sweep crosses the forward sweep was used to obtain this value in 
all tests. If no hysteresis is observed, them “none” was entered.

4) Potentiostatic measurement
The potentiostatic tests were performed for a period of 7 days at 0.2 V versus SCE. Several 

parameters were obtained. Two corrosion rate values were calculated 

A) Weight loss data: The calculation was performed using ASTM G31-72 (Reapproved 2004)
Section 11. This is normally used for weight loss coupons but was adapted for use here. The INL 
document PLN-1885, Procedure 2300 describes this calculation. This was done for PS test data 
only.

B) Icorr: The calculation was performed using ASTM G102 Section 4.7 guidelines. The INL 
document PLN-1885, Procedure 2300 covers this calculation. This was performed for PS test 
data only.

Output:
Total Charge The entire charge passed during the experiment
Peak Current The maximum current obtained during the test
Icorr The final current point of the PS test
CR Corrosion rate obtained from Icorr

CR WL Corrosion rate obtained from weight loss.

Post-test solution analysis
The analysis of the post test solution was performed for the main elemental constituents 

(Ni, Cr, Mo, and Gd) by ICP-MS using a qualified laboratory. The results of the data are 
reported on the data sheets for each test in µg/L (the reported value). A calculation was 
performed to determine the total dissolved metal ion mass in solution in mg/L, which can be 
compared to the weight lost by the specimen. Note that precipitation was observed in some tests.
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Specimen weight loss
The weight lost during the test was determined by measuring before (after degreasing) and 

after the test (after descaling). This weight is reported for all tests. The weight loss is used to 
determine a corrosion rate for PS tests only.

Other reported data
These are contained on separate sheets within the data spreadsheet.

1) Equivalent weight
The calculation of EW (equivalent weight) was required for corrosion rate determinations. 

This was made one time for the material using ASTM G102 Sections 4.2 through 4.6. The 
corrosion products were the values expected (Ni+2, Cr+3, Mo+3, Gd+3). The equivalent weight 
(27.1 g) was used in all these calculations.

2) Initial solution composition
The initial anion compositions (Cl-, NO3

- and F-) and pH are reported for each solution used 
in testing. The conversion to molal is also provided. Only one batch of solution was made for 
each solution type.
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Potentiodynamic data
Col Label Description
A) Test ID Unique test ID number 
B) Sample ID Unique sample ID number
C) Heat Heat number for the sample
D) Matrix Condition from PLN-1880 Appendix A
E) Solution Solution name from PLN-1880 Appendix A
F) Temp Test temperature
G) Wt loss (mg) Weight lost during test
H) Ecorr test duration Length of Ecorr test (in minutes)
I) Initial Ecorr (V) Initial measured Ecorr

J) Final Ecorr (V) Final measured Ecorr

K) Min Ecorr (V) Lowest measured Ecorr

L) Max Ecorr (V) Highest measured Ecorr

M) LPR CR (µm/yr) Corrosion rate calculated from LPR curve
N) PD test anodic limit Reversal potential for PD test
O) Pass Q Forward 1 (C/cm2) Charge passed from Ecorr to 0.6 V in forward sweep
P) Pass Q Reverse 1 (C/cm2) Charge passed from Ecorr to 0.6 V in reverse sweep
Q) Max I Passive 1 (A/cm2) Max current from Ecorr to 0.6 V (forward or reverse)
R) Trans Pass Q 1 (C/cm2) Charge passed from Ecorr to 0.6 V in reverse sweep
S) Max I Trans Pass 1 (A/cm2) Max current from Ecorr to 0.6 V (forward or reverse)
T) Erp 1 (V) Repassivation potential measured using crossover criteria
U) Pass Q Forward 2 (C/cm2) Charge passed from Ecorr to 0.6 V in forward sweep
V) Pass Q Reverse 2 (C/cm2) Charge passed from Ecorr to 0.6 V in reverse sweep
W) Max I Passive 2 (A/cm2) Max current from Ecorr to 0.6 V (forward or reverse)
X) Trans Pass Q 2 (C/cm2) Charge passed from Ecorr to 0.6 V in reverse sweep
Y) Max I Trans Pass 2 (A/cm2) Max current from Ecorr to 0.6 V (forward or reverse)
Z) Erp 2 (V) Repassivation potential measured us ing crossover criteria
AA) EC Comments Observations from EC test data
AB) Solution Observations Observations of solution after test
AC) Specimen Observations Observations of specimen after test
AD) LOM Observations Observations from LOM analysis
AE) SEM Observations Observations from SEM analysis
AF) Solution Analysis Ni ug/L Concentration of Ni from solution analysis
AG) Solution Analysis Cr ug/L Concentration of Ni from solution analysis
AH) Solution Analysis Mo ug/L Concentration of Ni from solution analysis
AI) Solution Analysis Gd ug/L Concentration of Ni from solution analysis
AJ) Total Solution Analysis

wt mg/L Total concentration of metal ions
AK) pH Measured solution pH of solution after test
AL) Test ID Unique test ID number (repeated)
AM) Verified Checked against reviewed notebook data 
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Potentiostatic data
Col Label Description
A) Test ID Unique test ID number 
B) Sample ID Unique sample ID number
C) Heat Heat number for the sample
D) Matrix Condition from PLN-1880 Appendix A
E) Solution Solution name from PLN-1880 Appendix A
F) Temp Test temperature
G) Wt Loss (mg) Weight lost during test
H) CR WL (µm/yr) Corrosion rate calculated from weight loss
I) Ecorr test duration Length of Ecorr test (in minutes)
J) Initial Ecorr (V) Initial measured Ecorr

K) Final Ecorr (V) Final measured Ecorr

L) Min Ecorr (V) Lowest measured Ecorr

M) Max Ecorr (V) Highest measured Ecorr

N) PS test duration (hours) Length of PS test in hours
O) PS test potential (V) Potential the specimen was held during test
P) Total Charge (C/cm2) The total charge passed during PS test
Q) Peak Current (A/cm2) The maximum current observed during test
R) Icorr (A/cm2) The final current measured during PS test
S) CR (µm/yr) The corrosion rate calculated from Icorr

T) EC Comments Observations from EC test data
U) Solution Observations Observations of solution after test
V) Specimen Observations Observations of specimen after test
W) LOM Observations Observations from LOM analysis
X) SEM Observations Observations from SEM analysis
Y) Solution Analysis Ni ug/L Concentration of Ni from solution analysis
Z) Solution Analysis Cr ug/L Concentration of Ni from solution analysis
AA) Solution Analysis Mo ug/L Concentration of Ni from solution analysis
AB) Solution Analysis Gd ug/L Concentration of Ni from solution analysis
AC) Total Solution Analysis

wt mg/L Total concentration of metal ions
AD) pH Measured solution pH of solution after test
AE) Test ID Unique test ID number
AF) Verified Checked against reviewed notebook data
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