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ABSTRACT 

The results of electrochemical corrosion tests and modeling activities performed 

collaboratively by researchers at the University of Illinois at Chicago and Argonne National 

Laboratory as part of workpackage NU-13-IL-UIC-0203-02 are summarized herein. The overall 

objective of the project was to develop and demonstrate testing and modeling approaches that 

could be used to evaluate the use of composite alloy/ceramic materials as high-level durable 

waste forms. Several prototypical composite waste form materials were made from stainless 

steels representing fuel cladding, reagent metals representing metallic fuel waste streams, and 

reagent oxides representing oxide fuel waste streams to study the microstructures and corrosion 

behaviors of the oxide and alloy phases. Microelectrodes fabricated from small specimens of the 

composite materials were used in a series of electrochemical tests to assess the corrosion 

behaviors of the constituent phases and phase boundaries in an aggressive acid brine solution at 

various imposed surface potentials. The microstructures were characterized in detail before and 

after the electrochemical tests to relate the electrochemical responses to changes in both the 

electrode surface and the solution composition. The results of microscopic, electrochemical, and 

solution analyses were used to develop equivalent circuit and physical models representing the 

measured corrosion behaviors of the different materials pertinent to long-term corrosion 

behavior. This report provides details regarding (1) the production of the composite materials, 

(2) the protocol for the electrochemical measurements and interpretations of the responses of 

multi-phase alloy and oxide composites, (3) relating corrosion behaviors to microstructures of 

multi-phase alloys based on 316L stainless steel and HT9 (410 stainless steel was used as a 

substitute) with added Mo, Ni, and/or Mn, and (4) modeling the corrosion behaviors and rates of 

several alloy/oxide composite materials made with added lanthanide and uranium oxides. These 

analyses show the corrosion behaviors of the alloy/ceramic composite materials are very similar 

to the corrosion behaviors of multi-phase alloy waste forms, and that the presence of oxide 

inclusions does not impact the corrosion behaviors of the alloy phases. Mixing with metallic 

waste streams is beneficial to lanthanide and uranium oxides in that they react with Zr in the fuel 

waste to form highly durable zirconates. The measured corrosion behaviors suggest properly 

formulated composite materials would be suitable waste forms for combined metallic and oxide 

waste streams generated during electrometallurgical reprocessing of spent nuclear fuel. 

Electrochemical methods are suitable for evaluating the durability and modeling long-term 

behavior of composite waste forms: the degradation model developed for metallic waste forms 

can be applied to the alloy phases formed in the composite and an affinity-based mineral 

dissolution model can be applied to the ceramic phases. 
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1 Introduction and Background 

The objective of this project has been to evaluate the corrosion behaviors and chemical 

durabilities of alloy/oxide composite (AOC) materials to assess their use as waste forms for 

combined metallic and oxide waste streams. Activities in this study were directed at: (1) 

establishing whether preferential corrosion occurs at the metallic matrix/oxide phase interfaces; 

(2) assessing if oxides affect the corrosion of alloy phases hosting radionuclides, and vice versa; 

and (3) determining how the long-term corrosion behavior of a steel-oxide composite may be 

modeled to provide source terms for use in site assessments. This includes determining the 

effects of localized radionuclide distributions and the relative surface areas and corrosion rates of 

the constituent oxide and intermetallic phases in AOC materials.  

The electrochemical reprocessing of used metallic fuel to recover and recycle U and Pu 

generates two primary waste streams: salt wastes composed of electrorefiner salt contaminated 

with oxidized fission product fuel wastes and metallic wastes including fission products that 

were not oxidized under the processing conditions and activated cladding hulls [Williamson and 

Willit 2011]. Metallic waste forms can be made by directly melting the cladding and fuel wastes 

together with small amounts of trim metals to form a multi-phase alloy material in which 

radionuclides and other waste constituents become immobilized in an assemblage of chemically 

durable intermetallic and steel-like solid solution phases [McDeavitt et al. 1998]. In addition to 

the steel cladding, which typically represents more than 75% of the waste form, components of 

the metallic waste stream serve as key constituents in the phases that form, such as Mo and Zr 

from the fuel wastes that form MoFe2 and ZrFe2 intermetallic phases in the waste forms. Other 

waste constituents are accommodated as substitutional or interstitial contaminants in the 

constituent phases, such as Tc being contained in the MoFe2 intermetallics and small amounts of 

unrecovered U/TRU in the ZrFe2 intermetallics [Keiser et al. 2000]. The composition of the 

stainless steel (SS) cladding material (e.g., HT9 or AISI Type 316L SS) will influence whether 

ferritic, martensitic, or austenitic phases form in the waste form. Elements in the steel waste 

become redistributed in various constituent phases of the multiphase waste form according to 

structural preferences and solubilities and may contribute to the durabilities of various host 

phases. As expected, Cr and Mo from stainless steel are incorporated in the MoFe2 phases and Ni 

is incorporated in the ZrFe2 intermetallics. The redistributions of Cr, Mo, and Ni can influence 

the intermetallic phases generated in the waste form. Small amounts of trim metals can be added 

to facilitate waste form processing and tailor the phase assembly based on the waste stream and 

cladding compositions to improve passivation and corrosion resistance of particular host phases. 

For example, additional Zr may be added during waste form production to ensure all U/TRU 

waste is sequestered in a durable ZrFe2 host phase and trim Cr, Mo, and Ni can be added to 

supplement the amounts provided by the steel cladding. The compositional flexibility of the host 

phases to incorporate waste components allows formulations of metal waste forms that will 

accommodate the variations in waste streams compositions expected to occur over extended fuel 

reprocessing campaigns, for example, due to different burn-ups.  
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The production of an alloy waste form with a significant amount of oxide phases was 

recently addressed by Frank et al. (2011). Accommodation of oxide waste streams in a composite 

alloy/oxide waste form would provide a valuable option for waste management. Although cermet 

waste forms have been proffered previously, methods to evaluate and model their performance in 

a disposal system had not been proposed. The recent development of an electrochemically-based 

test protocol and degradation model for metallic waste forms has provided an approach that can 

be applied to these materials.  

The primary challenge to qualifying waste forms for disposal is predicting the degradation 

behaviors in possible disposal environments to provide confidence that regulatory requirements 

will be met throughout the service life of the waste repository. The scientific bases of long-term 

performance models for various waste forms are provided by a mechanistic understanding of the 

corrosion behaviors of the phases immobilizing radionuclides [ASTM C1174]. In this study, we 

have developed methods to measure the degradation behaviors and kinetics of AOC materials to 

parameterize a predictive performance model that can be used to optimize waste form 

formulations and provide source term information for performance assessments of potential 

disposal systems. Our approach utilizes well-established applications of electrochemical methods 

and electrode kinetic theory for the corrosion of stainless steels [Marshall and Burstein 1984, 

Scully 1998, Kelly et al. 2002, Ilevbare et al. 2003, McCafferty 2010, Soltis 2015].  

  

1.1 Alloy Waste Form Degradation Model 

A kinetic degradation model for multiphase alloyed waste form materials has been 

formulated based on electrochemical theory [Ebert et al. 2017]. The conceptual model for the 

release of radionuclides into groundwater as the waste form corrodes is a two-step process in 

which oxidation of the radionuclides and host alloys is the first step and dissolution of the oxides 

to release radionuclides into solution (or transportable colloids) is the second step. Oxidation of 

metal atoms in the waste form occurs through electrochemical reactions with (or facilitated 

through) the contacting solution at rates that can be modeled by using electrode kinetics theory. 

The suite of redox-sensitive solutes present in the solution establishes the corrosion potential at 

the alloy surface that controls the oxidation rate of each metal atom. Oxidation of radionuclides 

in the host phases can occur directly through redox reactions with solutes or indirectly through 

reactions catalyzed by the metal surface. These will be affected by galvanic couples and 

microenvironments generated by various processes that can protect or sacrifice particular 

elements or phases. The oxidation state of each radionuclide determines the propensity for being 

released into solution. For example, sparingly little Tc will be released into solution as Tc
4+

 from 

Tc(IV)-bearing phases such as TcO2 but essentially all Tc will be released (e.g., as TcO4
-
) if it is 

further oxidized to Tc(VII). Transuranics in higher oxidation states generally have higher 

solubility limits than those in lower oxidation states, so both the oxidation and dissolution steps 
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of the corrosion mechanism will be sensitive to the solution Eh and pH. The oxidation rates are 

also sensitive to the solution pH because H
+
 is an important oxidizing agent. 

The release of a radionuclide into solution over time will be limited by the corrosion kinetics 

of the host phases containing it and the stabilities of the resulting oxides. The formation of a 

passivating surface layer on a host phase can greatly moderate the oxidation reactions and 

resulting radionuclide release rates. Passivation of stainless steels occurs by the formation of an 

oxide film that protects the underlying alloy, which may serve as a host phase for radionuclides 

in an alloy waste form. Passivation will contribute to the high corrosion resistances of waste 

forms that are made by alloying metallic fuel wastes with stainless steel cladding. The corrosion 

resistance of host phases will also be affected by the presence of noble metals Ru and Pd 

provided by the fuel waste, which can be beneficial or detrimental depending on the phase 

compositions. Noble metals catalyze both oxidation and reduction reactions that can change the 

local redox conditions and surface potential. For example, this can promote the passivating 

oxidation of neighboring Cr-bearing phases to enhance the corrosion resistance of those phases, 

but can also promote the degrading oxidation of neighboring Zr-bearing phases. 

Passivation of some or all constituent phases in alloyed waste forms will greatly enhance 

the durability and must be taken into account in degradation models to accurately represent long-

term waste form performance. The corrosion current measured for a multiphase material is the 

sum of the corrosion currents generated by each of the constituent phases, but is commonly 

dominated by corrosion of one phase that is the most active at the potential used in the test, e.g., 

due to galvanic coupling. Comparing microscopic analyses of an electrode surface before and 

after a test indicates which phase is most active under those test conditions, the nature of 

corrosion (e.g., pitting), if it is localized (e.g., at phase boundaries) or uniform, and possibly the 

corrosion products that form. The corrosion current provides the overall oxidation rate of the 

waste form, but the release of radionuclides into solution depends on their distributions between 

host phases, the relative amounts and corrosion rates of those phases, and may be constrained by 

solubility limits. The combined impact of these effects can be determined by analyzing the 

solution after the electrochemical test to directly measure the mass release rates of key elements, 

particularly radionuclides and their surrogates. Comparing the mass release rate based on 

solution analysis with the oxidation rate measured electrochemically provides an effective 

solubility factor that is used in the degradation model. This factor represents the combined 

releases of a radionuclide from all alloy and oxide phases that host it.  

Degradation of the alloy and ceramic phases in a composite waste form is being addressed 

using the same corrosion model that includes separate terms for the oxidation rate and 

attenuation due to passivation of the alloy phases and other stabilizing processes, and for the 

dissolution limitations of each radionuclide in oxides that are present in the waste form initially 

or generated as alloy phases corrode [Ebert et al. 2017]. The term representing corrosion of the 

alloy phases is based on an oxidative dissolution model in which elements comprising the host 

phase and the radionuclides must be oxidized before being released into the solution. The term 
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representing dissolution of the oxide phases is based on a reaction affinity model similar to that 

used for glass waste forms. The effect of passivation on the oxidation rate is represented by an 

empirical term determined experimentally. Radionuclide release from alloy host phases depends 

on both electrochemical and chemical factors, and the test method was developed to address 

both. The electrochemical test method discussed herein is being developed to quantify the effect 

of surface stabilization (e.g., passivation) or destabilization (e.g., pitting) on the corrosion rates 

of alloy phases in a multiphase alloy waste form. The rate equation developed for alloy waste 

forms is:  

 

 (1) 

where, 

R
RN

 is mass release rate of radionuclide, g m
-2

s
-1

 

B term for alloy corrosion rate, A m
-2

 

P term for attenuation by passivation, unitless 

D
RN

 term for attenuation by solubility limit, g RN coulomb
-1

 

 

1.2 Tests to Parameterize Degradation Model  

Tests are conducted by monitoring changes in electrochemical properties, solution 

compositions, and surface microstructures to account for the combined effects of 

electrochemical, chemical, and physical processes. The approach utilizes series of potentiostatic 

(PS) tests to measure the evolution of the corrosion current as the surface stabilizes at various 

potentials in solutions that represent chemical environments of interest. Potentiodynamic (PD) 

scans are used to measure the corrosion (resting) potential and identify ranges of the solution 

redox potential (Eh) that lead to characteristic active and passive corrosion behaviors in those 

solutions. The PD scans are used to approximate the corrosion characteristics of the bare surface 

because the rapid scan rate (about 0.16 mV min
-1

) used in the PD scans mitigates formation of a 

significant corrosion layer. Each PS test simulates corrosion at a constant potential 

corresponding to a particular solution redox (Eh value) established by the groundwater 

composition, host geology, corrosion of engineering materials (canisters and containers, 

structural material, etc.), corrosion of the waste form itself, and radiolysis. The PS tests are then 

used to measure changes in the corrosion current that occur as the surface stabilizes (or 

destabilizes) over time at a fixed potential representing a particular solution Eh. It is expected 

that the corrosion current will either decrease to a lower steady-state value if the surface 

passivates or be maintained at a high constant value if the surface dissolves actively. 

The electrical properties of the surface are measured during the PS test by using 

electrochemical impedance spectroscopy (EIS) to detect changes that occur as the material 

corrodes actively or stabilizes by passivation. The surface electrical properties provide a basis for 

).,,(),,(),,( TEhpHDClEhpHPTEhpHBR RNRN  



5 

 

attributing changes in the corrosion current to the particular processes and phases that control the 

long-term oxidation behavior of the multi-phase material under those conditions. The current 

measured at a given voltage may include contributions from the simultaneous corrosion of 

several phases in a multi-phase material, but not all of those phases will host the radionuclide of 

interest. Therefore, the solution is analyzed to directly measure the releases of radionuclides and 

host phase constituents during each PS test. The measured solution concentrations can then be 

related to the corrosion current by using Faraday’s law to provide element-specific retention 

factors for modeling long-term waste form performance at specific solution Eh values. 

In the case of composite materials, chemical dissolution of some oxide phases can occur 

during the electrochemical test that is not correlated with the measured charge transferred, but is 

correlated with the exposed area of the dissolving phase. The mass of a species that dissolved by 

a chemical process is simply added to the mass of that species (if any) that dissolved by an 

electrochemical process and taken into account in the model through the DRN term. The mass 

released by chemical dissolution is expected to be the same in electrochemical tests run at 

different potentials.  
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2 Experimental Approach 

2.1 Production of Composite Waste Form Materials for Testing 

The composite materials used in this investigation represent waste forms made by processing 

steel cladding hulls and metallic fuel wastes recovered during electrochemical processing 

together with lanthanide oxides recovered by lanthanide draw down from salt waste.  They are 

also relevant to the addition of other oxide waste streams to metallic waste forms, such as ZrO2 

generated during cladding decontamination operations. The AOC materials consist of small 

amounts of oxide phases encapsulated in a multi-phase alloy of iron-based intermetallics. 

Separate AOC materials were designed to represent waste forms made with Types 316L SS and 

HT9 cladding; the target waste form compositions are provided in Table 1. (Note that the AOC-2 

material identified in the test plan is represented by AOC410 and AOC410N.) Added Zr, Mo, 

Ru, and Pd represent metallic fuel wastes and ZrO2 represents a stable oxide waste stream.  

 

Table 1. Compositions of materials studied (wt. %) 

 

Composite Steel Ni Zr Mo Ru Pd ZrO2 La2O3 Nd2O3 Ce2O3 UO2 

AOC-0 49.6
a
 — 10.4 10.2 — — 29.8 — — — — 

316L+ 100-80
a
 0-10 — 0-20 — — — — — — — 

AOC410 82.8
b
 — 3.0 4.2 — — — 1.5 5.0 3.5 — 

AOC410 80.5
b
 — 3.0 4.2 2.0 0.3 — 1.5 5.0 3.5 — 

AOC-U 58.9
b
 0.4 10.0 10.7 — — 7.6 — 8.0 — 4.4 

a 
Made with 316L SS. 

b
 Made with 410 SS to represent HT9 SS. 

 

The AOC-0 composite was fabricated as part of a previous investigation within the DOE 

Fuel Cycle Research & Development waste form campaign to determine if relatively large 

amounts of oxide materials could be incorporated into a multi-phase alloy composite [Frank et 

al. 2012]. The similarity of the alloy phases formed in AOC-0 with those formed in 316L SS-

based waste forms studied previously [Buck et al. 2011, Ebert et al. 2011a, Ebert et al. 2011b, 

Frank et al. 2011, Fortner and Ebert 2012] provides a direct measure the impact of the oxide 

phases on the corrosion behaviors of constituent phases. Although it was initially planned to 

study another composite AOC-1 made with 316L SS and added oxides, tests with AOC-0 were 

considered to adequately represent 316L SS-based composites and production of AOC-1 

materials was stopped. Instead, a series of alloys was made with various amounts of added Mo, 

Ni, and/or Mn for a fundamental study of multiphase alloys. This study was used to relate the 

microstructures of simple systems with the electrochemical corrosion behavior to provide 
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confidence in the other studies with multiphase alloy/ceramic composites. This study also 

provided insights into the effects of waste loading on the alloy phases that form.  

The AOC-0, AOC410, and AOC410N composites were produced to study the incorporation 

of reactive oxides. Although radionuclides were excluded from these composites to facilitate 

production and analyses, surrogates provided useful insights. For example, the distribution and 

release behavior of Mo from alloy host phases is considered to represent that of Tc, which is the 

key radionuclide in the metallic fuel waste. Likewise, the release behaviors of Nd, La, and Ce 

represent the distributions and releases of lanthanides and actinides from oxide host phases. The 

composite AOC-U was made with added UO2 (with depleted uranium) to determine if zirconates 

would incorporate U. 

Several other oxide-free alloys and composites were made with various mixtures and oxide 

contents and tested to develop production methods and enhance our understanding of the 

corrosion behaviors at specific interfaces. Tests with several materials have been used to identify 

important issues for corrosion at alloy/alloy, alloy/oxide, and oxide/oxide interfaces and develop 

experimental procedures to measure the effects on waste form performance and radionuclide 

release rates from waste form compositions similar to those in Table 1. Some results of 

production tests are included in Appendix A. 

 

High Temperature Melting Furnace 

A high temperature furnace (MTI Corp, model KSL-1700X-S) was set up inside a glove box 

with a nitrogen gas atmosphere. The interior chamber of the furnace was connected to an argon 

gas line which was flushed before and during material production to further decrease the 

amounts of oxidants present in the atmosphere within the furnace. The glove box gas was 

changed to argon for producing the final materials. Figure 1 shows the furnace and its setup 

inside the glove box. The mixtures were processed at 1650C for three hours. The heating and 

cooling cycles were controlled at 10 C/min to represent the thermal cycle experienced by a full 

size waste form.  

 

Test Materials 

This study has focused on four composite materials: AOC-0, AOC410, AOC410N, and 

AOC-U. The AOC-0 composite made using 316L SS to represent contaminated cladding from 

existing inventory of spent sodium-bonded fuel. AOC-0 only includes ZrO2 to represent stable 

oxide wastes. A series of alloys made with 316L SS and added Mo, Ni, and/or Mn without added 

oxides. Two composites were made to represent HT9 SS cladding for future fast reactor fuels: 

AOC410 and AOC410N were made without and witht added Ru and Pd, respectively, to 

measure the effect of noble metals on the microstructure and corrosion behavior. The same 

amounts of lanthanide oxides were added to both composites. These reacted with the added Zr 

(and probably with the added ZrO2) to form lanthanide zirconates in both materials. The 
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(a) 

 

(b) 

Figure 1. (a) High temperature muffle furnace and (b) nitrogen atmosphere glovebox.  

 

composite AOC-U was formulated and made with added UO2 to determine if the disposition of 

the lanthanide oxides observed in AOC410 and AOC410N represented the disposition of 

actinides. 

HT9 stainless steel was formulated to optimize performance in reactors. Preliminary 

corrosion testing with HT9 cladding material showed it has poor corrosion resistance that can be 

attributed to the low Cr and Mo contents (relative to 316L SS) and absence Ni. Cr and Mo (and 

perhaps Ni) must be added to waste forms made with HT9 to provide passivation and pitting 

resistance. Early testing indicated Cr, Mo, and Ni contents similar to levels in Type 316L SS 

provide acceptable waste form performance. Therefore, alloy samples made with 316L SS were 

used as a benchmark for the corrosion resistance of composite materials developed as HT9-based 

waste forms.  

To optimize the amounts of trim metals, 410 SS has been used in lieu of HT9 in FCRD activities 

to formulate RAW materials equivalent to those made with 316L SS for alloy-only waste forms 

and in this project to formulate alloy/oxide composite (AOC410 and AOC410-U) waste forms. 

This is because (1) HT9 is not available in powdered form and (2) using 410 provides more 

flexibility in studying the effects of minor constituents. The compositions of HT9 and reagent 

powders 316L and 410 SS (Goodfellow Corporation, Coraopolis, PA) are given in Table 2. The 

primary difference in the compositions of HT9 and 410 SS is that the later alloy does not contain 

Mo. However, as indicated in Table 1, the metallic fuel wastes provide Mo to the waste forms in 
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the epsilon phases formed from noble metal fission products in the reactor (which are primarily 

MoRuPdRhTc alloys).   

Table 2. Compositions of alloy steels used in this investigation (wt. %) 

a
Measured composition.

 

b
Composition provided by Goodfellow Corporation. 

 

During initial fabrication of the test materials, it was observed that Zr reacted with 

contaminant oxygen and nitrogen present in the glove box to form a thin layer or ZrO and/or ZrN 

surface coating that inhibited significant dissolution of the Zr into the metal matrix. The 

atmosphere in the glove box was later changed to purified argon to avoid formation of that 

coating. Details of the initial fabrication of the samples are included in Appendix A.  

 

2.2 Metallurgical Characterization 

The microstructures of polished cross sections of the test materials were examined in detail 

using optical microscopy, scanning electron microscopy (SEM) with associated energy-

dispersive X-ray emission spectroscopy (EDS), and atomic force microscopy (AFM). 

Powder  X-ray diffraction (XRD) was used for phase analysis. The results of the metallurgical 

characterizations of each material are discussed with the electrochemical results for each of the 

materials.  

 

2.3 Electrochemical Test Method 

All electrochemical tests were conducted at room temperature in a microcell with 15-20 mL 

of a 0.1 mM H2SO4 + 10 mM NaCl solution (adjusted to pH 4). For convenience, that solution is 

referred to as the acidic brine solution even though the NaCl concentration is lower than what is 

commonly considered a brine. The solution is assumed to be in equilibrium with air, but was not 

aerated or purged. This is used to represent aggressive seepage water in a breached waste 

package. A standard three-electrode electrochemical cell system was employed in which an 

electrode fabricated from the test material served as the working electrode with a graphite 

counter electrode and NaCl-saturated calomel reference electrode (SCE).   

Steel Cr Mn Fe Ni Mo Si W V C N 

HT9 12.2 0.4 84.4 0.6 1.1 0.3 0.5 0.3 0.2 — 

410 SS
a
 11.9 0.17 86.9 0.12 0.03 0.74 — — 0.01 — 

316L SS
b
 16-18 2.0 bal. 10-14 2-3 0.75 — — 0.03 — 
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The detailed procedure followed for electrochemical tests conducted with AOC-0 is provided 

in Section 4.2. Similar procedures were used in tests with other materials. In general, PD scans 

were performed to identify voltage ranges over which the material showed propensities for 

active, passive, or transpassive corrosion in that solution.  Potentiostatic tests were then 

conducted at potentials within regions of active, passive, and transpassive behavior to measure 

the evolution of the anodic currents as the surfaces either corroded actively or were stabilized. 

The responses in the PD scans are considered to represent the corrosion behaviors of the bare 

surfaces with negligible influence of surface alteration layers. The PS tests show the evolution of 

surface layers. 

The PD scans were performed by scanning the potential from -0.25 V vs OCP to +1.60 V vs 

SCE at a scan rate of 0.1667 mV/s while measuring the current response. The electrodes were 

repolished after the PD scans and the surfaces characterized using SEM. The electrode was 

cathodically cleaned at -0.3 V vs SCE for five minutes and then equilibrated with the acid brine 

solution for 8 hours before measuring OCP. The PS test was then conducted by applying the 

desired constant potential and tracking the corrosion current until it showed constant behavior. 

Electrochemical impedance spectroscopy (EIS) was performed during and after PS tests to 

measure changes in the electrical properties of the surface that occurred during the test.  

Corroded regions were examined by using SEM/EDS and compared with regions measured 

before testing to determine which phases were corroded, characterize the corrosion mode, and 

identify any oxide products that formed. Because the electrode was thoroughly examined before 

testing, the microstructures of many of the same regions could be compared before and after 

corrosion occurred. 

The solutions generated during some PS tests were analyzed by using inductively coupled 

plasma-mass spectrometry (ICP-MS) to measure the amounts of alloy and ceramic phase 

constituents that were released into solution during the test. These were compared with the 

measured corrosion currents and phases shown to have corroded by the SEM examinations. The 

releases to solution will be most important for materials made with radionuclides, but the 

approach is presented here to assess the roles of passivating elements in the different materials 

fabricated in this investigation.   
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3 Results of Tests with Steels  

 

Assembly hardware from nuclear fuel assemblies is being used to produce metallic waste 

forms for immobilizing the high-level radioactive waste streams generated during the 

electrochemical recycling of spent fuel [Ebert 2005, Ebert et al. 2009, Westphal et al. 2015]. In 

the US, the majority of existing DOE-owned spent fuel to be processed is in Type 316L SS 

cladding and advanced fuels will be clad in HT9-like stainless steel. In this investigation, we 

have focused on composite waste forms made with Type 316L and HT9 SS. The production of 

metallic waste forms is based on the fact that high-melting metallic fuel wastes that include Zr, 

Mo, Ru, Rh, Pd, and Tc can be dissolved in molten steel at about 1650 °C to generate durable 

intermetallic and solid solution host phases that immobilize radionuclides to form a multiphase 

alloyed waste form. Passivating constituents in the stainless steel and noble metals in the waste 

may contribute to the corrosion resistance of some host phases that form. Waste form 

performance can be further enhanced by adding small amounts of trim metals (e.g., Cr) to tailor 

the compositions of particular phases. Type 316L is an austenitic stainless steel containing 

approximately 18% Cr, 8% Ni, and 2.5% Mo that provide passivation protection and pitting 

resistance, and a sufficiently low carbon content to avoid sensitization [Lima et al. 2005]. HT9 

stainless steel is a ferritic/martensitic stainless steel that was formulated with added W, V, and 

Mo for enhanced performance in reactors, but it contains less Cr, Ni, and Mo than Type 316L 

stainless steel and is less corrosion resistant.  

Because HT9 SS is not commercially available, 410 SS was used in the powder form to make 

the HT9-based materials. The primary difference in the compositions of HT9 and 410 SS is that 

410 SS does not contain Mo (see Table 2), but enough Mo was added to those composites 

representing a fuel waste stream that the lack of Mo in 410 SS did not affect the final waste form. 

Potentiodynamic scans performed on 410 SS and melted HT9 were compared with that of 

316L SS to show the impact of the composition differences on the corrosion behaviors. The 

reagent 316L SS and 410 SS powders, and a piece of HT9 cladding were all melted separately at 

about 1650 °C and cast as ingots to represent waste form production. This was found to dissolve 

and re-precipitate the carbides in the HT9 cladding [Ebert 2015]. Specimens of each alloy were 

cut and fabricated as microelectrodes used in electrochemical tests. The results of PD scans 

performed in the acidic brine solution at room temperature are shown in Figure 2. The corrosion 

potentials (Ecorr) show 316L SS is the most cathodic and 410 SS is the most anodic. The regions 

in which the scans differ reflect the effects of the Mo, Cr, and Ni contents to form passivating 

films. The higher Mo contents stabilize 316L SS and HT9 SS relative to 410 SS over the region 

-0.3 V to 0 V, but all materials show passive behavior between about 0.2 V and 0.5 V. This is 

attributed to their similar Cr contents (~ 12.0 wt. %). The corrosion behaviors of 316L and HT9 

SS are roughly similar at potentials up to near 0.5 V, but the PD scan of 316L SS shows an 

extended passive range relative to the other steels. The onset of transpassive behavior results in  
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Figure 2.  Comparison of PD scans of 410 SS, HT9, and 316L SS in the acidic brine solution.  

 

 

higher current densities for HT9 and 410 SS at potentials above 0.5 V. The extended stability of 

316L SS is attributed to the formation of a passivating film of Ni-Mo spinel (NiMoO4), which is 

stable at high voltages. As shown in Table 2, the contents of Mo and Ni are higher in 316L SS 

than in either HT9 or 410 SS. The greater stability of HT9 relative to 410 SS up to about 0.8 V 

can be attributed to HT9 containing 1.1 wt. % Mo and the near absence of Mo in 410 SS. The 

addition of Mo from fuel waste to HT9-based waste forms is expected to improve their corrosion 

resistance relative to that of HT9. Likewise, the addition of trim Ni may also improve the 

corrosion resistance of HT9-based waste forms at high potentials. 

 

3.1 Effect of Mo Content of 316L SS-Based Alloys 

The durability of 316L SS is being used as a benchmark in formulating alloy waste forms and 

could be used to formulate composite waste forms. As such, the Cr, Mo, and Ni contents of 

waste forms made with HT9 are adjusted to match their levels in 316L SS. Based on the results 

shown in Figure 2, it is possible that the addition of Mo from fuel waste and trim Ni may further 

improve the corrosion resistance of 316L SS-based waste forms under highly oxidizing 

conditions (i.e., above 0.5 V). Therefore, a fundamental study of the effects of added Mo and Ni 

on the microstructure and corrosion behavior of 316L SS was undertaken. 
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3.1.1 Effect of Mo Content on the Microstructure of 316L SS-Based Alloys 

Austenitic stainless steels generally have better corrosion resistance than do ferritic stainless 

steels. Mo is added to austenitic steels to enhance resistance to pitting corrosion and Ni is added 

as an austenite stabilizer to counteract the effects of Cr and Mo, which are ferrite stabilizers. 

Whereas the amounts of Cr, Mo, and Ni are carefully balanced in 316L SS, the relatively high 

amounts of Mo contributed by metallic fuel waste streams could lead to the formation of less 

durable ferrite phases in alloy and composite waste forms. We studied the effect of added Mo on 

the microstructure and corrosion resistance of 316L SS-based alloys to optimize the amounts of 

trim metals added to 316L SS- and HT9-based waste forms. Figure 3 shows the Schaeffler-

Delong diagram [Olson 1985], which is a “constitution diagram” used to predict ferrite levels in 

the welding of stainless steels by comparing the influences of austenite- and ferrite-stabilizing 

elements based on the final composition. The elements that stabilize austenite are included in the 

“equivalent nickel” equation used for the ordinate values and the elements that stabilize ferrite 

are part of the “equivalent chrome” formula used for the abscissa values. The stability fields for 

austenite (A), ferrite (F), and martensite (M) are shown, including the ferrite percentages in the  

A + F region. Table 3 shows the compositions of the samples produced with added Mo. The 

316L SS + Mo samples used in our study are shown plotted on the Schaeffler-Delong diagram to 

indicate the predicted austenite and ferrite levels in the microstructures of the specific samples. 

The alloys containing Ni (green marks) and Mn (red marks) will be discussed in later sections. 

 

Table 3. Compositions of the 316L SS + Mo Alloys (wt. %) 

 

Alloy Fe Cr Ni Mo [total]* Si 

316L SS 67.5 17.0 12.0 2.5 1.0 

316L+5%Mo 64.1 16.2 11.4 7.4 1.0 

316L+7.5%Mo 62.4 15.7 11.1 9.8 0.9 

316L+10%Mo 60.8 15.3 10.8 12.2 0.9 

316L+15%Mo 57.4 14.4 10.2 17.1 0.8 

316L+17.5%Mo 55.7 14.0 9.9 19.6 0.8 

316L+20%Mo 54.0 13.6 9.6 22.0 0.8 

*Values include Mo in 316L SS and added Mo. 
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Figure 3. Schaeffler-Delong constitutional diagram with the locations of the 316L SS alloys 

made with different Mo, Ni, and Mn additions based on their Ni and Cr equivalent values. 

 

The microstructures of all the 316L SS + Mo alloys were examined with the SEM and EDS 

analyses of the constituent phases were performed. Representative micrographs of these alloys 

are provided in Figure 4. It was observed that the addition of 5 wt. % Mo did not result in the 

formation of ~20% ferrite, as predicted by the Schaeffler-Delong constitutional diagram; instead, 

a small amount of the sigma () eutectic intermetallic (see below) precipitated in a mostly 

austenite matrix (see Figure 4a). Additions of 7.5 and 10 wt. % Mo resulted in increased amounts 

of the sigma phase and the precipitation of the Laves phase (L) intermetallic (see below), which 

appears as a bright phase in Figures 4c-4f. The relative amounts of sigma and Laves phase 

observed in these alloys are not likely at equilibrium. Figure 5 provides a high magnification 

micrograph that may show the transformation of sigma phases to Laves phases during 

processing.  

 



15 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. SEM micrographs of (a) 316L SS + 5 wt. % Mo, (b) 316L SS + 7.5 wt. % Mo, (c) 

316L SS + 10 wt. % Mo, (d) 316L SS + 15 wt. % Mo, (e) 316L SS + 17.5 wt. % Mo, and (f) 

316L SS + 20 wt. % Mo. 

 

 

 

 
 

Figure 5. SEM micrograph showing sigma and Laves phases in 316L SS + 20 wt. % Mo. 
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Samples of alloys 316L-5Mo, 316L-15Mo and 316L-20Mo were characterized by using 

XRD to identify the intermetallics that formed. Representative spectra are shown in Figure 6. 

The absence of ferrite peaks in these spectra indicates the matrix remains austenitic. The relative 

intensities of the sigma and Laves peaks become significant for alloys containing 15 and 

20 wt. % Mo, while the relative intensity for the major austenite peak decreases with increased 

Mo addition. This is consistent with the observation in Figure 4 that more intermetallic phases 

precipitate as more Mo is added.   

 

 
Figure 6: XRD patterns for 316L-5Mo, 316L-15Mo and 316L-20Mo alloys. -Fe = austenite,  

σ = sigma, L = Laves.  

 

The results of EDS analyses of the phases formed in materials made with different Mo 

contents are summarized in Table 4. Both intermetallic phases are rich in Fe, Cr, and Mo relative 

to the austenite matrix, but both have significantly lower Ni contents. The Laves intermetallic 

phases have higher Mo contents (33 – 39 wt. %) than the sigma phases (21 – 28 wt. %), but both 

are higher than the Mo content of the austenite matrix. The Cr contents are slightly higher in the 

sigma phases than in the Laves and austenite phases in all but the 316L-17.5Mo alloy. The Laves  
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Table 4. EDS Analyses of Matrix and Intermetallic Phases for 316L SS + Mo Alloys (wt. %) 

 

Phase Element 

Added Mo, wt. % 

0% 5% 7.5% 10% 15% 17.5% 20% 

Austenite 

Cr 17.0 17.9 16.1 15.6 15.5 15.8 15.2 

Mo 2.50 6.3 7.5 9.6 8.3 10.5 8.4 

Ni 12.0 12.5 11.3 13.0 13.1 13.1 13.2 

Sigma 

Cr — 20.4 19.5 17.6 16.1 15.0 17.2 

Mo — 21.5 21.5 24.2 26.5 29.6 26.1 

Ni — 5.4 5.2 5.6 6.1 6.8 6.6 

Laves 

Cr — — 15.7 15.3 13.5 13.1 12.7 

Mo — — 33.0 35.0 38.8 39.3 39.6 

Ni — — 4.7 4.8 4.8 5.2 5.2 

 

 

 

Figure 7. Elemental concentrations of austenite, sigma, and Laves phases in alloys made with 

added Mo.  
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phases formed in all alloys have the lowest Ni contents. Figure 7 shows how the Mo contents in 

the sigma and Laves phases increase while the Cr levels decrease with increasing Mo additions, 

whereas the Ni concentrations remain almost constant. (The uncertainty bars are drawn at ±10% 

of the measured values.) This implies most of the added Mo is accommodated in both 

intermetallics while the austenite composition remains fairly constant. 

The volume fractions of all phases present in each of the alloys were measured by analyzing 

the SEM photomicrographs with ImageJ○
R

 software and are plotted for alloys made with different 

amounts of added Mo in Figure 8. Only a trace amount of the Laves intermetallic was present in 

alloy 316L-7.5Mo, but the amounts increased considerably with greater Mo additions. The 

amount of sigma phase increased with the Mo content up to 15 wt. % Mo, and then decreased 

with the additions of 17.5 and 20 wt. % Mo.  

 

 
 

Figure 8. Volume fractions of phases in alloys with different amounts of Mo added to 316L SS. 

 

 

3.1.2 Effect of Mo Content on the Corrosion of 316L SS-Based Alloys 

Potentiodynamic Scans of 316L SS + Mo Alloys 

 

PD scans were conducted in the acid brine solution at room temperature using electrodes 

made from each alloy. As seen from Figure 9, Mo additions of 5%, 10% and 15% improve the  
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Figure 9. Potentiodynamic curves for 316L SS + Mo materials in acid brine at room temperature. 

 

corrosion resistance compared to pure 316L SS: Ecorr values are shifted to higher potentials, 

Icorr values are decreased, and the current densities are lower over the passivation range up to 

about 1 V. (Icorr is the corrosion current at Ecorr.) However, additions of more than 15% Mo 

shift Ecorr in the anodic direction, increase Icorr to higher values, and transpassive behavior is 

observed above approximately 0. 4 V. The general shapes of the PD curves are different for 

alloys 316L-17.5Mo and 316L-20Mo, such as the noses occurring at about 0 V below the first 

passive regions. 

Note that the general responses over potential ranges between ~0.0 and 0.5 V and between 

~0.5 V and 1.0 V are linear but have different slopes. This is most clearly seen in the PD scan 

with 316L-10Mo. This is attributed to passivation being provided by Cr2O3 over the lower 

potential range and by NiMoO4 over the higher potential range.  Figures 10a and 10b show 

representative Pourbaix diagrams indicating the approximate stable fields of Cr- and Fe-bearing 

oxide films and Ni- and Mo-bearing oxide films, respectively. Relative to the slopes for 316L 

SS, the addition of 5% and 10% Mo decreases the slope over the range stabilized by Cr2O3 

(although the currents are much lower) but increases the slope over the range stabilized by 

NiMoO4. Conversely, the addition of 15% Mo increases the slope over the range stabilized by 

Cr2O3 and decreases the slope over the range stabilized by NiMoO4. The 316L-17.5Mo and 

316L-20Mo alloys are not effectively passivated by NiMoO4 films. 
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(a)  

(b)  

 

Figure 10. Pourbaix diagrams showing stable regions of (a) Cr- and Fe-bearing oxide films and 

(b) Ni- and Mo-bearing oxide films. 

 

Changes in the corrosion behavior due to the addition of Mo appear to be correlated with the 

formation of the intermetallic phases. The amounts of sigma phase that were generated increased 

with the additions of 5 and 10 wt. % Mo, which resulted in the highest Ecorr values and the 

lowest current densities. The amounts of Laves phases that formed were insignificant in both 

alloys. As the surface area of Laves phases increased starting with the 15 wt. % Mo (which 

contained ~5 % Laves phases), the values of Ecorr shifted anodically and Icorr increased.  
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The passivation ranges decreased significantly with Mo additions of 17.5 and 20 wt. %. The 

316L-10Mo alloy had the most sigma phases and the least Laves phase present and had the 

highest corrosion resistance, whereas the 316L-20Mo alloy had the most Laves phases present 

and the lowest corrosion resistance among all the alloys studied. 

SEM analyses was performed to determine which phases corroded during the PD scans and 

the extent of corrosion. Figure 11 shows SEM micrographs of 316L-10Mo before and after the 

PD test in both in secondary electron (SE) and BSE imaging modes. The SE images indicate the 

Laves phases corroded to a greater extent than the Sigma phases, and the BSE images indicate 

that neither phase was completely dissolved. The preferential corrosion of the Laves phases 

relative to the austenite and sigma phases is attributed to their lower Ni content: phases having 

lower Ni contents tend to be corroded by galvanic corrosion [McCafferty, 2010].  

 

 

 

Figure 11. SEM images of 316L-10Mo before PD scan (a) BSE image and (b) SE image, and 

after PD scan (c) BSE image and (d) SE image.  
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As shown in Table 4 and Figure 7, the Laves phases have the lowest Ni contents in the alloys 

studied (~4.8%) and austenite has the highest Ni contents. Laves phases corrode to the greatest 

extent, followed by sigma phases, and austenite is the least corroded phase. Laves phase was not 

detected in the 316L-5Mo alloy and the sigma phases corroded preferentially. These 

observations are consistent with the PD scans in Figure 9 in that the observed corrosion 

performance is correlated with the total amount of Laves phase present. The formation of sigma 

phases benefits the corrosion resistance but the formation of Laves phases is detrimental. 

 

Potentiostatic Tests and EIS Analyses  

It was mentioned during discussion of the PD scans that the PD curves for the 316L-Mo 

materials had linear segments with different slopes over the potential ranges between about 0.0 

and 0.5 V and between about 0.5 V and 1.0 V. This behavior was attributed to passivation by 

different oxides. Potentiostatic tests were carried at 0.25 V and 0.75 V for 24 h to characterize 

the generation of these oxides and their effectiveness in passivating the different alloys.  

 

Potentiostatic Tests with 316L SS and EIS Analyses 

The initial PS tests were conducted with a commercial 316L SS rod to provide a baseline to 

assess the roles of added Mo and Ni on the corrosion behavior. The 316L SS rod had the same 

composition as the 316L SS powder used in the fabrication of our 316L+Mo alloys. Figure 12  

 

 
 

 Figure 12. PD scan for 316L SS in acid brine solution at room temperature showing the different 

slopes for the passive regions occurring below and above 0.40 V. 

Ecorr

icorr

0.40 V

0.75 V

0.25 V



23 

 

shows the PD curve for 316L SS in the acid brine solution (pH=4) at room temperature. The 

change in the slope between low and high potential ranges occurs at ~0.40 V. PS tests were 

conducted at 0.25 V, 0.40 V, and 0.75 V.  

Figure 13 shows the current densities measured in PS tests conducted at 0.25, 0.40, and 

0.75 V. The lowest current densities were measured for the sample that corroded at 0.25 V, 

where it dropped rapidly within the first 4 hours and attains a stable value of about 0.1 A/cm
2
. 

This stability is attributed to the formation of a Cr2O3 passive film. In the PS test at 0.40 V, the 

current density drops to about 1.0 A/cm
2
 within an hour, fluctuates for about 14 hours, then 

drops further to 0.25 A/cm
2
 after 24 hours. This behavior suggests Cr2O3 forms first but is not 

stable. The final current density of 0.25 A/cm
2 

at 24 hours can be associated with the slower 

formation of a stable NiMoO4 passive film.  PS tests at 0.75 V resulted in an immediate increase 

in the current density to 18,200 A/cm
2
 and the electrolyte turned light brown in color. That test 

was stopped after 2 hours. The arrows on the y-axis indicate the current densities from the PD 

scan corresponding to each of the potentials (2, 2.5, and 7 µA/cm
2
). The PD scans provide the 

currents for the bare electrode surfaces prior to formation of the passivating oxides and show the 

stabilizing effects of the passive films at the two lower potentials. It is evident that the corrosion 

currents measured in the PD do not represent the long-term corrosion behavior for either active 

or passive corrosion due, in part, to the kinetics of the stabilizing and destabilizing processes. 

The cause of the destabilization at 0.75 V was not determined, but may be due to leaching of Mo.   

 

 
Figure 13. Current densities of 316L SS electrode measured during PS holds at 0.25, 0.40, and 

0.75 V. 
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Results of EIS measurements performed after the 316L SS samples had been reacted at 0.25 

and 0.40 V are shown in Figure 14. The surfaces after PS holds at both potentials show 

capacitive peaks at frequencies 1-400 Hz in the Bode phase plots (see Figure 14a) that imply 

formation of passive films. However, the passive film formed in the PS test at 0.40 V is unstable 

at low frequencies, likely due to instability of the Cr2O3 layer and initial formation of a stable 

NiMoO4 layer. The Bode magnitude plots  after the 0.25 and 0.40 V holds in Figure 14b show 

low impedances of about 170 and ~1000 kcm
2
, respectively. The corroded surfaces were 

examined with SEM/EDS. No corrosion was detected for the 0.25 V hold sample and only an 

isolated pit was found at a corner of the sample after the 0.40 V hold, as shown in Figure 15. 

Several Mo-rich oxide particles were observed inside the cavity that indicates some corrosion 

had occurred. 

 

 (a) 

 
(b) 

 

Figure 14. EIS results for commercial 316L SS electrode after 24-h PS hold at 0.25 and 0.40 V in 

acid brine solution at room temperature: (a) Bode phase angle plot, and (b) Bode magnitude plot. 

 

 

Potentiostatic Tests with 316L-Mo SS Alloys at 0.25 V and EIS Analyses 

Figure 16 shows the current densities measured during 24-h PS tests at 0.25 V with the series 

of 316L-Mo alloys. The PD scans with these alloys showed passive behavior at this potential 

(Figure 9).  Currents measured for all materials show an initial sharp drop within the first 

30 minutes and most reach a stable value within 24 hours. 316L SS attained a steady state current 

within 8 hours, while alloys with added Mo continued to stabilize for longer durations. A series 

of week-long PS tests was conducted for these three alloys to determine if they would eventually 

attain steady-state currents.  Figure 17 shows the corrosion currents for these alloys stabilized at 

constant values within 72 hours. The 316L-17.5Mo alloy stabilized with the lowest current 

density and the other alloys had similar but higher current densities. 
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Figure 15. SEM micrograph of 316L SS after PS hold at 0.40 V for 24 hours in acid brine at 

room temperature showing the isolated localized corrosion with Mo-oxide particles. 

 

 

 

 

 

Figure 16. Current density plots for 24-h PS hold at 0.25 V for 316L SS, and 316L-Mo 

specimens. 
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Figure 17. Current density measurements for 7-day PS holds at 0.25 V for 316L SS, 316L-15Mo, 

316L-17.5Mo, and 316L-20Mo alloys.  

 

The results of EIS measurements of four of these samples exposed at 0.25 V for one week are 

shown in Figure 18 that can be related to their current density plots. Figure 18 presents the Bode 

phase angle plots for 316L SS, 316L-5Mo, 316L-10Mo, and 316L-15Mo alloys. All the plots 

show a wide hump indicative of a capacitive behavior which is associated with a passive layer. 

The humps have similar frequency ranges and the peak values are alike. These results show that 

the same stable passive film is developed on these alloys, probably Cr2O3, which accounts for the 

low current densities that were measured in the 1-week PS tests (Figure 17). 

Figure 19 shows the Bode magnitude plots for alloys 316L SS, 316L-5Mo, 316L-10Mo, and 

316L-15Mo after the 7-day PS hold at 0.25 V. The impedances at 1 mHz range from 2.3 x 10
3
 

kcm
2 

for 316L-15Mo to ~6.5 x 10
3
 kcm

2 
for alloy 316L-10Mo.  The inset graph shows that 

the additions of 5 and 10 wt. % Mo resulted in slightly higher impedances than were measured 

for 316L SS, whereas the 316L-15Mo alloy had the lowest impedance values. Since the phases 

comprising these alloys all contain a sufficient amount of Cr to generate Cr2O3 at this potential 

(~13.0 wt. % or more), the surface impedances and current densities are be expected to be 

similar, as was shown in Figures 19 and 16 respectively.  The small differences are attributed to 

the different amounts of intermetallics in the different materials: alloy 316L-5Mo contains only a 

small amount of sigma phases and may be slightly more durable than 316L SS; alloy 316L-

10Mo contains an appreciable amount of sigma phases and is more durable than 316L SS; and 

316L-15Mo contains similar amounts of sigma and Laves phases and is considerably less 

durable than 316L SS. 

316L-17.5Mo 

316L 



27 

 

 
 

Figure 18. Bode phase angle plots of EIS measurements after 7-day PS tests at 0.25 V for 316L 

SS, 316L-5Mo, 316L-10Mo and 316L-15Mo alloys. 

 

 

Figure 19. Bode magnitude plots after PS tests at 0.25 V for 7 days with 316L SS, 316L-5Mo, 

316L-10Mo and 316L-15Mo alloys. 
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Potentiostatic Tests with 316L-Mo Alloys at 0.75 V and EIS Analyses 

The current density profiles during PS tests at 0.75 V with 316L SS, 316L-5Mo, 316L-10, 

and 316L-15Mo are shown in Figure 20. The test with 316L SS shows a somewhat constant 

active current higher than the current measured in the PD scan that reaches ~350 Acm
2
 after 

about 7 hours. Beyond 7 hours there is a significant increase in current density to about 35,000 

Acm
2
. In contrast, the decreasing current densities for the alloys with added Mo indicate that 

passive films have developed.  

The instability of the austenitic 316L SS at this potential can be related to the stability fields 

of the passivating oxides at this potential and pH: according to the Pourbaix diagram (see Figure 

10), NiMoO4 is stable but Cr2O3 is not. However, the Mo content in 316L SS (~2.5 wt. %) is not 

sufficient to form a stable NiMoO4 passive film. On the other hand, the austenite phase contains 

approximately 6.3 wt. % Mo (see Table 4). This is sufficient to form a stable NiMoO4 passive 

layer. The Mo contents in the austenite and intermetallics in the 316L-10Mo and 316L-15Mo 

alloys are likewise high enough to form stable NiMoO4 layers. 

 

 

Figure 20. Current density measurements for alloys 316L SS, 316L-5Mo, 316L-10Mo, and 

316L-15Mo during 0.75 V PS hold for 24 hours in acid brine at room temperature. 
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The EIS results for 316L-5Mo, 316L-10Mo, and 316L-15Mo alloys are displayed as Bode 

phase angle and magnitude plots in Figures 21a and 21b. The Bode phase angle plots show 

similar broad peaks that are relatively flat over a wide frequency range and fluctuate between ‒

74 and ‒78. This indicates effective capacitive behaviors and the presence of stable NiMoO4 

passive layers. The Bode magnitude plots show impedance values at 1 mHz are highest for the 

316L-10Mo alloy at about 3,000 kcm
2
 followed by the 316L-15Mo alloy at 1,800 kcm

2
 and 

the 316L-5Mo alloy at 1200 kcm
2
. The Nyquist plots shown in Figure 21c are consistent with 

the current density measurements at 0.75V that indicate alloy 316L-10Mo is the most corrosion 

resistant, followed by alloy 316L-15Mo and 316L-5Mo.  

 

 

(a) 

 

(c) 

 

(b) 

 

 

Figure 21. Results of EIS scans after 24-h PS tests at 0.75 V for 316L-5Mo, 316L-10Mo and 

316L-15 alloys. (a) Bode phase angle plots, (b) Bode magnitude plots, and (c) Nyquist plots. 
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Week-long PS tests at 0.75 V were performed on the 316L-5Mo and 316L-15Mo alloys to 

assess the corrosion stability of the intermetallics and austenite matrix when exposed to high 

potentials. The 316L-5Mo is practically all austenite (~1.5 vol. % sigma), and 316L-15Mo 

contains about 33.0 vol. % intermetallic (28.3 vol. % sigma and 5.1 vol. % Laves phase). EIS 

measurements were conducted during the PS test after 1, 7, 24, and 168 h (1 week). The current 

densities for both materials are shown in Figure 22. The current densities in both alloys stabilized 

within 80 – 100 hours and remained stable until the end of the test. The 316L-15Mo alloy had a 

higher bare surface corrosion current that 316L-5Mo in the PD scan, but stabilized at a lower 

current density in the PS test. This suggests a more effective passivation layer formed on the 

316L-15Mo alloy. 

 

 
 

Figure 22. Current densities measured in PS tests with 316L-5Mo and 316L-15Mo at 0.75 V. 

 

EIS measurements were conducted during the PS test at 0.75 V after 1, 7, 24, and 168 h 

(1 week). Figure 23 shows the EIS results for different PS hold times for 316L-5Mo and 316L-

15Mo. All plots show the gradual development of a passive film starting at 1 hour that becomes 

more stable with longer exposure times. The Bode phase angle plots (Figure 23a and 23b) show 

plateau regions at -75 to -77 over a wide frequency range (10
‒2

 ̶ 10
2
 Hz) after 1 week (168 h) of 

corrosion that indicate capacitive behaviors of passive films. It is observed that alloy 316L-15Mo 

shows capacitive behavior sooner than 316L-5Mo. The Bode magnitude plots for both alloys 

seen in Figures 23c and 23d are similar except that 316L-15Mo attained somewhat higher values 

after each duration. For example, 316L-15Mo has a value of ~700 kcm
2
 at 1 mHz after a 7-h 

exposure compared to 200 kcm
2
 for 316L-5Mo and the magnitudes after corroding one 
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(a) 

 
(b)  

  
(c) 

 
(d)  

 
(e) 

  
(f) 

Figure 23. Results of EIS measurements during PS tests at 0.75 V for 316L-5Mo and 316L-

15Mo alloys: (a) and (b) Bode phase angle plots, (c) and (d) Bode magnitude plots, and (e) and 

(f) Nyquist plots. 

 

316L-5Mo 

316L-5Mo 

316L-5Mo 

316L-15Mo 

316L-15Mo 

316L-15Mo 
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week are ~2500 kcm
2 

for alloy 316L-15Mo and 1800 kcm
2
 for 316L-5Mo. Better passive 

behavior for 316L-15Mo is also demonstrated in the Nyquist plots seen in Figures 23e and 23f. 

The extra Mo in 316L-15Mo facilitates formation of the NiMoO4 film and improves the stability 

and corrosion resistance. This explains the lower current density measured in alloy 316L-15Mo 

compared to 316L-5Mo (see Figure 21) in the PS tests at 0.75 V. 

 

No evidence of corrosion during the PS test is seen in the SEM analysis of either alloy, as 

shown in Figure 24, which further confirms the presence and stability of the passive films.  

 

 
(a) 

 
(c) 

 
(b) 

 
(d) 

 

Figure 24. SEM BSE micrographs 1-week PS tests at 0.75 V in acid brine with 316L-5Mo: (a) 

before and (b) after PS test and with 316L-15Mo (c) before and (d) after PS test.  
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3.2 Effects of Ni and Mn Contents on 316L SS-Based Alloys 

3.2.1 Effect of Ni Content on the Microstructure of 316L SS-Based Alloys 

In general, austenitic stainless steels have better corrosion resistance than ferritic stainless 

steels. Because ferrite is expected to form with increasing Mo contents (Mo is a ferrite 

stabilizer), Ni was added to 316L-Mo alloy to preserve austenite in the metal matrix. Instead, it 

was observed that Mo additions greater than 5 wt. % generated sigma phase and Laves phase 

intermetallics, both of which are rich in Mo and Cr. These intermetallics were found to corrode 

preferentially during PD scans (see Figure 11), particularly the alloys with significant volume 

fractions of Laves phases. Both the sigma and Laves phases have low Ni contents, thus additions 

of Ni were made with the idea of increasing the Ni content in the intermetallics to improve their 

corrosion resistance. Table 5 presents the compositions of the 316L-Ni samples, which are also 

shown in the Schaeffler-DeLong diagram in Figure 3. These are based on the composition of 

316L SS provided by Goodfellow Corporation and the masses of added Mo and Cr. 

 

Table 5. Compositions of 316L-Ni alloys (wt. %) 

 

Alloy C Fe Cr Ni Mo Si 

316L SS 0.03 67.5 17.0 12.0 2.5 1.0 

316L-5Ni 0.03 63.9 16.3 16.4 2.4 0.95 

316L-10Ni 0.03 60.7 15.3 20.8 2.3 0.9 

316L-5Mo-5Ni 0.03 60.7 15.3 15.8 7.3 0.9 

316L-7.5Mo-2.5Ni 0.03 61.6 15.5 12.5 9.5 0.9 

 

 From the Schaeffler-DeLong diagram, the additions of 5 and 10 wt. % Ni to 316L SS should 

maintain a single austenitic phase, which was the case in the 316L-Ni alloys. However, 

significant interdendritic segregation was observed in these alloys that was most likely caused by 

the added Ni.  More segregation was observed in 316L-10 Ni compared to 316L-5Ni, as seen in 

Figure 25a and 25b. The grain boundaries and interdendritic regions were seen to corrode locally 

as the etchant (HNO3:HCl:H2O, 1:1:1) was applied during metallographic preparation. 
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(a) 

 

(b) 

Figure 25. Light micrographs of (a) 316L-5Ni and (b) 316L-10Ni revealing grain boundaries, 

interdendritic segregation, and corrosion during etching. 

  

Similar compositional segregation was observed in alloy 316L-5Mo-5Ni, where a dendritic cast 

structure is seen (see Figure 26a) and stain-like spots are observed at some of the grain 

boundaries, particularly at locations where sigma intermetallics are present (see Figure 26b). 

SEM analysis showed grain boundaries corroded upon etching, particularly at locations where 

sigma phases were present, as shown in Figure 27. 

 

 

 

(a) 

 

(b) 

Figure 26. Optical micrographs of 316L-5Mo-5Ni revealing (a) the dendritic cast structure and 

(b) the staining at locations of compositional segregation and near intermetallics. 
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(a) 
(b) 

Figure 27. SEM micrographs of 316L-5Mo-5Ni showing (a) etching of the grains boundaries and 

(b) some corrosion adjacent to the sigma phases during metallographic etching. 

 

Segregation was less significant in alloy 316L-7.5Mo-5Ni, than in 316L-5Mo-5Ni, 316L-5Ni 

and 316L-10Ni. More intermetallics were observed in 316L-7.5Mo-5Ni than in 316L-5Mo-5Ni, 

and these were mostly sigma phases. 

 

3.2.2 Effect of Ni Content on the Corrosion of 316L SS-Based Alloys 

Potentiodynamic Scans with 316L SS + Ni Alloys 

 

Figure 28 displays the PD scans in acid brine for the 316L-Ni, 316L SS, and 316L-5Mo 

alloys. The PD scan for 316L-5Ni (blue curve) shows a passive range between about 0.3 and 0.7 

V, but with much higher current densities than 316L SS. The passive behavior was eliminated by 

the addition of 10 wt. % Ni (pink curve). The PD curve of alloy 316L-5Mo is plotted (red curve) 

in Figure 28 for comparison to show the benefit of adding 5 wt. % Mo to 316L SS, but adding 

both 5 wt % Mo and 5 wt. % Ni (green curve) degraded corrosion resistance. Alloy 316L-7.5Mo-

2.5Ni had the most anodic Ecorr and even poorer corrosion resistance. It appears the addition of 

excess Ni interferes with the formation of the Cr2O3 layer and does not benefit formation of the 

NiMoO4 layer. 

Alloys 316L-5Ni and 316L-10Ni were examined after the PD scans and both showed 

significant pitting, as seen in Figure 29. Pitting appears more prominent in areas of greater 

segregation, such as the interdendritic arms. 316L-10 Ni exhibited the most segregation and so 

pitting corrosion was more conspicuous in this alloy creating the deeper pits seen in Figure 29b. 
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Figure 28. PD curves for 316L-Ni alloys performed in acid brine at room temperature. The PD 

curves for 316L SS and 316L-5Mo are also included for comparison. 

 

 

 

 
(a) (b) 

Figure 29. SEM micrographs following PD scans for (a) 316L-5Ni and (b) 316L-10Ni. PD in 

acid brine (pH=4) at room temperature. 
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Potentiostatic Tests with 316L + Ni Alloys at 0.25 V and EIS Analysis 

Potentiostatic tests were performed for 24 hours at 0.25 V with the 316L-5Ni, 316L-10, and 

316L-5Mo-5Ni alloys, and the measured current densities are shown in Figure 30. Current 

densities for analogous PS tests with 316L SS and 316L-5Mo are plotted in the same graph for 

comparison. Whereas the PS tests with 316L SS and 316L-5Mo resulted in stable current 

densities of 0.013 A/cm
2 

and 0.010 A/cm
2
, respectively, the addition of 5 wt. % Ni resulted in 

an unstable current density profile that reached a current density of 0.48 A/cm
2 

after 24 hours. 

The same detrimental effect was observed when adding 5 wt. % Ni to 316L-5Mo (see Figure 30). 

The 316L-10Ni alloy experienced a sudden current density increase to ~10,000 A/cm
2
 within 

the first 2 hours and then gradually increased to ~21,300 A/cm
2
. These results imply that the 

addition of 5 wt. % Ni destabilized the passive layers formed in both the 316L SS and 316L-5Mo 

alloys, and the addition of 10 wt. % Ni prevented the passive layers from forming. 

The results of EIS analyses performed during the PS tests at 0.25 V are shown as Bode plots 

in Figure 31. The absence of peaks at low frequencies in the Bode phase angle plots for 316L-

5Ni and 316L-5Mo-5Ni (see Figure 31a) indicates the lack of passive films. The plots for PS 

tests with 316L SS and 316L-5Mo in which passive layers did form are shown for comparison. 

The Bode magnitude plots in Figure 31b show the surface impedances attained in PS tests with 

316L SS and 316L-5Mo are about 4500 kΩ∙cm
2
 due to passivation, whereas the impedance is 

only ~15 kΩ∙cm
2
 for 316L-5Ni and 316L-5Mo-5Ni in the absence of passive layers. These alloys 

 

 

Figure 30. Current density plots for 316L SS, 316L-5Mo, 316L-5Ni, 316L-10Ni, and 316L-

7.5Mo-2.5Ni reacted for 24 hours at 0.25 V in acid brine solution (pH=4) at room temperature.   
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Figure 31. EIS results shown as (a) Bode phase and (b) Bode magnitude plots for 316L SS, 

316L-5Ni, 316L-5Mo, and 316L-5Mo-5Ni after 24-h exposure at 0.25 V in acid brine . 

 

have similar Cr contents, but the excess Ni appears to interfere with the formation of a 

passivating Cr2O3 film. 

 

3.2.3 Effect of Mn Content on the Corrosion of 316L SS-Based Alloys 

Additions of Mn to 316L-5Mo alloys were made to determine if it had a different impact on 

the corrosion behavior than Ni. Mn is an austenite stabilizer similar to Ni and is less expensive. 

Adding 7 wt. % and 15 wt. % Mn to alloy 316L-5Mo did not lead to segregation, but it did 

enhance the precipitation of sigma phase intermetallics as shown in Figure 32. The results of 

EDS analyses and volume fractions of the phases are shown in Table 6. The added Mn 

partitioned evenly between the sigma and austenite matrix phases and diluted the Cr, Mo, and Ni 

concentrations evenly.    

 

(a) (b) (c) 
Figure 32. SEM micrographs of as-cast alloys: (a) 316L-5Mo, (b) 316L-5Mo-7Mn, and (c) 

316L-5Mo-15Mn. 



39 

 

Table 6. Phase compositions from EDS analysis (wt. %) 

 

Alloy Phase Fe  Cr Ni Mo Mn Si 

316L-5Mo 
Matrix 62.6 17.9 12.5 6.3 - 0.8 

Sigma 51.3 20.4 5.4 21.5 - 1.3 

316L-5Mo-7Mn 
Matrix 60.7 14.9 11.7 5.4 6.6 0.7 

Sigma 51.6 21.7 5.1 15.0 5.6 0.9 

316L-5Mo-15Mn 
Matrix 56.2 13.6 11.3 4.7 13.7 0.4 

Sigma 50.6 19.8 5.7 11.9 11.6 0.5 

 

Figure 33 displays the PD scans for the 316L SS, 316L-5Mo, 316L-Ni, 316L-5Mo-5Ni, and 

316L-5 alloys. As shown previously, the addition of 5 wt. % Mo (316L-5Mo) improves the 

corrosion resistance compared to 316L SS but the addition of 5 wt. % Ni and the combined 

addition of 5 wt. % Mo and 5 wt % Ni degrade the corrosion resistance of 316L SS. The addition 

of both 5% Mo and 7 wt. % Mn to 316L SS maintains the same Ecorr and yields a lower 

corrosion current in the passivation range up to about 0.4 V. The addition of Mn is not 

detrimental to formation of the Cr2O3 film, but does prevent formation of a NiMoO4 film.  

 

 

Figure 33. Potentiodynamic curves assessing the relative effects of Ni and Mn additions to 316L-

5Mo. PD scans in acid brine solution at room temperature. 
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The microstructure of 316L-5Mo-7Mn was examined after the PD scan and it was found that 

corrosion was localized at the matrix-sigma interface as shown in Figure 34. 

 

(a) (b) 

Figure 34. SEM micrographs of 316L-5Mo-7Mn after PD scan in acid brine (pH 4) showing 

localized corrosion of sigma phases at (a) low and (b) high magnification.   
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4 Results of Tests with AOC-0  

4.1 Characterization of AOC-0 Microstructure  

The composite material AOC-0 was highly porous and not well-consolidated. Photographs in 

Figures 35a and 35b show the cast AOC-0 ingot included a small metal bead formed on the top 

of a composite puck with a small layer of metal on the bottom of the puck. This indicates the 

molten metal did not percolate down through the alloy-oxide mixture to encapsulate the oxide 

particles in the center of AOC-0 as expected. Instead, the mixture in the center region produced a 

porous network of metal/oxide composite material with the pores partially filled with alloy. It 

appears the ZrO2 powder had sintered during processing to form a highly porous lattice-like 

network that impeded the flow of molten steel during processing. The premixed metals that had 

been subsequently mixed with the ZrO2 powder was seen to alloyed within the pores of the 

composite part of the ingot, but there was not sufficient alloy to fill all the pores that were 

generated as the oxides sintered or to encapsulate the oxide. Nevertheless, enough alloy and 

oxide materials had consolidated near the top of the ingot with sufficiently low porosity that test 

specimens in the form of small parallelepipeds about 1 x 1 x 10 mm
3
 could be cut from that 

region of the ingot for testing.   
 

(a)  (b)  

Figure 35. As-cast AOC-0 material: (a) photograph of 30g ingot and (b) cross-sectional stereo-

micrograph [Frank et.al. 2011]. 

 

The specimens cut from the ingot were made into microelectrodes for use in electrochemical 

tests as follows.  Each specimen was first embedded in a block of thermal set acrylic resin 

(Buehler TransOptic) and an electric lead wire was fixed to the back end of the specimen with 

conductive epoxy.  A 4-mm core containing the specimen, lead wire, and surrounding resin was 

then removed from the block by core-drilling.  The core was then embedded in epoxy to form an 

electrode body about 10 cm long with a 6-mm diameter. Side and front views of a 

1.0 mm
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microelectrode are shown in Figure 36.  The face of the electrode was polished to expose one 

end of the specimen and produce a flat electrode surface with approximately 1 mm
2
 surface area 

of AOC-0 revealed.  This is large enough to be representative of the bulk microstructure of the 

material but small enough to efficiently track changes in the surface occurring as the material 

corroded by using a SEM.  Three electrodes were made and used in several tests by polishing the 

electrodes between tests to expose clean surfaces with a 1-µm finish.  The actual surface area of 

specimen in each electrode was measured using the SEM.   
 

 

 
 

(a) 

 
(b) 

Figure 36. AOC-0 microelectrode embedded in transoptic resin (a) side view and (b) front view. 

 

The initial appearances of several regions of the electrode surface were characterized by 

using SEM/EDS. The microstructure of a representative region is shown in Figure 37 as 

backscattered electron (BSE) images at low and high magnifications. The specimen is comprised 

of similar amounts of two major phases labeled as Phases 1 and 2 and a smaller amount of a 

minor phase labeled Phase 3 in the figures. Several fine fractures are seen to extend through 

Phases 1 and 3 (see arrows) that are distinct from polishing scratches. Cracking probably 

occurred as the ingot cooled due to different thermal properties of the alloy and ceramic phases 

 

 
(a) 

 
(b) 

Figure 37. SEM images of AOC-0: (a) low magnification image showing the representative 

microstructure and (b) at high magnification image showing the three phases. 
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The area fractions of the alloy and oxide phases were determined by analyzing SEM BSE 

images using Image J software. This showed about 60 area% of the electrode surface to be 

occupied by the metallic Phases 1 and 3 and 30 area% by the oxide Phase 2, with about 10 area% 

porosity. The relative amounts of Phases 1 and 3 could not be distinguished in the area analysis. 

The EDS maps of individual elements Fe, Cr, Ni, Zr, and Mo and overlayed maps of Cr, Fe, and 

Zr for the same area of the electrode shown in Figure 37a are shown in Figure 38.  The overlayed 

maps in Figure 38a clearly distinguish the phase compositions: Phase 1 is rich in Fe, Cr, and Mo, 

Phase 2 is rich in Zr, and Phase 3 is rich in Cr and Fe with no Ni.  This also indicates the relative 

amounts of the three phases. Analysis of the overlay map indicates Phase 3 occupies about 10 

area %, Phase 1 about 50 area %, and Phase 2 about 30 area %, with about 10% porosity. This is 

consistent with the areas determined using the BSE images. The results of several analyses 

indicated that repolishing the electrode between tests changed the relative areas of the constituent 

phases exposed at the electrode surface by a few percent. 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 38. Elemental distribution on surface of alloy-oxide composite analyzed using EDS X-ray 

mapping (a) composite map of Fe-Zr-Cr, (b) Cr, (c) Fe, (d) Ni, (e) Zr, and (f) Mo.  

  

The results of EDS spot analyses conducted to measure the chemical compositions of the 

constituent phases are reported in Table 7.  Phase 1 is an intermetallic with an Fe/Zr ratio that 

matches the ZrFe3 intermetallic in the Fe-Zr binary phase diagram [Swartzendruber et al. 1993] 

and Phase 3 is an iron-based solid solution (or intermetallic) rich in Cr and Mo.  Phase 2 is pure 

zirconium oxide (ZrO2); the added ZrO2 sintered slightly during processing and does not appear 

to have reacted with the alloy phases. 
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Table 7. EDS spot analysis of the three major phases in AOC-0 (at. %) 

Phase O Cr Mn Fe Ni Zr Mo 

1 — 11 1.0 43 9 13 14 

2 63 — — — — 37 — 

3 — 25 1.5 44 4 0.5 18  

 

4.2 Electrochemical Tests with AOC-0   

The electrochemical measurements were conducted to characterize the corrosion behavior of 

the alloy/oxide composite, quantify the stability of the different passive regions formed in a 

multi-phase alloy, and understand the stability fields of the oxides formed on the surface upon 

passivation. The test protocol is summarized below:  

 

1. Conduct potentiodynamic (PD) scan. 

2. Repolish electrode surface and document microstructure in several areas. 

3. Conduct potentiostatic hold PS1 at -0.3V (vs SCE) to electrochemically clean surface. 

4. Pre-equilibrate the electrode surface at open circuit for 8 hours. 

5. Measure open circuit potential OCP. 

6. Perform EIS1 at OCP (scan 100 kHz to 1 mHz) to characterize impedance of clean surface. 

7. Conduct Tafel scan T1 (-0.1 V to +0.1 V vs OCP) to measure Ecorr, Icorr, and Icrit. 

8. Conduct Tafel scan T2 (-0.1 V to +0.1 V vs SCE) relative to hold potential 

9. Conduct EIS2 (scan 100 kHz to 1 mHz) at OCP to characterize impedance after Tafel 

scans. 

10. Conduct PS2 hold at desired voltage for 2-h to study the long-term behavior and obtain 

stabilized anodic current densities.  

11. Conduct EIS3 (scan 100 kHz to 1 mHz) at hold potential to measure impact of 

potentiostatic hold on surface properties. 

12. Conduct Tafel scan T3 (-0.1 V to +0.1 V vs SCE) relative to hold potential 

13. Conduct Tafel scan T4 at OCP (-0.1 V to +0.1 vs OCP) to measure Ecorr, Icorr, and Icrit 

after PS hold. 

14. Perform EIS4 (scan 100 kHz to 1 mHz) at OCP to characterize impedance after Tafel 

scans. 

15. Stabilize surface at OC for 5 minutes. 

16. Collect solution sample for analysis.  
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Potentiodynamic (PD) Scan with AOC-0 

 

A PD scan of AOC-0 in the air-saturated acid brine solution is shown in Figure 39. (Note that the 

measured corrosion current has been divided by the electrode surface area to provide the current 

density.) The scan provides the sum of currents due to all cathodic and anodic reactions 

occurring simultaneously at the potential imposed by the potentiostat.  The corrosion current 

densities due to anodic and cathodic reactions are equal and opposite at the corrosion potential 

Ecorr, which occurs at -0.05 V (all voltages are given relative to SCE).  The corrosion current 

(Icorr) is about 1 μA cm
-2

 at Ecorr.  The PD scan was conducted up to 1.6 V to promote 

corrosion in order to identify the least corrosion resistant phase and characterize the corrosion 

products.  Potentials above about 0.7 V do not represent attainable disposal conditions, but are 

used to understand and parameterize environmental dependencies in the degradation model.   

 

 

Figure 39. Potentiodynamic scan for AOC-0 in acidic brine solution at room temperature and 

potentials used in PS tests.   

 

The current response immediately above Ecorr shows active corrosion occurs at potentials up 

to about 0.18 V. The surface is passivated with little increase in the current density as the applied 

voltage increases from about 0.18 to 0.45 V.  A region of transpassivity persists to about 0.58 V, 

which is the onset of second passive region that continues to about 0.95 V. Passivation in this 

second region is not as effective as passivation in the first region and higher corrosion currents 

are measured. The potentials that were applied in PS tests are indicated in Figure 39. 
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Figure 40a shows the thick corrosion layer that formed during the PD scan, including several 

blistered regions. Figure 40b is a higher magnification image showing the layer is highly 

fragmented and spalled from the underlying base material. Figure 40c and 40d show the outer 

and inner surfaces of the corrosion layer with small lumps of another phase embedded within it. 

 

 (a)  (b)  

(c)  (d)  

 

Figure 40. AOC-0 microstructure documented using SEM after PD shows corrosion layer (a) low 

and (b) high magnification of the corrosion layer and the (c) top and (d) underside of the layer 

with an embedded phase. 

 

The results of EDS point analyses of the corrosion products formed on the surface shown in 

Figure 40b are given in Table 8: Spots 1 and 3 represent the layer and Spot 2 represents the 

embedded phase. The layer is primarily ZrO2 and the embedded phase is rich in Mo. Figure 40d 

shows the underside of a piece of the brittle corrosion layer that reveals the Mo-rich lumps. The 

presence of the Mo rich lumps within the ZrO2 layer indicates these oxides formed 

simultaneously while scanning through the potential range. Also indicated in Figure 40b, the 

composition of the corrosion layer overlying the metallic and oxide phases is the same with no 

preference to the underlying phase, even though Zr is not present in Phase 3 (see Figure 36) and 

Phase 3 does not corrode. Furthermore, the layer does not adhere to the underlying composite 

and voids in the metal phase underlying the layer are not filled with corrosion products. These 

observations indicate the oxide layer forms as a sediment rather than an in situ replacement layer. 
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Table 8. EDS Composition of the Corrosion Layer (at. %) 

 

Spot O Cr Fe Ni Zr Mo 

1 55.7 4.3 9.4 1.1 22.6 6.9 

2 60.7 5.4 11.1 0.0 10.4 12.4 

3 59.0 6.9 7.6 0.9 15.9 9.6 

 

Potentiostatic Tests with AOC-0 

 

The PD scans only show the effects of passivating processes having kinetics that are fast 

relative to the scan rate and the effects of slower processes are missed. The objective of the PS 

tests is to measure the current density for surfaces stabilized by all processes to represent long-

term behavior [Ilevbare 2011]. PS tests were conducted at several potentials selected based on 

the PD scan to monitor the corrosion currents during active, passive, or transpassive corrosion 

behavior. The PS tests were performed at 0.02, 0.08, 0.25, 0.5, and 0.8 V to relate the evolution 

of the corrosion current to changes in the surface properties with time, evaluate the stabilities of 

passive layers that formed, and identify the phases that corroded. The PS tests included several 

steps to characterize the surface corrosion behavior. Before applying the voltage used in the PS 

test, the electrode was immersed in the electrolyte solution for 8 hours at open circuit (OC) to 

pre-equilibrate the surface with the test solution. This resulted in formation of a passivating layer 

referred to herein as the OC film. This may be considered to represent the oxide layer formed by 

long-term exposure of waste forms to air prior to disposal. Tafel scans and EIS were conducted 

to characterize the OC film prior imposing the PS hold potential and again after the PS hold to 

measure changes in the surface properties. The potential range for the Tafel scans was small to 

minimize damage of the surface film. The PS test protocol is given in Section 4.2. 

 

Tafel Scans 

A Tafel scan (-0.1 V to +0.1 V vs OCP) was run after the 8-h immersion to characterize the 

OC film and measure Ecorr and Icorr for the system [Scully 1998, McCafferty 2010]. Another 

Tafel scan (-0.1 V to +0.1V vs OCP) was run following the PS hold. The Tafel scans (run at 

potentials relative to the OCP measured when the PS test was initiated) following the OC and PS 

holds are shown in Figures 41a-41e. The red scans were made after the OC hold and the blue 

scans were made after the PS holds. Changes in the values of Ecorr and the shapes the curves 

before and after the PS tests indicate changes in the surface stability due to corrosion at the 

imposed potential. Differences between the red scans indicate differences in the electrode 

microstructure after polishing. The Ecorr for the OC film (red scans) for most of the tests 

remained within a range of 0.03 - 0.07 V. This is significantly higher than Ecorr measured in the 
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PD scan and indicates the surface was stabilized during the OC hold (i.e., by formation of the OC 

film). Similar Ecorr values are expected since all microelectrodes were polished to the same 

surface finish of 1.0 m, and the small differences indicate variance in the relative areas of the 

three constituent phases. One exception is the PS test at 0.5 V, which shows an Ecorr of 0.11 V 

(see Figure 41d). This probably indicates a significantly smaller area of the active phase (Phase 

3: FeCrMo) was exposed at the electrode surface. 

The Tafel scan after the 0.02 V PS hold displays a slightly lower (more anodic) Ecorr than 

was measured after the OCP (EcorrOCP), which generally indicates a minor destabilization of the 

OC passive film, except the value of Icorr decreased. The film was probably affected by 

reduction reactions because 0.02 V is cathodic relative to EcorrOCP (see Figure 41a). (Note that 

0.02 V is higher than Ecorr measured by the PD scan due to formation of the OC film.) The 

Tafel scan performed after the PS test at 0.08 V shows essentially the same Ecorr and Icorr 

values as the scan after the OC hold (see Figure 41b). This potential is only slightly above 

EcorrOCP and both the cathodic and anodic legs are essentially identical before and after the PS 

hold at 0.08 V. The lack of significant damage to or stabilization of the OC film at this applied 

potential demonstrates that the passive film is stable at this potential. The PS hold at 0.25 V falls 

in the first passive region identified in the PD scan. The Tafel scan showed the Ecorr increased 

from 0.04 V after the OC hold to 0.07 V after the PS hold (see Figure 41c). The more cathodic 

behavior suggests that the passive film became more corrosion resistant after the PS exposure. 

However, the Tafel curve measured after the PS hold shows a critical high current density (Icrit) 

“nose” at ~0.11 V that indicates the transition from active to passive corrosion. Passivation is 

attributed to a Cr2O3 layer. Note the absence of a nose in the Tafel scan prior to the PS hold. The 

critical current density (Icrit) identifies the potential at which the passive layer has formed to fix 

the corrosion current. It is known that the presence of Mo decreases both the Icrit and the current 

density in the passive region [McCafferty 2010]. The high value of Icrit measured after the 

0.25 V PS hold indicates the Mo concentration at the surface has decreased during the PS hold. 

The formation of the Cr2O3 layer is not affected by the Mo concentration. 

The Tafel scan after the PS hold at 0.5 V shows the same Ecorr as the EcorrOCP (see 

Figure 41d). It was noted previously that the EcorrOCP value for this electrode surface was higher 

than values for electrode surfaces in the other PS tests and that was attributed to a lower exposed 

surface area of the more active Phase 3 (FeCrMo). The value of Icorr is higher after the PS hold 

and the Tafel scan shows a nose similar to that seen after the PS hold at 0.25 V, but with a much 

lower Icrit value. This indicates Mo was leached during the PS hold. The surface passivates at 

about 0.13 V, which is a slightly higher potential than observed during the PS test at 0.25 V.  

The PS hold at 0.8 V falls in the second passive region identified in the PD scan. The Ecorr 

from the Tafel scan after the 0.8 V PS hold is ~0.10 V and Icrit occurs at 0.13 V, both of which 

are similar to values attained in the PS test at 0.5 V. This suggests the same passivating film, 

most likely NiMoO4, is formed at both potentials. Table 9 documents the changes in the 

electrical characteristics of the surface before and after the PS hold.  
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(a)  

 

(b) 

  
(c)  

 
(d)  

 

(e) 

 

Figure 41. Tafel scans before (red curves) and after (blue curves) PS holds at: (a) 0.20 V, (b) 

0.08 V, (c) 0.25 V, (d) 0.50 V, and (e) 0.80 V.  
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Table 9. Electrochemical parameters measured in Tafel scans before and after the 2-h PS hold 

 

 Before PS hold After PS hold 

PS Hold (V) Ecorr (V) 
Icorr x 10

3
 

(A/m
2
) 

Ecorr (V) 
Icorr x 10

3
 

(A/m
2
) 

Icrit x 10
2
 

(A/m
2
) 

0.02 0.07 1.8 0.06 0.19 — 

0.08 0.04 2.3 0.04 2.4 — 

0.25 0.04 3.7 0.07 11 57 

0.50 0.11 0.41 0.11 1.9 5.2 

0.80 0.03 0.54 0.10 29 26 

 

Potentiostatic Test Results 

 

Figure 42 presents the current densities measured during each of the PS tests conducted. The 

surface behaved cathodically in the PS test at 0.02 V and a stable corrosion current of 

 -2.5 x 10
-2

 A/m
2
 was measured. This is consistent with the Tafel scans (see Figure 41a) that 

show the EcorrOCP (~0.07 V) decreased slightly to ~0.06 V during the PS hold and was attributed 

to reduction of the OC film. Furthermore, SEM examination of the electrode surface after the 

hold at 0.02 V showed it did not corrode. Instead, reduction of the OC film was confirmed by the 

presence of Mo deposits observed on the surface of the electrode, as shown in Figure 43. The 

current densities in the cathodic leg of the Tafel scan are significantly lower after the PS hold, 

which probably indicates the OC film was completely reduced. The anodic leg of the Tafel scan 

after the PS holds shows the surface was stabilized by oxidation of the metal deposits and 

regeneration of the passive film above ~0.11 V.   

The corrosion current in the PS test at 0.08 V is anodic and very low (~2.4 x 10
-3

 A/m
2
), as 

seen in Figure 42, and became constant within about 2 hours. This potential is not significantly 

higher than EcorrOCP (see Tafel scan in Figure 41b) and the PS hold does not damage the OC 

passive film. Ecorr after the hold is the same as EcorrOCP = 0.04 V (see Figure 41b and Table 9).  

Separate tests were conducted for two and six hours with PS holds at 0.25 V because the 

current was not stable after two hours. The current density measured when the passive film 

became stable was ~0.4 A/cm
2
 after six hours. The initial current instability can be explained 

by the Tafel scan conducted after the 2-h PS test (see Figure 41c). The cathodic leg shows higher 

currents and the anodic leg shows a significant nose preceding passivation. The Tafel scans show 

Ecorr increased from about 0.04 V after the OC hold to about 0.07 V after the 2-h PS hold at 

0.25 V. The longer exposure in the cathodic leg during Tafel resulted in the total breakdown of  
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Figure 42.  Evolution of current densities in PS tests.  

 

 

 

Figure 43. SEM photomicrograph of Mo metallic deposits (the small, bright, spherical features) 

on corroded surface after 0.02 V PS test in cathodic region. 
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the surface OC film and the precipitation of Mo which, in turn, oxidized during the short 

exposure in the active range, delaying the formation of the more resistant passive film above 

0.11 V. 

The PS hold at 0.50 V showed the surface had passivated to give a constant current slightly 

higher than the surface passivated at 0.25 V after 6 hours. As discussed in the previous section, 

the electrode surface used in 0.50 V PS test probably had a smaller volume fraction of Phase 3 

(FeCrMo) than the surfaces reacted at other potentials. According to the Pourbaix diagram (see 

Figure 10), Cr2O3 would provide passivation within ~0.2 – 0.5 V; thus any significant reduction 

of Phase 3 will decrease Cr input into the Cr-rich passive layer and thus compromise its stability, 

particularly at the upper ends of the 0.2 – 0.5 V potential range. Furthermore, MoO2 provides 

pitting resistance at moderate potentials and NiMoO4 provides passivation at high potentials 

where Cr2O3 is not stable. The stability ranges of these oxides overlap and several can form 

simultaneously, but with different formation kinetics. The observation that the current becomes 

stable within 2 h at 0.50 V implies that a passive film developed, although an increase current 

density from ~0.4 µA/cm
2
 (for the 0.25 V-hold) to ~1.1 µA/cm

2
 occurred. This implies that the 

passive layer formed at 0.50 V is not as protective as the Cr-rich oxide film formed at lower 

potentials. It was stated during analysis of the Tafel results for the PS test at 0.50 V that the 

passive layer developed on Phase 1 (FeZr) was due to the presence of Mo (14.9 at. %) and Ni 

(9.0 at. %) forming a NiMoO4 passivation film at higher potentials.  

The PS hold at 0.80 V registered the highest anodic current density of ~6.5 x 10
-2

 A/m
2
 and it 

reached stability in less than two hours which suggests a passive film is present. As it was 

described in the Tafel results section this film contains NiMoO4 oxide which passivates at this 

potential (see Figure 10b). Such film is not as protective as the Cr2O3 passive film. The Tafel 

scans in Figures 41d and 41e suggest that the same passive films formed after the PS holds at 

0.50 and 0.80 V. 

Figure 44 is an SEM image of the electrode surface after the PS test at 0.25 V for 6 hours that 

shows extensive pitting of the intermetallic Phase 3 (FeCrMo). The instability in the measured 

current indicates pitting (see Figure 42) occurred with immediate healing throughout the test, but 

the surface stabilized within about 6 hours.  Note that the pits formed randomly throughout Phase 

3 (FeCrMo) and not preferentially at interfaces with Phase 1 (FeZr) or Phase 2 (ZrO2).  The 

ZrO2, formed porous domains in AOC-0 that did not corrode during the PS tests and do not 

appear to have affected corrosion of the alloy phases. 

The SEM photomicrograph in Figure 44b shows that Phase 3 (FeCrMo) corroded uniformly 

in the PS test at 0.8 V rather than by pitting. The dark borders surrounding Phase 3 (FeCrMo) 

highlight the elevation difference between Phases 1 and 3 due to the faster uniform corrosion of 

Phase 3. Cracks similar to those observed on the polished surface in Figure 36b are evident in the 

corroded intermetallic phases in Figure 44b, but do not appear to have corroded preferentially. 
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(a) 

 

(b) 

Figure 44. SEM BSE photomicrographs of corroded surfaces after PS2 tests at (a) 0.25 V 

conducted for 6 hours and (b) 0.80 V conducted for 2 hours. 

 
 

Electrochemical Impedance Spectroscopy (EIS)  

 

Differences in the current densities measured at different voltages can be attributed to both 

the different over potentials and the efficiencies of the passivating films that form. The electrical 

properties of the surfaces were measured using EIS both after the 8-h immersion at open circuit 

and after completing each PS test to identify changes due to the development of surface films on 

each alloy phase. The EIS measurements were made by scanning from 100 kHz to 1 mHz. The 

Bode magnitude and phase angle plots are shown in Figures 45a and 45b respectively. The 

impedance magnitude values at the low frequencies distinguish the performance of the passive 

films formed at each applied voltage and those at the high frequencies indicate differences in the 

conductivities of the solutions. Bode phase angle plots represent the capacitive behaviors of the 

surface films formed at each PS hold potential. The results of EIS run at the end of the OC before 

any PS run are essentially identical and only one curve results for the OC prior to the PS test at 

0.08 V are shown to represent the OC film formed in all tests. Changes in the EIS responses are 

discussed relative to the response for the OC film. 

Consider first the responses for the OC film and the surface after the PS hold at 0.02 V. The 

Bode magnitudes at both low and high frequencies decreased during the PS test and the shape of 

the Bode phase angle plot changed noticeably: the low frequency responses became noisy and 

the broad peak at low frequencies shifted to about 0.5 Hz. These results suggest that the low 

cathodic (negative) current measured in the PS test at 0.02 V (see Figure 42) degraded the OC 

passive film. This is consistent with the Tafel scans that show Ecorr after the PS hold is more 

anodic than EcorrOCP measured after the OC hold (see Figure 41a). 

Fe-Zr

Fe-Cr-Mo

ZrO2

Fe-Zr

Fe-Cr-Mo

ZrO2
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(a) (b) 

Figure 45. EIS results for surfaces formed in PS tests at different applied potentials shown as (a) 

Bode magnitude plots and (b) Bode phase angle plots. 

 

Consider next the responses for the OC film and the surface after the PS test at 0.08 V. The 

Bode magnitude plots (see Figure 45a) and phase angle plots (see Figure 45b) are nearly 

identical for the two surfaces. This is consistent with the very low anodic current measured in the 

PS test at 0.08 V (see Figure 42) and the essentially identical values of Ecorr measured in the 

Tafel scans run before and after the PS hold, all of which indicate a stable surface.   

The magnitude of the impedance measured after the PS test at 0.25 V increased about an 

order of magnitude relative to that measured for the OC film and the shape of the Bode phase 

angle curve changed significantly. The phase angle of the peak at 100 Hz increased to about -72° 

and the low-frequency responses decreased significantly but were stable. Both observations 

indicate the OC film was replaced by a passivating film with more capacitance that provided 

higher impedance. The surface was also quickly passivated in the PS test at 0.50 V, despite the 

observation that 0.50 V was in a transpassive region of the PD scan (see Figure 39). However, 

Figure 45a shows the impedance of that film is only about one-third the impedance of the film 

that formed at 0.25 V, which suggests different passive films formed at 0.25 V and 0.50 V.  

The Bode magnitude plots and the shapes of the Bode phase angle spectra are very similar 

for the PS tests at 0.5 V and 0.8 V and the phase angle peaks occur at the similar frequencies 

(30–50 Hz), but the phase angle is lower at 0.80 V, about -66° compare to -76° for 0.50 V PS 

hold. The Ecorr values measured in the Tafel scans after the PS holds at 0.50 and 0.80 V are very 

similar, and both are higher than Ecorr measured after the PS hold at 0.25 V. The corrosion 
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current in the PS test at 0.80 V is about five times that measured in the PS test at 0.5 V. This 

indicates the same passivating phase is forming at 0.5 and 0.8 V, but the passive film formed at 

0.8 V is less capacitive. A different passivating phase formed at 0.25 V than at 0.5 and 0.8 V. 

A separate PS test were conducted for 6 hours at 0.25 V and compared to the results of PS 

tests conducted for 2 hours at 0.25 V to provide further insights into the replacement of the OC 

film by a different passivating layer. Figure 46a shows the corrosion currents and Figure 46b 

shows the Bode phase angle plots for the separate PS tests. The currents in both tests decrease to 

low values within 2 hours and show spikes indicative of pitting. Differences in the current  

 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 46. Comparison of (a) corrosion currents and (b) Bode phase angle plots for PS tests at 

0.25 V conducted for 2 and 6 hours and SEM BSE photomicrographs of corroded surface (c) 

after 2 hours and (d) after 6 hours at 0.25 V PS holds. 
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densities measured during the first 2 hours are attributed to different fractions of Phase 3 

(FeCrMo) on the electrode surfaces, but the difference becomes insignificant as the surface 

passivated. The capacitive responses at frequencies below about 0.1 Hz after the 2-hr PS hold 

decreased slightly relative to the those measured for the OC film but became insignificant after 6 

hours, whereas the peak at about 100 Hz remained nearly constant after 2 hours but increased 

significantly after 6 hours. However, the values of Ecorr were about the same after 2 and 6 hours 

and only slightly higher than that measured for the OC films. The current spikes seen in both 

profiles are due to metastable pitting that is stabilized by the presence of Mo [Merino et al. 2007, 

McCafferty 2010]. Only a few pits are detected in Phase 3 (FeCrMo) after the 2-h PS hold by 

SEM examination  in Figure 46c, but an abundance of pits are detected after the 6h PS hold 

(Figure 46d). Based on the current profiles, most pitting occurred after the OC film degraded 

beyond 2 hours, but became less frequent as the new passive film stabilized within 6 hours. This 

is consistent with changes seen in the Bode phase plots after 2 and 6 hours relative to those for 

the OC films. 

Solution Analyses  

 

The solutions were analyzed at the end of each PS test to determine the mass dissolution rates 

to compare to rates derived from the measured corrosion currents. The correspondence is not 

exact, since the solutions include small amount of material that dissolved when the electrodes 

were immersed in solution at open circuit as well as material dissolved during the PS test, 

whereas the corrosion current only reflects dissolution of the instantaneous oxidation rate during 

the PS test. Although the primary interest when applying this test method to waste forms will be 

the release of radionuclides (and their surrogates), the releases of Cr, Mo and Zr from AOC-0 are 

used to demonstrate the approach and distinguish dissolution of the different phases. The 

measured amounts of elements amassed in the solution were used to calculate normalized release 

rates based on the solution concentration of each element i as 
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where, C(i) is the accumulated concentration of i, V is the volume of solution used in the PS test, 

f(i) is the overall mass fraction of element i in AOC-0, S is the geometric surface area of the 

electrode, and t is the test duration. This normalization allows the releases of different elements 

to be compared directly and provides the degradation rate in terms of mass material corroded per 

area per time.  Differences in the NR(i) values indicate non-stoichiometries in the oxidation rates 

or solubilities. Because Phase 2 (ZrO2) is sparingly soluble, corrosion of Phase 1 is the primary 

source of Zr, but only contains a small fraction of the total amount of Zr present in AOC-0. Since 

the NR(i) values are based on the total elemental contents in the material, this will affect direct 

comparisons. For this demonstration, results for PS tests conducted 2 hours are used.  Figure 47 

shows the normalized released rates calculated based on different elements in the PS tests. 
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Figure 47. Normalized release rates based on major components in AOC-0 after PS tests 

performed at different potentials. 

 

 

We consider the NR(i) values measured after the PS test at 0.08 V to represent corrosion 

occurring during the formation and stabilization of the OC film. The OC film remained stable 

during the PS hold at 0.08 V. The higher NR(i) values in PS tests at 0.02 V are attributed to 

dissolution of the OC film, such that all elements oxidized during the open circuit step were 

released, and continued corrosion in the absence of the OC film. This indicates anodic corrosion 

continued after the OC film degraded even though the net current was cathodic and the fractions 

of all elements released to solution increased (relative to the results at 0.08 V) except Cr. The 

replacement of the OC form with Cr2O3 layer at 0.25 V increased the retention of Cr, Fe, Ni, and 

Zr significantly, but not the retention of Mo. This is probably because Mo present in the OC film 

was not incorporated in the Cr2O3 film and was leached. However, Mo was incorporated into the 

stable NiMoO4 film that formed in PS tests at 0.50 and 0.80 V. That film was less effective in 

retaining elements other than Mo.  Although the SEM analyses indicate Phase 3 was by far the 

less stable phase, the solution concentrations indicate Zr was released from Phase 1 during the 

PS tests at high voltages. 

The cathodic corrosion current measured in the test at 0.02 V indicates the OC film was 

unstable and dissolved. The anodic corrosion currents measured in the other tests indicate that 

the OC film is replaced by more stable passivating oxides. The solution results in Figure 47 
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indicate the mass of material released into the solution as the OC film dissolved in the PS tests at 

0.02 V was similar to the masses released from the stabilized surfaces. This indicates that 

elements forming the OC film are retained in the passive film at higher imposed potentials. 

The releases of host phase constituents provide valuable insights into the corrosion behaviors 

of individual phases at different potentials. The SEM analyses indicate the majority of mass loss 

occurs due to corrosion of Phase 3 (FeCrMo), which represents about 10% of the electrode 

surface area. The solution concentrations are expected to be consistent with that observation.  

The values of NR(Cr) are higher in the tests at 0.5 and 0.8 V than in the test at 0.25 V because Cr 

is retained in the Cr3O3 layer but not in the NiMoO4 layer. It appears that the Cr3O3 layer protects 

against the oxidation of Zr present in Phase 1 (FeZr) at potentials of 0.02, 0.08, and 0.25 V, but 

not at potentials of 0.5 or 0.8 V. The high value of NR(Zr) indicates that Phase 1 is corroding 

uniformly, although too small an amount dissolves to be detected in the SEM analyses. In 

contrast, the values of NR(Mo) are lower in tests conducted at 0.5 and 0.8 V than in tests at 0.25 

V, which is probably due to the formation of the NiMoO4 passive layer. That passive layer is not 

as protective as the Cr3O3 passive layer formed at 0.08 and 0.25 V, as evidenced by the higher 

corrosion current and higher values of NR(Cr), NR(Fe), NR(Ni), and NR(Zr). The dissolution of 

ZrO2 is assumed to be negligible in all PS tests and the release of Zr is attributed solely to 

corrosion of Phase 1 (FeZr). The correlated values of NR(Ni) and NR(Zr) for  PS holds at 0.5 

and 0.8 V are consistent with the uniform corrosion of Phase 1. Although both Phase 1 and Phase 

3 corroded uniformly at the higher potentials, the faster corrosion of Phase 3 is evident in SEM 

analyses after the PS test performed at 0.8 V (see Figure 44b). It is also interesting to note that 

release rates at 0.02 V were high compared to those at 0.08 V and similar to those at 0.25, 0.5, 

and 0.8 V. Although cathodic reactions dominate the measured current in the PS test at 0.02 V, 

oxidation reactions are still occurring at potentials below Ecorr. This highlights the importance 

of the solution analysis and DRN term in Equation 1. 
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5 Results of Tests with AOC410 

This part of the project addressed the possible use of alloy/ceramic composite waste forms to 

immobilize metallic and oxide waste streams generated during the electrochemical reprocessing 

of spent reactor fuel using a single waste form. A representative composite material was made to 

evaluate the microstructure and corrosion behavior at alloy/ceramic interfaces by reacting 410 SS 

(used as surrogate for HT9) with Zr, Mo, and a mixture of lanthanide oxides. Essentially all of 

the available Zr reacted with lanthanide oxides to generate lanthanide zirconates, which 

combined with the unreacted lanthanide oxides to form a porous ceramic network that filled with 

alloy to produce a composite puck. The liquid metal alloy present in excess of the pore volume 

of the ceramic generated a metal bead on top of the puck, as shown in Figure 48.  

 

 

Figure 48.  Top view of as-cast AOC410 ingot showing the metal bead formed on top of the 

composite puck. 

 

5.1 Characterization of AOC410 Microstructure 

The as-batched and elemental compositions of AOC410 is given in Table 10, including the 

concentrations of elements provided by the 410 SS. AOC410 was formulated to highlight the 

behavior of an oxide waste stream in a composite waste form: the relative amounts of lanthanide 

oxides are higher than those expected in combined waste streams and the relative amount of Zr 

used in AOC410 is lower. This was done to facilitate measurements of the disposition and 

release behaviors of the lanthanides and provide insights into the maximum amount of oxide 
 

1cm



60 

 

Table 10. As-batched elemental composition of AOC410 (wt. %) 

 

410 SS  Trim Additions 

Fe Cr Mn Si C N Zr Mo La(OH)3 Nd2O3 CeO2 

72.1 9.8 0.1 0.6 0.01 0.03 3.1 4.3 1.5 5.0 3.5 

 

waste that can be accommodated in a composite waste form. All reagents were added as powders 

without further treatment. (It was later determined that most of the La2O3 had converted to 

La(OH)3 during storage.) Appropriate amounts of reagent powder of each component were hand-

mixed inside a nitrogen atmosphere glove box then sealed in a bottle and mixed for an additional 

30 minutes by using a tumbler. The mixed powders were transferred to a Y2O3 crucible and 

heated in a resistance furnace that was housed in the same glove box. The furnace was flushed 

with argon gas before and during heating to displace nitrogen from the vicinity of the crucible. 

The AOC410 mixture was heated for three hours at 1600C and then furnace-cooled to simulate 

the cooling of a full-size waste form.  
 

The materials separated during production into a cylinder puck of alloy/oxide composite and 

a metal bead that formed on top of that puck. These are referred to as the composite puck and 

metal bead, respectively. The ingot was cross-sectioned by using a diamond wafering blade and 

low-speed saw and then polished to a 0.05-µm final surface finish by first using successively 

finer grit silicon carbide papers and then using colloidal silica for the final polish. Figure 49 

shows a photograph of the cross-sectioned ingot. The microstructures and phase compositions of 

the metal bead and composite puck were characterized by using optical microscopy, scanning 

electron microscopy (SEM, Hitachi S-3000N) with energy dispersive X-ray emission 

spectroscopy (EDS, Thermo Scientific UltraDry), and powder X-ray diffraction (XRD, Siemens 

D5000). Kalling’s No.2 etchant (20 mL HCl + 20 mL ethanol + 1 g CuCl2) was used to prepare 

surfaces for metallography. Small pieces of the metal bead and composite puck parts of AOC410 

were pulverized using an agate mortar and pestle to generate the powder analyzed by using 

XRD. 
 

The composite puck (the bottom half in Figure 49a) consists of sintered oxide ceramics 

embedded in a metal matrix, whereas the metal bead part (upper half) is free of oxides. The SEM 

backscattered electron (BSE) images in Figures 49b and 49c show the metal bead and composite 

regions are both composed of several phases. Detailed characterizations of the composite puck 

and metal bead parts of the ingot are discussed below, but we consider first how the composite 

and metal bead parts of the ingot formed. Figure 49d shows a region of the composite puck after 

it was severely corroded in an electrochemical test and most of the alloy phases near the 

electrode surface had dissolved. The polished surfaces of the ceramic phases at the electrode 

surface are evident and the underlying network structure of ceramic phases that formed when the 
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(a) 

 

 
 

 
 

(b) 

 

 
(c) 

 

 
(d) 

Figure 49.  Cross section of the as-cast AOC410 sample showing (a) the metal bead and 

composite puck and locations from which electrodes were cut (red squares), SEM BSE images of 

(b) the metal bead part and (c) the composite puck, and (d) the ceramic network revealed after 

electrochemical dissolution of metal phases in the composite puck. 

 

material was processed is revealed. The size and shape of the composite puck (see Figure 49a) 

indicate the ceramic structure was initially constrained by the cylindrical crucible, but densified 

and shrunk away from the crucible during production while the alloy remained molten. Based on 

Figures 49a and 49d, it appears that liquid metal in excess of the pore volume of the ceramic 

structure was excluded from the composite as the ceramic structure formed and flowed out of the 

composite puck to generate the overlying metal bead. The geometry imposed by the crucible was 

maintained by the ceramic structure as it densified. A metal bead formed on top of the composite 
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puck in this case, but metal beads have formed on the tops and sides of other composites that 

were made with more metal. Therefore, what appear to be “islands” of ceramic domains 

distributed in a “sea” of metal matrix in the image shown in Figure 49c are actually cross-

sections of the ceramic lattice structure that reveal the metal filling its pore spaces. The density 

of the ceramic structure and relative amounts of alloy in the composite and metal bead parts 

probably depend on the oxide content, processing time, and temperature. 

 

Characterization of the Metal Bead 

 

Figure 50 shows images of the metal bead obtained by optical microscopy and SEM. The 

optical micrograph in Figure 50a shows the metal matrix to be composed of ferrite and 

martensite grains with carbo-nitride (C/N) precipitates present within the ferrite grains and at 

grain boundaries. The SEM image in Figure 50b shows an array of C/N precipitates within a 

ferritic grain along the grain boundary (G.B.) with the subtle contrast difference distinguishing 

the ferritic and martensitic regions. Representative compositions of the martensite and ferrite 

phases in the metal bead determined with EDS are provided in Table 11 (all EDS spectra were 

collected at an accelerating voltage of 20 kV). Values are given as mean and standard deviations 

for spot analyses at several locations in terms of wt. % with values in atom % given in 

parentheses. The martensite grains have slightly higher Cr contents and lower Mo contents than 

the ferrite grains; no Zr was detected in either phase. 

 

(a) (b) 

Figure 50.  Regions of the metal bead observed by (a) optical metallography and (b) SEM. 
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Table 11.  Representative compositions of constituent phases
a
 obtained by SEM/EDS 

 

 

 

Fe 
 

Cr 
 

Mo 
 

Zr 
 

La 
 

Ce 
 

Nd 
 

O 
 

Metal Bead 

Martensite 
83.8±0.2 

(84.5±0.1) 

12.0±0.1 

(13.0±0.1) 

4.2±0.2 

(2.5±0.1) 
— — — — — 

Ferrite 
83.9±0.9 

(84.9±0.7) 

11.2±0.6 

(12.2±0.6) 

4.9±0.7 

(2.9±0.4) 
— — — — — 

 

Composite Puck 

Martensite 
83.9±0.3 

(84.6±0.2) 

12.0±0.1 

(13.0±0.1) 

4.1±0.2 

(2.4±0.1) 
— — — — — 

Ferrite 
84.1±1.1 

(84.9±0.8) 

11.4±0.5 

(12.4±0.5) 

4.5±0.8 

(2.7±0.5) 
— — — — — 

FeCrMo 
59.5±5.2 

(66.6±4.3) 

12.2±0.5 

(14.8±0.8) 

28.3±5.0 

(18.5±3.7) 
— — — — — 

Ln Oxide — — — — 
10.5±0.3 

(5.0±0.2) 

29.1±2.3 

(13.9±1.5) 

46.0±2.0 

(21.3±1.4) 

14.4±1.3 

(59.8±2.4) 

Ln Zirconate — — — 
33.3±2.8 

(19.9±2.5) 

8.1±0.9 

(3.2±0.4) 

15.7±1.3 

(6.1±0.6) 

24.6±0.8 

(9.3±0.8) 

18.2±2.0 

(61.5±3.3) 

 

 

Characterization of the Composite Puck 

A typical region within the composite puck is shown in Figure 51. The martensite and ferrite 

grains with C/N precipitates formed in the composite have compositions, distributions, and 

structures similar to those formed in the metal bead. A FeMoCr intermetallic phase formed in the 

metal matrix of the composite puck that was not detected in the metal bead; these were observed 

to occur either near a ceramic phase or along a ferrite/martensite grain boundary. The phase 

compositions measured using SEM/EDS were given in Table 11. The Cr contents measured in 

the FeCrMo intermetallic phases are slightly higher than the Cr contents measured in either the 

martensite or ferrite grains and ranged between 20 and 35 wt. % at the expense of the Fe content. 

This range may indicate real variations in the stoichiometries of the intermetallics or may be an 

artifact of the analyzed volumes being larger than the intermetallic domains such that the 

analyzed volume includes a small amount of ferrite.   
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Figure 51. SEM BSE images of the composite puck. 

The irregular morphology evident in Figure 51 is common to the ceramic phases that were 

observed throughout the composite. Domains of lanthanide oxide, lanthanide zirconate, and ZrN 

are intimately and seemingly randomly mixed. Note that the alloys formed tight interfaces with 

both the lanthanide oxide and lanthanide zirconate phases even in the absence of a wetting agent. 

Low magnification backscattered electron images like that shown in Figure 49c were analyzed to 

estimate the area fractions of lanthanide zirconate and lanthanide oxide in the composite puck 

based on contrast differences by using ImageJ○
R

 software [Rasband 2016]. The volume fractions 

of phases in the composite are assumed to be equal to their area fractions measured in the cross 

sections. The total volume fraction of ceramic phases in the composite puck is estimated to be 

about 35%, with ferrite, martensite, C/N precipitates, and FeCrMo intermetallics comprising the 

remaining 65%. The relative volumes of the constituent alloy phases in the composite puck and 

metal bead were not determined. 

Except for trace amounts of ZrN, essentially all of the Zr reacted with the lanthanide oxides 

to form lanthanides zirconates. The relative amounts of Zr, lanthanides and oxygen in the 

zirconate phase given as atom % in Table 11 are consistent with the stoichiometry Ln2Zr2O7 

within the analytical uncertainties. The remaining ceramic phases are composed of mixed La, 

Nd, and Ce oxides, but are free of Zr and other alloying elements. The overall reactions indicate 

an additional source of oxygen is required to produce La and Nd zirconates: 

La2O3 + 2 Zr + 2 O2 = La2Zr2O7 (3a) 

Nd2O3 + 2 Zr + 2 O2 → Nd2Zr2O7. (3b) 
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Some of the excess oxygen was probably provided by reduction of a portion of the CeO2 in the 

lanthanide oxide mixture from Ce(IV) to Ce(III), although the valences of Ce in the oxide and 

zirconate phases were not measured directly.  The corresponding reaction is 

 

2 CeO2 + 2 Zr + 1.5 O2 → Ce2Zr2O7. (3c) 

 

The formation of zirconates did not appear to be limited by the availability of oxygen, although 

not all sources of oxygen have been identified, but it was limited by the availability of Zr. More 

than 7.3 wt. % Zr would be required to convert all the lanthanide oxides in the mixture used to 

make AOC410 to Ln2Zr2O7 according to the stoichiometries in reactions 3a – 3c. Only about half 

of the lanthanide oxide mixture was converted to lanthanide zirconates because only 3.1 wt. % 

Zr was available. As discussed above, a low Zr content was used to highlight the roles of 

lanthanide oxides as reactants and the actual blended waste streams are expected to have 

sufficient amounts of Zr to convert all the lanthanide oxides to zirconates.  

The X-ray powder diffraction patterns of AOC410 and the lanthanide oxide mixture used to 

make AOC410 are shown in Figure 52 (measured using Cu Kα radiation). Analysis of the 

lanthanide oxide mixture shows it was composed predominantly of La(OH)3, Nd2O3, and CeO2 

with a small amount of LaOOH. This indicates the La2O3 reagent had hydrated during storage, 

which provided some of the oxygen required to form zirconates. The peaks at 2Ɵ=27.0
o
 and 

30.9
o
 in the XRD pattern measured for the AOC410 product indicates a small amount of residual 

Nd2O3 is present, but peaks corresponding to La(OH)3, and CeO2 (indicated in the lower pattern) 

were not detected. The broad peaks at 2 = 29.0
o
, 33.6

o
, 48.1

o
, 57.2

o
, and 59.9

o
 (labeled P) 

correspond to a mixture of La-, Nd-, and Ce-zirconates having the same pyrochlore structure. 

The peaks labeled α-α’ at 44.6
o
 and 64.9

o
 are representative of ferritic and martensitic structures, 

the presence of which is consistent with the metallographic analyses. The amounts of FeMoCr 

intermetallics and C/N precipitates in the composite are below the XRD detection limit of about 

3 vol %.  

The phase distributions in the metal bead and composite parts are summarized in Table 12. 

Detailed analyses of the phases and interfaces in the metal and composite parts of the ingot are 

discussed in the following sections. 

As the major cause of sensitization corrosion, Cr depletion can have a significant impact on 

localized corrosion processes of stainless steels including pitting, crevice corrosion, and galvanic 

corrosion. Therefore, the Cr distribution near phase interfaces and grain boundaries was 

examined in detail. The Cr concentration profiles were measured with EDS line profile and point 

analyses at several locations in the metal bead and composite puck. Thin regions of Cr-depleted 

ferrite were observed to surround the numerous Cr-rich C/N precipitates present inside the 

ferritic grains and along phase boundaries in both parts of the ingot:  
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Figure 52. Powder XRD patterns of the lanthanide oxides mixture (lower pattern) and AOC410 

(upper pattern). Peaks cited in text are indicated by arrows. 

 

 

Table 12.  Phase compositions of metal bead and composite puck 

 

Phases present Metal bead Composite puck 

Metal matrix Martensite and ferrite grains Martensite and ferrite grains 

C/N inclusions 

Heavily agglomerated in ferrite 

grains and at ferrite/martensite grain 

boundaries 

Precipitated in ferrite grains and at 

ferrite/martensite grain boundaries 

FeMoCr 

intermetallic 
Not detected 

Uniformly distributed in metal 

matrix throughout composite. 

Ln2Zr2O7 and 

lanthanide oxide 
Not detected 

35 volume percent*. Exhibit 

sintered ceramic network. 

* The volume fraction is assumed equal to the area fraction. 
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Cr analyses in the metal bead 

A large C/N precipitate inside a ferritic grain in the metal bead is shown in Figure 53a and 

the result of the line scan analysis conducted along the dashed arrow drawn in the image is 

included in Figure 53a. The intensity of the Cr Kα line increases sharply when the precipitate is 

encountered. The horizontal blue dashed line is drawn to show the average Cr-Kα intensities in 

the ferrite grain measured well away from the precipitate. Composition analyses indicate the Cr 

contents of the precipitate and regions of the matrix away from the precipitate are 53.7 wt. % and 

11.5 wt. %, respectively. The two vertical black dotted lines are drawn to locate the interface  

 

(a)  

 

(b)  
 

 

Figure 53.  SEM images and EDS line scans of regions in the metal bead: (a) isolated C/N 

precipitate in a ferrite grain and (b) an array of C/N precipitates at a martensite/ferrite grain 

boundary. 
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between the Cr-enriched precipitate and the ferrite matrix. The Cr-depleted region extends about 

1.7 µm into the ferrite grain in this case, but the volume of the depleted regions appeared to vary 

affected by the size of the C/N precipitate and the distance to other precipitates. Figure 53b 

shows an array of C/N precipitates that formed in a ferrite grain parallel to the grain boundary 

with a martensite grain. A line scan was conducted starting in the martensite grain, passing 

through the ferrite phase boundary, across the C/N precipitates, and ending in the ferrite grain. 

The blue and brown lines show the Cr Kα and Fe Kα intensities from the line scan, respectively. 

The black arrows indicate the locations where spot analyses were conducted at 10 locations 

along the path of the line scan and the numbers behind the arrows give the Cr wt. % values from 

each spot analysis. The Cr contents are slightly higher in the martensite grain (>11.5 wt. % Cr) 

than in the ferrite grain (<11.0 wt. % Cr), and below 9.7 wt. % in the regions of ferrite adjacent 

to the Cr-enriched precipitates. The widths of the Cr-depleted regions around isolated large C/N 

precipitates were typically <2 µm (as in Figure 54a), but exceeded 3 µm when several C/N 

precipitates were grouped along a grain or phase boundaries (as in Figure 53b).  

 

Cr analyses in composite puck 

The same methods were used to characterize the alloy compositions in the composite puck. The 

line scan represented by the dashed blue arrow shown in Figure 54a passes across a 

martensite/ferrite grain boundary, three C/N precipitates, a lanthanide zirconate domain, and 

ends in a ferrite grain. As observed in the metal bead, the martensitic region has a higher Cr 

content (~11.8 wt. %) than the ferrite region (~ 9.9 wt. %) and Cr depletion occurs in the ferrite 

surrounding C/N precipitates. The region between the two closely spaced precipitates is depleted 

in Cr to a greater extent than regions adjacent to the single carbide. In Figure 54a, the Cr contents 

in the ferrite between the C/N precipitates located at distances of 3 µm and 6.5 µm along the 

scan path are slightly higher than in the ferrite between the two C/N precipitates located at 6.5 

µm and 8 µm (~9.8 wt. % compared to ~9.3 wt. %), but lower than in the ferrite next to the grain 

boundary at about 2 µm (which is ~10.7 wt. %). Also, the extent of Cr depletion is greater in 

ferrite adjacent to larger precipitates (e.g., the precipitate near 6.5 µm) than in ferrite adjacent to 

smaller precipitates, such as the precipitate seen at 3 µm. Of course, the surface of the cross-

sectioned precipitate does not indicate the size of the precipitate and the measured thickness of 

the Cr-depleted region is likely not normal to the interface. Nevertheless, larger precipitates are 

expected to sequester Cr from a larger volume of the surrounding matrix than do smaller 

precipitates and the extent of Cr depletion in the neighboring region is expected to be more 

significant. Finally, an array of precipitates is observed adjacent to the Ln2Zr2O7/ferrite phase 

boundary, which appears to be a pristine compact interface without micro-crevices or pores. The 

intensities of the Zr Lα and Nd Lα peaks increase sharply as the line scan passes into the 

lanthanide zirconate region beginning at about 8.5 µm and the Fe peak intensity drops to near the 

background value. The Nd profile is representative of all lanthanides in the material. Note that  
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(a) 

 

  

 

 

(b) 

 

 
  

Figure 54.  SEM images and EDS line scans of regions in composite puck: (a) martensite/ferrite 

grain boundary, C/N precipitates, and zirconate inclusion in ferrite, and (b) C/N precipitate and 

intermetallic in ferrite. 

 

overlap of the Cr Kα and Nd Lα peaks introduces artifacts in the line scans, including an 

apparent increase of Nd in the Cr-enriched precipitates and a non-zero Cr content in the 

Ln2Zr2O7 region. Spot analyses were performed to provide compositions at specific locations and 

confirm there are no other alloy elements present in the Ln2Zr2O7 phase. 

The line scan analysis made along the red arrow shown in Figure 54b passes through a small 

C/N precipitate and a FeCrMo intermetallic. The intensity of the Cr Kα peak appears to remain 

unchanged as the line scan passes through the intermetallic. Spot analyses show the FeCrMo 

intermetallic has a slightly higher Cr content (~11.3 wt. %) than the ferrite on either side of it 

(~9.6 and 10.4 wt. %), but the ferrite adjacent to the intermetallic is not depleted in Cr relative to 

ferrite away from the interface. 
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5.2 Electrochemical Tests with AOC410 

Separate specimens about 1 x 1 x 10 mm
3
 were cut from regions in the metal bead and composite 

puck parts of the AOC410 ingot and from the region surrounding the interface between the two 

parts; these regions are indicated by the red squares drawn on Figure 49a. Each specimen was 

fashioned into an electrode following the same steps already described in the manufacture of the 

AOC-0 electrodes. The microstructures of the electrode surfaces were characterized before and 

after each corrosion test to identify which regions were active during the tests. SEM images of 

the polished surfaces of the metal bead and composite electrodes were shown previously in 

Figures 49b and 49c, respectively. Each electrode was immersed in the acid brine solution 

(0.01 M NaCl + 0.1 mM H2SO4 + 0.1 mM Na2SO4) for 1 h to measure the OCP. This was 

followed by a PD scan from -0.25 V (vs OCP) to +1.6 V (vs SCE) to characterize the corrosion 

behavior of each electrode; the polarizing rate was 0.16 mV/s. The PD scans of the metal bead 

electrode and composite electrode are shown together in Figure 55. The current densities are 

similar, but the composite electrode has a lower corrosion potential than the metal bead electrode 

(Ecorr = about -0.27 V compared to -0.16 V) and higher transpassive potential (about 0.55 V 

compared to 0.40 V). The polarization curves are discussed in terms of the phase compositions in 

the following sections. 

 

 

 

Figure 55.  Potentiodynamic curves measured with the metal bead and composite electrodes. 
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PD tests on the metal bead electrode 

SEM images are displayed in Figure 56 for two regions of the metal bead electrode before 

and after PD measurements. Figure 56a shows a region of mixed martensite and ferrite grains 

and Figure 56b shows a ferrite/martensite phase boundary with an array of C/N precipitates. The 

bright features in Figure 56a are ZrN inclusions that formed in AOC410. The ZrN phases did not 

corrode and were used as fiducial markers to help locate the same region of the electrode before 

and after corrosion. Figure 56a shows that ferrite regions corroded as the electrode was polarized 

up to 1.6 V, but martensitic regions did not corrode. Figure 56b shows the same area that was 

analyzed by the line profile given in Figure 53b (the image has been rotated for clarity). 

Comparing the line profile from Figure 53b with the corroded region in Figure 56b indicates that 

corrosion of ferrite surrounding the C/N precipitates continued until the martensite grain was 

encountered, but the martensite did not corrode. We attribute the greater corrosion resistance of 

martensite to the higher Cr content. Corrosion into the ferrite continued to a distance of about 2.3 

µm away from the array of C/N precipitates during the PD scan. Comparison with Figure 53a 

indicates this is close to the width of the Cr-depleted ferrite region. 

 

 
 

(a) 

 
 

(b) 

 
 

 

 

Figure 56.  SEM BSE images before and after PD scan showing surface morphology change at 

(a) low and (b) high magnification. 
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PD tests on the composite puck electrode: 

Metal matrix within the composite puck: The surface morphology of the corroded composite 

electrode is shown in Figure 57.  High magnification SEM images of arrays of C/N precipitates 

inside ferritic grains are provided in Figures 57a and 57b, where corrosion of the surrounding Cr-

depleted regions has formed ~1-µm wide crevices surrounding those precipitates. Preferential 

corrosion of ferrite in the composite puck that had been sensitized by C/N precipitates occurred 

during the PD scan of the composite electrode just as it had been in the metal bead electrode. The 

corrosion of matrix material adjacent to FeCrMo intermetallics is shown in Figures 57c and 57d: 

ferrite adjacent to intermetallics is seen to have corroded but the intermetallic phase did not 

corrode. The preferential corrosion at the interface is attributed to galvanic corrosion of the 

ferrite because composition analyses had shown the ferrite adjacent to the intermetallics was not 

depleted of Cr (e.g., in Figure 54). Figure 57d shows that the ferrite beside intermetallics formed 

at martensite/ferrite grain boundaries corroded, but the martensite did not. This demonstrates that 

ferrite is the least corrosion resistant when coupled with FeMoCr intermetallics and martensite.  

 

(a) (b) 

(c) (d) 

Figure 57. SEM images composite puck electrode after PD scan showing preferential corrosion 

of (a) and (b) ferrite surrounding C/N precipitates, and (c) and (d) ferrite at intermetallic 

boundary. 
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The light spots in Figures 57c and 57d are Mo-bearing particles that were deposited during the 

PD scan. That Mo had likely dissolved when the sensitized ferrite corroded and then precipitated 

as a Mo-oxide when the system was driven to higher potentials during the PD scan. The particles 

are too small to analyze quantitatively. Voids remaining after dissolution of the lanthanide oxide 

domains are also observed in Figure 57b; this is discussed further in the next section. 

Ceramic phases: About one-half of the lanthanide oxide mixture added to AOC410 was 

converted to lanthanide zirconates (Ln2Zr2O7) when the ingot was made. Comparison of the 

polished and corroded surfaces shown in Figure 58 indicates the lanthanide oxide dissolved 

during the PD scan but the lanthanide zirconate domains did not dissolve; this was also seen in 

Figure 57b. To confirm that dissolution of the lanthanide oxides is a chemical rather than an 

electrochemical process, a polished composite puck electrode was immersed in the same acid 

brine solution used in the electrochemical tests at open circuit for 6 hours. Figure 58a shows the 

surface before and after immersion and indicates only the lanthanide oxide phases dissolved; the 

lanthanide zirconate and ferrite regions adjacent to C/N precipitates or intermetallics did not 

dissolve. This indicates dissolution of the lanthanide oxides is a chemical process and is  

 

 
(a) 

 
(b) 

  

Figure 58.  SEM images of AOC410 ceramic puck electrode before and after (a) chemical 

dissolution and (b) PD scan. 
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consistent with the rapid dissolution of lanthanide oxides observed in dilute mineral acids 

[Billard et al. 2007, Ewing et al. 1995]. This shows the importance of converting lanthanide 

oxide wastes to more durable lanthanide zirconates in a composite waste form. Figure 58b shows 

the polished and corroded surfaces before and after a PD scan. The interfaces between alloy 

metal matrix and Ln2Zr2O7 domains shown in Figure 58b were not corroded during the PD scan 

despite the complete dissolution of neighboring regions of lanthanide oxide. Areas of Cr-

depleted ferrite surrounding the C/N inclusions that had precipitated at interfaces with the 

Ln2Zr2O7 were corroded, but there is no sign of metal corrosion at interfaces between alloy and 

lanthanide zirconate phases. 

 

PD tests with the interface electrode 

An electrode was prepared from a specimen cut from the metal bead/composite interface to 

evaluate approaches to model the corrosion behaviors of the constituent phases present in the 

metal and composite parts of the ingot. The electrodes made from specimens cut from the metal 

bead, composite substrate, and the interface provide different relative amounts of the metal 

matrix, sensitized ferrite, FeCrMo intermetallics, C/N precipitates, and oxide phases that 

comprise the ingot. The interface electrode was prepared to provide similar areas of the metal 

bead and the composite puck parts of the ingot. The microstructure of the interface electrode is 

shown at two magnifications in Figure 59. The FeCrMo intermetallics were observed on the 

composite side of the interface but not in the metal bead. These appear as worm-like features 

along ferrite/martensite and ferrite/ceramic grain boundaries. An abundance of C/N precipitates 

can also be seen as black dots along the grain boundaries of the metal bead in the higher 

magnification image in the right side of Figure 59 (located by white arrows).  

 

 
 Figure 59.  SEM image of AOC410 interface electrode. The arrows in the right-hand image 

locate regions of C/N precipitates formed at grain boundaries. 
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The results of PD scans of the three electrodes are shown plotted together in Figure 60a. The 

shapes of the PD curves and the current densities that were attained are very similar for the three 

electrodes, but the corrosion potential is lower (Ecorr = -0.3 V compared to -0.2 V) and the 

transpassive potential is higher for the composite electrode than the corresponding values for 

either the metal or interface electrodes. The polarization behavior of the interface electrode is 

almost identical to that of the metal electrode, with only a small difference between about 0.4 V 

and 0.5 V (located by the arrow in Figure 60a). Because corrosion currents from the same phases 

contribute to the measured PD responses of all three electrodes to different extents, the observed 

differences reflect the relative areas of each phase exposed at the surface of each electrode. By 

assuming the contribution of each phase to the total current density for both metal and composite 

parts is linearly proportional to the relative area of that phase exposed at the electrode surface, a 

simulated PD curve for the interface electrode was composed using the weighted average of the 

corrosion currents measured for the metal and composite electrodes.  

 

 

 
(a) 

 
(b) 

 

Figure 60.  Measured PD curves of the metal and composite parts shown with (a) the measured 

PD curve of the interface electrode and (b) the calculated anodic curve of interface electrode. 

The arrow locates a subtle difference between the responses of the metal and interface 

electrodes. 
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Currents shown by the pink curve in Figure 60b were generated by using the following 

equation at each voltage: 

 

i𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = i𝑚𝑒𝑡𝑎𝑙 ∙ 𝐴𝑚𝑒𝑡𝑎𝑙 + i𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 ∙ 𝐴𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 , (4) 

 

where i𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the calculated current density for the interface electrode, i𝑚𝑒𝑡𝑎𝑙 and i𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 

are the measured current densities obtained from the PD curves of the metal electrode and the 

composite electrode, respectively, and 𝐴𝑚𝑒𝑡𝑎𝑙 and 𝐴𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 are the relative areas of the metal 

and composite parts measured for the interface electrode. The measured PD curve (red curve in 

Figure 60a) and the calculated PD curve (pink curve in Figure 60b) for the interface electrode are 

in good agreement except the calculated corrosion current is slightly higher than measured 

between about 0.48 V and 0.55 V. This is attributed to small changes in the relative areas of the 

constituent phases when the electrode surface was repolished between the area analysis and the 

PD scan. 

Although the similarity of the simulated and experimental PD curves for the interface 

electrode supports using the relative areas to model corrosion behavior, the relative contributions 

of the phases comprising each part remained to be determined. That was done by holding the 

electrodes at a constant potential to corrode the active phase(s) to an extent that could be 

observed by using an SEM.  The interface electrode was subjected to a PS test in the acid brine 

solution for 24 hours at + 0.42 V, which is slightly higher than the passive region indicated by 

the PD curve for the interface electrode in Figure 60a. The corrosion current increased during the 

PS test indicating active corrosion.  

The electrode surface was examined after the test by using SEM to determine which phases 

corroded. As shown in Figure 61, macroscopic voids and plentiful pits were generated in the 

ferrite surrounding C/N precipitates on the metal bead side of the electrode during the PS test at 

0.42 V, especially along the grain boundaries where the C/N precipitates had agglomerated. 

Corrosion of the composite side of the electrode occurred surrounding C/N inclusion sites in 

ferrite grains and at intermetallic/ferrite interfaces identical to corroded regions that were shown 

in Figure 57. Extensive chemical dissolution of the lanthanide oxides was observed to have 

occurred on the composite side of the interface electrode, but the lanthanide zirconate phases 

appeared to be unreacted. This indicates the relative contributions of the constituent phases to the 

overall corrosion currents measured with the separate metal and composite electrodes are the 

same in the interface electrode. (Dissolution of the lanthanide oxides did not contribute to the 

corrosion current measured in the PS test.) 
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-  

Figure 61.  SEM image of the corroded interface electrode. 
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6 Results of Tests with AOC410N 

We wanted to evaluate the capacity of metallic waste forms to accommodate both metallic 

and oxide waste streams in a single alloy-ceramic composite waste form. A prototype composite 

material was made previously (AOC-0, Section 4) to determine if the same production method 

used to make alloy waste forms can be used to make composite waste forms. The material 

AOC410 was made using AISI 410 stainless steel (SS) to represent HT9 steel cladding, Mo and 

Zr to represent the major metallic fuel wastes, and a mixture of La(OH)3, Nd2O3, and CeO2 to 

represent lanthanide wastes recovered from salt waste streams [Chen et al. 2016], which was 

described in Section 5. The similar composite material AOC410N was made with added Ru and 

Pd to assess the capacity of the composite to immobilize NMFPs that are present in metallic 

waste streams and measure their effects on the electrochemical behaviour of the host phases. 

As discussed in Section 5, essentially all of the Zr in AOC410 reacted with the lanthanide 

compounds during production at 1600 °C to form durable lanthanide zirconates and the Mo 

alloyed with the steel to form FeMoCr intermetallics. The ferritic/martensitic matrix was found 

to encapsulate all the ceramic and intermetallic phases that formed and an appreciable number of 

Cr-bearing carbide and/or nitride (C/N) precipitates formed at ferrite/martensite grain 

boundaries. Sensitization corrosion of the ferrite surrounding the C/N precipitates and 

preferential corrosion of ferrite adjacent to the intermetallics were observed in electrochemical 

tests. The addition of noble metals is expected to benefit the corrosion behaviour of the host 

phases.   

 

6.1 Characterization of AOC410N Microstructure 

The composite material AOC410N was made with added Ru and Pd for direct comparison 

with the material AOC410 that was made previously without those noble metals. The as-batched 

compositions of the composite materials AOC410N and AOC410 are given in Table 13. The 

chemical composition of the 410 steel was measured by using inductively coupled plasma- 

atomic emission spectroscopy (ICP-AES) and combustion analysis. The 410 steel was used to 

 

Table 13.  As-batched elemental compositions of AOC410N and AOC410 (wt. %) 

 

Composition 
410 SS Trim Additions 

Fe Cr Mn Si C N Zr Mo Ru Pd La(OH)3 Nd2O3 CeO2 

AOC410N 70.16 9.6 0.1 0.6 0.01 0.03 3.0 4.2 2 0.3 1.5 5 3.5 

AOC410 72.1 9.8 0.1 0.6 0.01 0.03 3.1 4.3 — — 1.5 5 3.5 
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represent HT9 steel cladding, Zr and Mo are the most abundant elements in metallic fuel waste, 

and Ru and Pd were used to represent the noble metal fission products in the fuel wastes. A 

mixture of lanthanide hydroxides and oxides was used to represent the lanthanides recovered 

from salt wastes after dechlorination. Both composite materials were formulated with higher 

oxide contents and lower Zr contents than are expected to occur in actual mixture of waste 

streams in order to study the disposition of the oxide wastes and generation of lanthanide 

zirconates. The compositions of the two materials differ only by the presence of 2 wt. % Ru and 

0.3 wt. % Pd in AOC410N. The procedure for fabricating the AOC410N material was identical 

to that described previously for AOC410 [Chen et al. 2016], except that AOC410N was 

produced at 1650°C and AOC410 was produced at 1600°C. Both samples were produced in a 

resistant furnace located in a nitrogen glovebox. The furnace chamber was flushed with Ar 

before and during heating, but the formation of nitrides in both materials indicates the 

atmosphere in the furnace was not nitrogen-free. 
 

As was the case for AOC410, the AOC410N ingot formed with a bipartite structure of a 

composite puck with an attached metal bead. Figure 62 is a top view of the AOC410N ingot 

showing the metal bead formed on the side of the composite puck. Analogous to formation of 

AOC410, we believe the oxides initially formed a porous puck structure defined by the inner 

diameter of the crucible and then densified (e.g., by sintering) to the dimensions seen in 

Figure 62. Excess molten alloy in the pores of the oxide structure became squeezed out of the 

puck and formed the metal bead as the oxide network contracted.  

 

 
 

Figure 62. As-cast AOC410N showing the composite puck and metal bead (top view). 
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The composite and metal bead parts of the ingot were analyzed separately. The 

microstructures and phase compositions were characterized using scanning electron microscopy 

(SEM) with energy dispersive X-ray emission spectroscopy (EDS), atomic force microscopy 

(Keysight 5500 AFM), and powder X-ray diffraction (XRD, Siemens D5000). The specimens 

used for SEM/EDS and AFM analyses were cut from the composite puck and metal bead parts of 

the cast ingot, ground with silicon carbide paper, and then polished to a 0.05-µm final surface 

finish by using a colloidal silica slurry. The powder XRD samples were prepared by crushing 

pieces of each material in an agate mortar.  

Figures 63a and 63b are backscattered electron (BSE) SEM images showing the 

microstructures of typical regions in freshly polished regions of the metal and composite parts of 

the AOC410N ingot, respectively. The microstructure of the metal bead consists of lath-

martensite and ferrite phases with a few Cr-enriched carbonitride (C/N) precipitates and FeMoCr 

intermetallics located at grain boundaries, as shown in Figure 63a. A typical region of the 

composite puck containing oxide phases and FeMoCr intermetallic in the metal matrix is shown 

in Figure 63b. Area analyses indicated similar amounts of steel and ceramic phases were present 

in the composite puck. The distributions and compositions of martensite and ferrite were found 

to be the same in the composite puck and the metal bead parts of the ingot. The compositions of 

the constituent phases measured by using EDS are listed in Table 14 (the C/N precipitates and 

intermetallics present in the metal bead were too small to analyze with SEM/EDS). The ferrite 

has a slightly higher Mo content than martensite, but the Cr contents are similar. The added Ru 

partitions equally between ferrite and martensite, with only trace amounts measured in the 

FeMoCr intermetallics; the Pd contents are too low to determine its distribution. The FeMoCr 

intermetallics formed in the composite puck appear to have a fixed stoichiometry, are larger than 

 

 
(a) 

 
(b) 

Figure 63. Microstructures of AOC410N (a) metal bead (inset shows C/N precipitates located by 

white arrow and intermetallic located by black arrow that formed at ferrite/martensite grain 

boundary) and (b) composite puck (inset shows lamellar region of bright LnO and dark LZO 

phases). 
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Table 14.  Measured compositions of constituent phases in metal bead and composite puck parts 

of AOC410N
a
  

 
 

Metallic phases 

 
 

 

Fe 
 

Cr 
 

Mo 
 

Ru 
 

Pd 

In metal bead 

Martensite 
82.3±0.3 

(83.8±0.2) 

11.6±0.1 

(12.7±0.1) 

3.1±0.2 

(1.9±0.1) 

2.5±0.1 

(1.4±0.1) 

0.4±0.2 

(0.2±0.1) 

Ferrite 
81.8±1.4 

(83.7±1.0) 

10.9±0.4 

(12.0±0.4) 

5.0±1.0 

(3.0±0.7) 

2.1±0.1 

(1.1±0.1) 

0.2±0.1 

(0.1±0.1) 

In composite 

puck 

Martensite 
82.5±0.3 

(84.0±0.2) 

11.4±0.1 

(12.5±0.1) 

3.3±0.1 

(2.0±0.1) 

2.4±0.1 

(1.4±0.1) 

0.4±0.2 

(0.2±0.1) 

Ferrite 
82.0±0.9 

(83.8±0.6) 

11.0±0.2 

(12.1±0.3) 

4.4±0.5 

(2.5±0.3) 

2.2±0.3 

(1.3±0.2) 

0.3±0.2 

(0.2±0.1) 

FeMoCr 
62.0±4.4 

(68.9±3.6) 

11.9±0.9 

(14.2±1.2) 

25.3±4.3 

(16.5±3.1) 

0.4±0.5 

(0.3±0.3) 

0.3±0.2 

(0.1±0.1) 
 

Ceramic phases 

  
 

Zr 
 

La 
 

Ce 
 

Nd 
 

O 

In composite 

puck 

Ln oxide 
3.3±3.1 

(2.6±2.3) 

11.2±3.3 

(6.3±2.4) 

28.9±3.1 

(15.5±1.2) 

45.7±4.8 

(24.3±4.1) 

10.8±1.9 

(51.2±4.8) 

Ln zirconate 
31.8±1.0 

(19.6±1.4) 

7.9±0.7 

(3.2±0.4) 

19.8±1.3 

(8.0±0.7) 

23.2±1.0 

(9.0±0.8) 

17.2±1.6 

(60.2±2.8) 

a
Values given in wt. %; values in parentheses are in at %. 

 

the intermetallics observed in the metal bead, and are only observed at grain boundaries and 

ceramic interfaces. In contrast to AOC410, severe Cr depletion was not detected by EDS in the 

ferrite adjacent to the C/N precipitates in AOC410N. 

The XRD patterns measured for AOC410N and AOC410 are shown in Figure 64. The 

patterns are almost identical: the LZO peaks (indicated by “P”) and the Nd2O3 peaks are 

coincident in the patterns for the two materials and the metal matrices in both composites are 

ferritic/martensitic mixtures (α-α’ Fe). However, the insert shows the α-Fe (110) peak in 

AOC410N is shifted to a lower 2θ angle relative to the α-Fe (110) peak in AOC410, which 

indicates a slightly larger lattice spacing in AOC410N. Peaks are not observed for the C/N 

precipitates or FeMoCr intermetallics because the concentrations of those phases are below the 

XRD detection limit of a few wt. %.  
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Figure 64. Powder XRD patterns (Cu-Kα) of AOC410 (red pattern) and AOC410N (blue 

pattern). 

 

The surface topography of the AOC410N specimen by using the AFM was measured in 

several regions after the fluid cell was installed but before any solution was added. The high 

spatial resolution of AFM topographical measurements provides added insights regarding small 

surface features and can be used to distinguish polishing effects from electrochemical effects. 

For example, AFM topography images of AOC410 and AOC410N materials polished with 0.05-

µm colloidal silica are shown in Figure 65. The C/N precipitates are brighter in the images and 

protrude above the surfaces of the metallic matrixes in both materials. Fewer and smaller C/N 

precipitates are observed on the polished AOC410N surface than on the polished AOC410 

surface. The FeMoCr intermetallics seen in the topography image of AOC410 in Figure 65c are 

located at the boundary of martensite and ferrite grains and protrude nearly 20 nm above the 

surfaces of those grains. This indicates the steel matrix in AOC410 was more readily removed 

during polishing than were the intermetallics. In contrast, the FeMoCr intermetallics (which are 

located by the white arrows in Figure 65d) are at a lower altitude than the martensite and ferrite 

grains on the polished surface of AOC410N. This indicates the presence of Ru and Pd in the steel 

matrix in AOC410N makes the ferrite and martensite more resistant to erosion during polishing 

than the intermetallics. Note that the darkest regions in Figure 65d are lanthanide oxide lamellae 

that are least resistant to erosion during polishing. 
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(a) 
 

(b) 

(c) (d) 

Figure 65: AFM topography of C/N precipitates: (a) in AOC410 and (b) in AOC410N (located 

by black arrows), and FeMoCr intermetallic (c) in AOC410, (d) in AOC410N (indicated by 

white arrows). 

Ceramic phases were only detected in the composite puck. Essentially all the available Zr 

reacted with the mixture of lanthanide hydroxides and oxides to form Ln zirconate (LZO) and 

the excess lanthanide oxide mixture sintered as LnO. As shown in Table 14, the LZO phases 

have a total Ln:Zr atomic ratio of 20.2:19.6 that is consistent with the stoichiometry Ln2Zr2O7. 

Zirconates are major constituents in the XRD patterns of both AOC410 and AOC410N 

(Figure 64). The calculated lattice parameter for the LZO peak at 2θ= 48.16° that is common in 

the patterns of both materials is 10.7 Å; this is within the range of values for pyrochlore 

Nd2Zr2O7 given in the literature [Hayakawa and Kamizono 1993, Shimamura et al. 2007]. 

Identical LZO crystals having fluorite-type structures formed in AOC410 and AOC410N despite 

the small differences in the gross compositions of these composites and the temperatures used to 

make them.  

SEM and AFM images of the ceramic phases formed in the two composite materials are 

shown in Figure 66. The LnO phase appears brighter than the LZO phase in SEM-BSE images,  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 66. High magnification images of polished ceramic phases: SEM images of (a) AOC410 

and (b) AOC410N and AFM images of (c) AOC410 and (d) AOC410N. 

 

which are sensitive to composition, but the contrast is opposite in the AFM images, which are 

sensitive to elevation. Both the BSE and AFM images show the LZO and LnO phases form 

relatively large domains in AOC410 (Figures 63a and 63c) but are assembled as fine lamellae 

with interlamellar spacings less than 1 µm in AOC410N (Figures 66b and 66d). Note that LZO 

and the surrounding metal matrix are at a similar altitude and difficult to distinguish in the 

topography images, but are clearly distinguished by composition differences in the SEM images. 

 

6.2 Electrochemical Tests with AOC410N 

Electrochemical experiments were conducted using small electrodes fabricated from 2 x 1.5 x 

10 mm
3
 cuboid specimens cut from the metal bead and composite puck parts of the ingot. The 
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procedure for the fabrication of the electrodes, and the equipment utilized is the same as 

described previously. Likewise, all electrochemical tests were conducted at room temperature in 

an air-saturated acidic solution of 0.01 M NaCl + 0.1 mM H2SO4 + 0.01 M Na2SO4 (acid brine). 

The working electrodes were cathodically cleaned by applying a voltage of -0.7 V (vs open 

circuit) for 1 minute prior to each electrochemical test. 

An additional specimen (15 mm
2
 x 4 mm) was cut from the composite puck of AOC410N, 

fixed in acrylic resin, and prepared as a polished cross section for use in electrochemical tests 

performed using the electrochemical accessory of the AFM. The top and bottom of the mounted 

specimen were exposed. The AFM electrochemical system (AFM-EC) utilizes a small Teflon 

fluid cell with a silicone o-ring on the bottom that was compressed onto the top of the AOC410N 

specimen to retain a small volume of the acid brine solution. The polished top surface of the 

AOC410N specimen functioned as the working electrode and the bottom surface was connected 

to the working electrode outlet of the sample stage. Copper and platinum wires were immersed in 

the acid brine solution within the Teflon fluid cell to serve as counter and reference electrodes, 

respectively, during the potentiodynamic polarization scans performed in the AFM-EC 

apparatus. The specimen was removed from the AFM-EC sample stage after each PD scan and 

ultrasonically rinsed in demineralized water to remove residual electrolyte. It was then placed 

back on the AFM sample stage to measure the topography of the corroded surface in the same 

regions that had been characterized before the electrochemical tests. The surface of the 

AOC410N specimen was also characterized by using SEM/EDS prior to and after conducting the 

topography and electrochemical tests in the AFM-EC stage. 

Initial electrochemical characterizations were conducted in the microcell with the acidic 

brine solution using the electrodes fabricated from specimens cut from the metal bead, composite 

puck, and interface regions of AOC410N. Each electrode was cathodically cleaned then left in 

the solution for one hour at open circuit to stabilize before the OCP was measured. 

Potentiodynamic scans were then performed over the range -0.25 V below OCP to +1.6 V at a 

scan rate 0.167 mV/s to identify regions having active, passive, and transpassive behavior.  

 

Potentiodynamic Tests with AOC410N 

 

The measured PD curves for the electrodes made with material from the composite puck, 

metal bead, and interface region are shown in Figure 67a. The Ecorr values in the acid brine 

solution are close to 0.15 V for all electrodes, and all curves exhibit passive behaviour up to 

about 0.6 V. The metal bead electrode shows a rapid change from passive behavior to breakdown 

within a few millivolts above 0.6 V, whereas the composite puck electrode shows a more 

moderate transition to passivity breakdown between about 0.6 and 0.9 V. The Ecorr and 

breakdown potential values measured for the interface electrode are almost identical to those 

measured for the metal bead electrode.  
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(a)  

 

(b) 

Figure 67. PD curves (in acidic brine) of the composite puck and metal bead electrodes with (a) 

experimental curve for the interface electrode and (b) predicted curve for the interface electrode. 

 

The PD behavior of the interface electrode can be predicted from the PD curves measured for 

the metal bead electrode and the composite puck electrode and the relative areas of metal bead 

and composite parts comprising the interface electrode. The PD curve calculated for the interface 

electrode using Equation 4 is shown in Figure 67b. Note that iinterface was calculated at every 

voltage at which imetal and icomposite had been measured. The agreement with the experimental 

curve is good, except the transition from passive to breakdown is more severe in the calculated 

curve. This is because the sudden current increase is dominated by imetal during passivity 

breakdown. 

The microstructures of the alloy and ceramic phases in the interface electrode of AOC410N 

were characterized by using SEM/EDS prior to and after the PD scan to locate and characterize 

the corroded sites. The results for two representative regions are shown in Figure 68. The SEM 

images revealed that all the metallic phases were unstable when polarized to +1.6 V and indicate 

corrosion during PD polarisation occurred by three processes: intergranular corrosion, 

intragranular pitting, and chemical dissolution. Intergranular corrosion occurred at the grain 

boundaries of the alloy phases with FeMoCr intermetallics, whereas the intragranular pits 

occurred randomly on martensite and ferrite grains. The LnO lamellae dissolved into the acidic 

brine solution that is attributed to a chemical process [Chen et al. 2016], but the LZO lamellae 

did not dissolve. 
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(a) 

 

(b) 

Figure 68.  SEM images of the interface electrode for AOC410N prior to (left) and after (right) 

the PD polarisation in acidic brine solution to 1.60 V at (a) low and (b) high magnification. 

 

The AFM-EC system was used to conduct a PD polarisation scan on a sample of the 

composite puck part of AOC410N to identify the initiation sites for the observed localized 

corrosion. The PD scan was performed at a scan rate of 0.5 mV/s starting at –0.25 V vs OCP and 

continued 20 minutes after the sudden current increase occurred (at about 0.8 V vs Pt) to ensure 

corrosion occurred to an extent that could be detected in the AFM.  

The PD curves measured for the composite material in the AFM-EC and in the microcell are 

compared in Figure 69. Because the scans were performed using different reference electrodes, 

the curves are plotted so that the Ecorr values and onsets of the breakdown potential match. The 

correlation between the voltages measured with the Pt electrode in the AFM-EC system and SCE 

electrodes in the microcell that is shown in the figure is considered to be qualitative. The current 

density scales are the same for the measurements made using the two reference electrodes. The 

difference between the current responses measured in the microcell and in the AFM-EC after the 

onset of localized corrosion is probably due to the difference in the PD scan rates.  
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Figure 69. PD curves for the composite puck measured in acidic brine solution using the 

microcell (right scale) and the AFM-EC system (left scale). 

 

Figure 70 shows changes in the surface that occurred during the PD scan in the AFM-EC. 

The SEM image is provided to help locate the (ferrite, martensite, FeMoCr intermetallics, LnO, 

and LZO) phases in the AFM images. By comparing the AFM images of the polished and 

corroded surface (Figures 70b and 70c), it can be seen that the LnO phases dissolved and 

localized corrosion of the FeMoCr intermetallics occurred. The corroded grains in Figure 70c 

reveal a typical martensitic lath structure and the mottled appearance shows different planes had 

dissolved to different extents. Corrosion during the PD scan also resulted in an altitude 

difference at the LZO/martensite interface (which is located by the black arrow in Figure 70c). 

This indicates the LZO phase is more durable than martensite under these test conditions. 

 

(a) (b) (c) 

Figure 70. Images of the composite puck before PD scan in AFM-EC by (a) SEM and (b) AFM, 

and (c) AFM image after PD scan showing initiation sites for anodic polarization corrosion in 

acidic brine solution.  
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High magnification topography images highlight the preferential corrosion of FeMoCr 

intermetallics in AOC410N during the PD scan. For example, the image in Figure 71a shows a 

series of small FeMoCr intermetallics at a ferrite/martensite grain boundary prior to corrosion 

and the image in Figure 71b shows the same region after polarization. The dashed and solid 

curves in Figure 71c are topographical line profiles obtained along the lines drawn in Figures 71a 

and 71b comparing the altitudes measured for the polished and corroded surfaces. The 

intermetallics are initially 5 nm lower than the surrounding steel matrix after polishing, but much 

deeper cavities are generated during the AFM-PD scan that indicate the preferential corrosion of 

those intermetallics relative to the surrounding steel matrix.  

 

(a) (b) (c) 

Figure 71. AFM 3D images (a) before and (b) after PD scan and (c) topography line profiles 

showing the preferential corrosion in acidic brine solution of FeMoCr relative to the metal matrix 

in AOC410N. 

 

Potentiostatic Tests with AOC410N 

Potentiostatic tests were conducted with the composite electrode in the microcell to measure 

the evolution of the anodic current as the surface stabilized at fixed potentials. Electrochemical 

impedance spectroscopy was performed periodically during each PS test over the frequency 

range 10
-3

 to 10
5
 Hz to measure changes in electrical properties of the surface as the material 

corroded under the particular test conditions. Changes to the surface morphology determined by 

SEM analysis were used to identify the active constituent phases at the imposed potential.  

Separate PS tests were conducted on AOC410N composite puck electrodes at potentials of 

0.40 and 0.65 V, which can be seen from the PD scan (see Figure 67) to be within the passive 

range and at the onset of passivity breakdown, respectively. One test was conducted at 0.65 V 

and four replicate tests were conducted at 0.40 V. Two electrodes made from the AOC410N 

composite puck. One electrode was used in the PS test at 0.65 V and PS test Runs 1 and 4 at 0.40 

V, and the other electrode was used for PS test Runs 2 and 3 at 0.40 V. The electrodes were 

polished extensively to provide fresh surfaces for each test. The electrodes were stabilized in the 

acid brine solution and cathodically cleaned at -0.50 V for one minute prior to each PS test. The 

target potential was immediately imposed on the electrode after cathodic cleaning and the current 
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was recorded throughout the test. The measured currents are shown in Figure 72. A high current 

density (about 95 µA/cm
2
) was attained when the potential was first applied in the PS test at 0.65 

V, then quickly dropped to under 5 µA/cm
2
 and remained low for 45 minutes. The current 

density then increased to 5 mA/cm
2
 within 2.2 hours (with significant fluctuations after about 1 

hour) and continued to increase slowly until the test was terminated after 8 hours. (The measured 

high currents are not considered quantitative due to uncompensated IR drop.) EIS was not 

performed during this test because corrosion was active, but the corroded surface of the electrode 

was analyzed by using SEM. 

 

 

    
(a) 

 
(b) 

 

 
(c) 

 

 

Figure 72. Current evolution profiles of PS tests carried out in acidic brine solution at (a) 0.65 V, 

(b) replicate tests at 0.40 V, and (c) catastrophic current increases at the end of run 2 to 4 of 0.40 

V PS tests. 
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 (a) (b) 

Figure 73. SEM images before (a) and after (b) PS test in the acidic brine solution at 0.65 V.  

Figure 73 shows images of the same area before and after the PS test. Chemical dissolution 

of LnO and electrochemical corrosion at grain boundaries occurred during the PS test. Similar 

intergranular corrosion had been observed after the PD scan, but the intragranular pitting of 

ferrite and martensite that had been observed after the PD scan was not observed in the PS test at 

0.65 V. Several corrosion products are seen on the surface (indicated by arrows) qualitatively 

identified as mixtures of chromium, molybdenum, and iron oxides. 

Figures 72b and 72c show the current densities measured in the four replicate PS holds at 

0.40 V. Currents measured in all four runs dropped to below 1 µA/cm
2
 soon after the voltage was 

applied and then slowly increased. However, catastrophic increases in the current occurred after 

about 40, 100, and 110 hours in Runs 2, 3, and 4, respectively, and those tests were terminated 

shortly thereafter. The current measured in Run 1 continued to increase slowly, but did not 

increase catastrophically during the test. The discontinuity between about 75 and 85 hours may 

indicate the phenomenon leading to the current increase was stabilized. The currents and 

durations of the inhibition stages prior to the increases are anti-correlated. That is, Run 2 had the 

highest current during the inhibition (passivated) stage and the shortest time before the current 

increased. Run 1 had the lowest current during the inhibition stage and did not show catastrophic 

increase through the longest test duration. This suggests the initial stability of the metastable 

layer is related to the time required for its breakdown. 

The surface morphologies before and after the PS test Runs 1 and 4 at 0.40 V are shown in 

Figures 74a and 74b. (Note that the same electrode was used for these tests and polished between 

tests.) Only chemical dissolution of LnO phases is detected on the electrode from Run 1 as seen 

in Figure 74a. However, severe intergranular corrosion occurred at ferrite/martensite grain 

boundaries and FeMoCr intermetallics during Run 4 at 0.40 V. Some of the metal/ceramic 

interfaces shown in Figure 74b appear to be corroded, but no corrosion occurred at a pristine 

interface between metal and LZO interface where no LnO and FeMoCr are presented (indicated 

by the arrow). Corrosion in Run 4 is similar to that seen after the 0.65 V PS test. 
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(a) 

 

(b) 

Figure 74. SEM images of (a) before (left) and after (right) PS tests in the acidic brine solution at 

0.40 V Run 1 and (b) as corroded surface after Run 4. 

 

The EIS analyses conducted every 24 hours during the replicate PS tests at 0.40 V quantify 

the evolution of surface impedance during the inhibition periods before active corrosion 

occurred. Since Run 1 provided the most measurements during the passivated inhibition stage, 

the results for successive EIS measurements made during Run 1 are shown as Bode magnitude 

and phase angle plots in Figures 75a and 75b, respectively, and as Nyquist plots in Figure 75c. 

The shapes of the curves remained similar as corrosion proceeded, but indicate the surface 

became less stable as the material corroded: the magnitudes of the impedances at low frequencies 

in Figure 75a, the negative phase angles of the high-frequency peaks in Figure 75b, and the radii 

of the partial semi-circles in Figure 75c all decreased with reaction time. The EIS responses in 

Runs 2 and 3 during the inhibition stages were similar to those shown for Run 1. 
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(a) 

 

(b) 

  

(c) 

Figure 75. EIS data points and the fitted lines plotted as (a) Bode magnitude plots, (b), Bode 

phase angle plots and (c) Nyquist plots. 

 

6.3 Summary of the Role of Noble Metals in AOC410N 

The primary objective of this portion of the study was to characterize the effects of noble 

metals on the behavior of materials made with metallic and oxide waste constituents representing 

composite waste forms. Based on the measured phase compositions provided in Table 14, Ru 

and Pd are incorporated into the martensite and ferrite metal matrix, but not into the FeMoCr 

intermetallics or ceramic phases. The XRD patterns showed the martensite and ferrite peaks 

measured for AOC410N shifted to lower 2θ angles relative to the corresponding peaks measured 

for AOC410. The lattice parameter for the body-centered cubic structure is larger for AOC410N 

(2.883 Å) than for AOC410 (2.873 Å), which indicates lattice expansion occurred. This lattice  

 



94 

 

expansion and the increased chemical stability evidenced by the AFM analyses of the polished 

specimens (see Figures 65c and 65d) are attributed to the presence of noble metal elements in the 

metal matrix [Cotta and Gazzara 1961, Vitos et al. 2003]. Consistent with the measured 

disposition of Ru and Pd, these stabilizing effects are only observed for the ferrite/martensite 

metal matrix. In addition, fewer C/N precipitates were detected in the ferrite/martensite matrix 

when Ru and Pd were present (see Figures 63a and 63b). This may indicate the presence of Ru 

and Pd slows the diffusion of C and N analogous to the effect of adding Mo to steels to increase 

hardenability [Krauss 1990].  

The intricate lamellar structures formed by the LZO and LnO phases in AOC410N differ 

from the coarser morphologies of LZO and LnO phases formed in AOC410 [Chen et al. 2016]. 

This may be related to the higher temperature used to produce AOC410N. Ceramics generated 

from melting mixtures of ZrO2 and Ln2O3 at temperatures exceeding 2100
 
°C exhibit a eutectic 

LnO/LZO lamellar structure with 10 μm interlamellar spacing [Michel et al. 1980], but the 

lamellae formed in AOC410N at 1650 °C have much finer spacings (<1 µm). The mechanism 

resulting in the lamellar structure observed in the ceramic phases formed in AOC410N is 

assumed to be facilitated by the molten steel, but further study is needed to understand the 

detailed kinetics. Regardless, the LZO formed with either microstructure is highly durable and 

composite waste forms provide a simple method to immobilize lanthanide wastes in this host 

phase. The amounts of lanthanide zirconates generated in these composite materials appear to be 

only limited by the sub-stoichiometric amounts of Zr in the formulations. Composite waste forms 

can be formulated with sufficient Zr (and O) to convert all lanthanides (and probably all 

actinides) in the waste stream to zirconates. 

The Ru and Pd additions impact the microstructures and electrochemical behaviour of 

metallic host phases. As mentioned in the introduction, the noble metal elements catalyze 

hydrogen evolution reactions that enhance the efficiency of cathodic reactions. Acceleration of 

the hydrogen evolution reactions will increase the cathodic current and drive Ecorr to a higher 

potential [Higginson et al. 1989, Potgieter et al. 1990]. The PD curves in Figure 76 show Ecorr 

for AOC410N is 0.42 V higher than Ecorr for AOC410 in the acid brine. AOC410N also exhibits 

a higher breakdown potential than AOC410 and has slightly lower anodic currents than AOC410 

in the passive region. Sensitized ferrite adjacent to the Cr-enriched precipitates was shown to be 

the least corrosion resistant phase in AOC410 and resulted in the localized sensitization 

corrosion observed above 0.55 V [Chen et al. 2016]. The lower abundance of Cr-enriched C/N 

precipitates in AOC410N resulted in less ferrite being sensitized (none was detected) and 

moderated the onset of localized corrosion.  

The combined results of AFM topography mapping and PD polarisation were used to 

identify the initiation sites for localized corrosion. In AOC410, the ferrite adjacent to FeMoCr 

intermetallics corroded preferentially and the FeMoCr intermetallics remained intact after the PD 

scan and PS test [Chen et al. 2016]. However, the preferential corrosion of FeMoCr  
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Figure 76. PD curves of the composite puck electrodes made from AOC410 and AOC410N in 

the acidic brine solution. 

 

intermetallics seen in Figure 71 indicates the order is reversed for AOC410N. The stabilizing 

effects of Ru and Pd and lower abundance of C/N precipitates caused the ferrite to be the more 

stable phase when coupled with the FeMoCr intermetallics.  
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7 Results of Tests with AOC-U  

Although it was not planned at the outset of this project to make a composite with 

radionuclides, the AOC-U composite was formulated and made to determine if the disposition of 

added UO2 would be the same as that observed (unexpectedly) for the lanthanide oxides, namely, 

if uranium would be incorporated into the durable zirconate phases. This would be a valuable 

benefit of composite waste forms. The composition of the metal components was modified 

slightly from that used in the AOC410 composites to more accurately represent HT9 cladding 

and waste stream from electrometallurgical processing. The primary focus of the study was to 

determine the disposition of the U in the composite and make preliminary measurements of the 

corrosion behaviors of the U-bearing phases. 

 

7.1 Characterization of AOC-U Microstructure 

The as-batched and elemental compositions of AOCU are given in Table 15. This shows the 

concentrations provided by the 410 steel and added V, W, Ni, and Mo to represent HT9 steel. Zr 

and Mo added to represent metallic fuel waste, and ZrO2, Nd2O3, and UO2 to represent oxide 

wastes. The appropriate amount of each component was hand-mixed inside a glove box that was 

continuously flushed with high purity argon. The mixed powders were loaded into a Y2O3 

crucible-cap assembly and heated in an induction furnace under vacuum. A tungsten disk was 

placed on top of the yttria crucible as an oxygen getter. The power to the furnace was adjusted to 

slowly heat the system to 1650 C then maintain a stable temperature based on temperature of 

the graphite crucible measured using a pyrometer. After heating at 1650 C for three hours, the 

AOC-U ingot was furnace-cooled under vacuum.  
 

As was observed in the AOC410 composites, the ingot was comprised of a separate cylinder 

puck of alloy/oxide composite and a metal bead that formed a sheath surrounding that puck. 

These are referred to as the composite and metal parts, respectively. The ingot was cross-

sectioned by using a low-speed diamond wafering saw and then polished to a final 0.05-µm 

surface finish by using colloidal silica. Figure 77 shows photographs of the AOCU ingot. In 

general, the metal and composite parts show compact structures with no large cracks or voids, 

 

 

Table 15. As-batched composition of AOC-U composite (wt. %) 

 

HT9 Metallic 

Waste 
Oxide Waste 

410 SS Additives 

Fe Cr Mn Si C N Ni V W Zr Mo Nd2O3 ZrO2 UO2 

Bal. 7.1 0.1 0.4 0.01 0.02 0.4 0.2 0.3 10 10.7 8 7.6 4.4 
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(a)  
 

(b)  

Figure 77.  AOC-U ingot: (a) side and end views showing were ingot was cut and (b) cross 

section view. 

 

although the cleavage shown as the dark region at the top-right of the cross section image in 

Figure 77b resulted during sample sectioning and may indicate a fracture. Small pores are visible 

as dim areas in the composite part. Cuboid specimens about 2 x 2 x 10 mm
3
 were cut from 

regions in the metal and composite parts of the ingot and from the region surrounding the 

interface between the two parts. Each specimen was fashioned into an electrode by embedding it 

in chemical resistant epoxy with attaching a lead wire to the back end of the specimen. Each 

electrode was about 6 cm long and 6 mm in diameter and sized to fit into both a Gamry glass 

microcell and the SEM sample holder. The ends of the electrodes were ground and then polished 

to a final 0.05-µm finish. The faces were repolished between tests to expose a fresh surface. 
 

The microstructures and phase compositions of the metal and composite parts were 

characterized by using scanning electron microscopy (SEM, Hitachi S-3000N) with energy 

dispersive X-ray emission spectroscopy (EDS, Thermo Scientific UltraDry), and atomic force 

spectroscopy (AFM, Keysight 5500 AFM). 
 

Potentiodynamic polarization scans and PS tests were performed by using a potentiostat 

(Princeton Applied Research VersaSTAT) with the fabricated electrodes used as working 

electrodes in a system with a graphite counter electrode and K2SO4-saturated mercurous sulfate 

electrode (MSE). Tests were conducted at room temperature in an air-saturated solution prepared 

as 0.01 M NaCl + 0.1 mM H2SO4 + 0.01 mM Na2SO4 (which we refer to as the acid brine 

solution) to characterize and compare the corrosion behaviors of the composite, metal bead, and 
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interface materials in an aggressive environment. The microstructures of the electrode surfaces 

were characterized by using SEM/EDS prior to and after the electrochemical tests. 
 

The SEM images in Figure 78 show the separate structures of the metal and composite parts 

at the interface. These two parts are connected by the continuous matrix of metallic phases across 

the interface, which indicates the alloy phases solidified from the liquid metal that was extruded 

as the ceramic structure formed by sintering. Dendritic structures can be seen within the metal 

part from the low magnification BSE image shown in Figure 78a, the composite part shows a 

more porous and complicated structure.  

 

 
(a) (b) 

Figure 78.  SEM images of the interface region showing the metal and composite parts: (a) BSE 

image and (b) SE image.   

 

The metal part of AOC-U has a densified structure with very little porosity. Figure 79 shows 

high magnification images of the metal part. As shown in Figure 79a, the metal part exhibit a 

multiphase eutectic microstructure. The higher magnification image in Figure 79b shows distinct 

coarse and fine-grained eutectic structures have formed. The compositions of phases shown in 

Figure 79a are provided in Table 16. Although only UO2 was added into the powder mixture, 

metallic U is detected in several phases. The U-enriched intermetallics are mainly contained in 

the coarse space regions, and the fine space regions are assembled by ferrite (dark) and 

(ZrMo)Fe3 intermetallics (dark grey).  Most of the metallic U is present in UFe2 and U0.06Fe 

intermetallics. As indicated in Table 16, the U0.06Fe intermetallic also contains measurable 

amounts of Zr, Mo, and Cr. Based on the SEM images, the U0.06Fe and large-grain (ZrMo)Fe3 

intermetallics co-precipitated as branch-like structures with U0.06Fe forming the torso and 

(ZrMo)Fe3 forming the branches. As shown in Figure 79c, a UFe2 intermetallic formed 

surrounded by the U0.06Fe intermetallic. The AFM image included as an inset in Figure 79c 

shows an island of UFe2 located inside the U0.06Fe intermetallic. The topographic analysis 

indicates the brighter UFe2 domains protrude about 8 nm above the surrounding U0.06Fe. 
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Mo was detected in all the metallic phases except UFe2. The Mo contents in (ZrMo)Fe3 

and U0.06Fe intermetallics are significantly higher than the Mo content in ferrite. FeCrMo 

intermetallics are observed at the interfaces between ferrite and Zr-bearing intermetallics. These 

FeCrMo intermetallics formed as sub-micron sized nodular grains or as thin bands attached to 

the surface of (ZrMo)Fe3, as shown in Figure 79d. Note that separate domains of Ni, Mo, and Zr 

corresponding to the metals added to make the composite were not detected. This indicates all 

metals were alloyed or reacted with the oxides. The volume ratio of the ferrite and intermetallic 

phases was estimated by analyzing the area fraction of those phases in BSE images using the 

software ImageJ○
R

. The metal part of the ingot is comprised of approximately 44 vol % ferrite 

and 66 vol % intermetallics.   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 79.  SEM images of the metal part, magnification increase from (a) to (d). Inset of (c): 

AFM topographic image showing a UFe2 intermetallic embedded in U0.06Fe intermetallic.  
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Table 16. Compositions of metallic phases in AOC-U (at %) 

 

 
Cr Fe Zr Mo U 

Ferrite 13.3 80.8 0.2 5.7 0.0 

(ZrMo)Fe3 5.6 66.5 16.5 10.4 1.0 

U0.06Fe 9.3 74.2 3.0 7.6 6.0 

UFe2 1.7 62.2 1.8 0.7 33.6 

FeCrMo 11.5 66.6 1.2 19.4 0.3 

 

The composite part of AOC-U consists of sintered ceramic phases embedded in the same 

metallic phases seen in the metal part. As shown in Figure 80 and Table 17, the major ceramic 

phase is an oxide compound containing Nd, U, and Zr, which is referred as the zirconate phase. 

The zirconate phases have negligible Fe Mo and Cr contents. Sub-micron sized U-enriched 

oxides are seen at the interfaces between zirconate and metallic phases in the composite part of 

the ingot; composition analysis of that oxide is shown in Table 17. Note that accurate 

compositions of such small domains are hard to obtain with the limited spatial resolution of EDS. 

It is important to note that a separate ZrO2, Nd2O3, or UO2 phases corresponding to the oxides 

used to make the composite were not detected. The area fraction of each phase measured in the 

composite part was 26% ferrite, 35% total intermetallics, 25% ceramic phases, and14% pores. 

Note that the ratio between ferrite and intermetallics in the composite part (about 0.75) is very 

similar to the ratio in the metal part (about 0.67). 

 

Table 17. Compositions of ceramic phases in AOC-U (at %) 

 

 
O Cr Fe Zr Mo Nd U 

Zirconate 56.12 0.2 0.8 28.7 0.0 10.9 3.2 

U-enriched oxide 57.1 0.3 3.1 10.5 0.00 5.4 23.6 

 

 

As shown in Figure 80c, a UFe2 intermetallic is also observed that attached to the 

zirconate/metal interface. Figure 80d shows an EDS line profile of the ceramic/metal interface 

along the dashed black arrow drawn in Figure 80c that clearly shows an increase in U content at 

the U enriched oxides. The presence of the U-enriched oxides at the ceramic/metal interface 

probably indicates locates sites were the added UO2 reacted with molten metal and ZrO2 during 

processing. In general, ceramic and alloy phases have tight interfaces and the absence of fissures 

and cracks tindicates the molten metal wetted the ceramics.   
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(a)  (b)  

(c)  
 

(d)  
 

Figure 80.  SEM images of the composite part showing (a) sintered metal-ceramic structure,  

(b) and (c) metallic and ceramic phases present in composite part, and (d) EDS line profile along 

the dashed black arrow drawn in (c). 

 

Figure 81 shows EDS elemental maps for U and Nd in the area shown in Figure 80b. These 

show all the Nd2O3 has reacted to generate zirconate and the U is distributed between the 

zirconate and intermetallic phases and the U-enriched oxides seen at the phase boundaries.  
 

 
 

Figure 81.  EDS elemental maps showing U and Nd dispositions in composite part. 

U0.06Fe
UO2

Enriched

Zirconate
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We employed both AFM and SEM to characterize the morphology and distribution of the U-

enriched oxides. Figures 82a and 82b show SEM BSE and AFM images of a pear-shaped 

zirconate domain surrounded by (ZrMo)Fe3 intermetallic with U-enriched oxides located at the 

interface. The AFM image indicates the (ZrMo)Fe3 intermetallic matrix lies 20 nm below the 

zirconate phase from polishing due to differences in hardness. Figure 82c and 82d show high 

resolution AFM images of the areas indicated by the dashed and solid boxes drawn in Figures 

82a and 82b, respectively. As can be seen in Figure 82c, U-enriched oxide regions (indicated by 

red arrows) are comprised of discrete particles that are 6 nm higher than the zirconate phase. 

These particles are accompanied with small oxide grains (lying to the left) that are probably 

products of the U/Zr redox reaction that occurred at the interface. The zirconate/(ZrMo)Fe3 

interface is smooth on the other side of the zirconate “pear” where U-enriched oxide phases are 

not observed (see Figure 82d).  

 

 

 
(a) 

 
 

(b) 

 
 

(c) 

 
 

(d) 
 

Figure 82.  (a) Back scattered SEM image of zirconate surrounded by (ZrMo)Fe3 intermetallic, 

(b) AFM image of the same area, (c) and (d) high magnification AFM images show the 

zirconate/metal interface with and without U-enriched oxide particles. 
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7.2 Electrochemical Tests with AOC-U 

Potentiodynamic polarization  

PD polarization scans were performed with electrodes fabricated from specimens cut from 

the metal and composite parts of AOC-U. Following aone-minute carthodic cleaning step at  

-500 mV vs OCP, the electrodes were polarized in the acidic brine solution over the range  

-0.25 V vs OCP to +1.60 V vs SCE at a scan rate 0.167 mV/s. The measured PD curves for the 

metal and composite electrodes are shown in Figure 83. The Ecorr for the metal electrode is 

 -0.03 V and Ecorr for the composite electrode is -0.17 V. Both PD curves indicate passive 

behavior up to about 1.10 V, and are more corrosion resistant than the metal parts formed in 

AOC410 and AOC410N.  

 

 
 

Figure 83.  Potentiodynamic polarization scans of AOC-U metal and composite electrodes. 

 

Surfaces of both metal and composite electrodes were characterized by using SEM before 

and after polarization. The polished surface of the metal electrode is shown in Figure 84a and the 

same area is shown after polarization in Figure 84b. The difference indicates preferential 

corrosion of ferrite that was initiated at the interface with the intermetallics. No evidence of 

corrosion was observed in any of the other metallic phases seen in the imaged area, which 

include UFe2, (ZrMo)Fe3, U0.06Fe, and FeCrMo intermetallics. Extensive corrosion of the ferrite 

is seen in Figure 84c, whereas the Zr-bearing eutectic intermetallic was not corroded. Figure 84d 

shows that the nodular FeCrMo intermetallics at the surface of (ZrMo)Fe3 were not corroded. 
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(a)  (b)  

(c)  (d)  

 

Figure 84.  SEM images of AOC-U metal electrode: (a) polished surface, (b) the same area after 

polarization, (c) corroded surface after polarization showing the remaining intermetallics, and  

(d) remaining nodular FeCrMo intermetallic. 

 

Figures 85a – 85e are SEM images of areas of the composite electrode before after 

polarization to 1.60 V. The preferential anodic corrosion of ferrite is observed in the composite 

electrode by comparing Figure 85a and 85d. Figures 85b and 85e indicate the zirconate phase is 

stable during polarization, but the U-enriched oxide regions were dissolved during the test, as 

indicated by the vacancies along the edges of the zirconate domains. Figure 85c shows an area 

where both UFe2 intermetallics (top) and U enriched oxides (bottom) are present near the 

ceramic/metal interface and Figure 85f indicates the U enriched oxides were dissolved but the 

UFe2 intermetallics appear to be stable. The PD polarization scan increased the potential to 

1.60 V, which is higher than the water breakdown potential. Anodic corrosion of ferrite and 

dissolution of U-enriched oxide regions occurred during the polarization scan, but the initiation 

potentials of these corrosion processes were not identified.  
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(a)  (d)  

(b)  (e)  

(c)  (f)  

 

Figure 85.  SEM images of AOC-U composite electrode: (a), (b), and (c) polished surface and 

(d), (e), and (f) the same areas after polarization. 
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Potentiostatic test at 0.40 V  

The metallic and composite electrodes were corroded potentiostatically at 0.40 V to evaluate 

the long-term anodic corrosion behavior of AOC-U. This is a very high anodic potential that 

probably exceeds the redox potential that can be attained by seepage water in a breeched waste 

package under extreme oxidizing conditions. However, both materials showed passive behavior 

at this potential in the PD scan (see Figure 83). PS tests are conducted at 0.40 V with metal and 

composite electrodes, the currents were recorded during tests, electrochemical impedance 

spectroscopy (EIS) were conducted every 24 hours to characterize evolution of the passivating 

oxide films. PS current profiles of metal and composite electrodes are shown in Figure 86. Both 

electrodes show steep current drops during the initial few minutes that indicate passivation, and 

then approach nearly constant currents after 40 hours. The measured current densities at the end 

of 179 hours are 9.2 nA/cm
2
 for the metal electrode and 10.5 nA/cm

2
 for the composite 

electrode. The current-time curves were plotted on log scales shown in Figure 86b to emphasize 

the initial stage of metal passivation signified by the current drop. The similar behavior observed 

for both metal and composite electrodes signifies that the current is mainly contributed by 

metallic phases in the composite electrode and the current from composite phases at this stage is 

negligible. The acidic brine is a dilute solution with limited electric conductivity, and the non-

linear regions shown at the high current stage (>2 μA/cm
2
) of both curves indicate the IR drop 

between the reference electrode and the working electrode. This non-linear behavior at the high 

current stage has been expressed mathematically by Burstein et al. [Burstein et al. 1989]. The 

linearity shown Figure 86b indicates robust passive films are formed under high electric field. 

The slopes of dashed lines are -0.85. Slopes close to -1 represent an inverse  

 

 

 
(a) 

 
(b) 

 

Figure 86.  Current evolutions for the metal and composite electrodes during PS tests at 0.40 V 

shown as (a) semi-log plot and (b) log-log plot. 
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logarithm process [Cabrera et al. 1949], and the observed deviations of the slopes from -1 

probably result from the complex properties of the passive film. The linear current drop 

continued for about 1000 seconds and then inclined to a less steep curved stage toward the end of 

the test which we attribute to the steady state. This transition out from the linear stage indicate 

the passive film growth proceed to a state (e.g. exceed the limit thickness or controlled by 

parabolic growth) that is not governed by the high electric field rules anymore [Atkinson 1985]. 

The steady state indicates the growth and dissolution rates of the passivating film are balanced.   
 

 

(a)  (d)  

(b)  (e)  

 (c)   (f)  
 

Figure 87.  Results of EIS analyses of metal electrode: (a) Nyquist plots, (b) Bode magnitude 

plots, and (c) Bode phase angle plots and composite electrode: (d) Nyquist plots, (e) Bode 

magnitude plots, and (f) Bode phase angle plots. 



108 

 

The results of EIS analyses of the metal and composite electrodes acquired during the PS 

holds at 0.40 V are plotted in Figures 87 as Nyquist and Bode plots. Both the metal and 

composite part electrodes were effectively passivated during the PS test. The rapid stabilization 

during the PS tests is indicated by the increasing radii of the partial semi-circles in the Nyquist 

plots shown in Figures 87a and 87d. Small changes in EIS curves with duration are apparent for 

the metal electrode, but the curves measured for the composite electrode show very little change. 
 

Kramers-Kronig transformation (KKT) [Kronig 1926, Kramers 1929, Urquidi-Macdonald et 

al. 1990, Boukamp 1995] was used to check the causality, linearity, and stability of the EIS 

experiments. To fulfill those conditions, the imaginary and real part of measured EIS should 

have the interdependency governed by KKT. The experimental (circles) and KKT (solid lines) 

results of EIS data measured after 179 h for both PS tests of metal and composite parts are 

provided in Figure 88 as examples showing good correlations between measured and modeled 

KKT data. This indicates our EIS results satisfy the steady state conditions and are valid for use 

in circuit analysis. The fitted curve and equivalent circuit analysis of the EIS results will be 

discussed in the discussion section.  

 

 
(a) 

 
(b) 

 

Figure 88.  Kramers-Kronig transform analyses of EIS data collected after 179 hours in PS tests 

at 0.40 V with (a) the metal electrode and (b) the composite electrode. 

 

 

The SEM images in Figure 89 show the surfaces of the composite and metal electrodes 

characterized prior to and after the PS tests. No alteration was detected after PS holds, which is 

consistent with the stabilization indicated by the EIS and current measurements. Despite ferrite 

corrosion and dissolution of U-enriched oxides observed after PD polarization, those phases are 

stable at 0.40 V. This indicates dissolution of the U-enriched oxide oxides occurs by oxidative-

dissolution rather than chemical dissolution. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 89.  SEM images of composite electrode: (a) polished surface and (b) corroded surface 

and of metal electrode: (c) polished surface and (d) corroded surface after PS tests at 0.40 V. 

 

The AOC-U was formulated to represent a composite waste form for immobilizing both 

metallic and oxide waste streams resulting from electrochemical treatment of spent nuclear fuel. 

Although only UO2 was added to the mixture used to make the composite, a significant portion 

of the oxide was reduced to metallic U and formed intermetallics with other metallic additives. 

As demonstrated with AOC410 composites, metallic Zr serves as a reducing agent for UO2. The 

UO2 cannot be reduced by any other metal elements present in AOC-U.  Based on Table 15, the 

atomic ratio of Zr and U in AOC-U is 8.3. Although this greatly exceeds the amount required to 

reduce all of the UO2 to metallic U as 

 

UO2 + Zr  U + ZrO2, (5) 

 

a significant fraction of the UO2 reacted to form U-zirconate. An abundance of small U-enriched 

oxide phases and a small number of what may be unreacted UO2 were also detected, but no ZrO2 

domains were detected in the AOC-U composite. About 3.4 % U is contained by intermetallics, 

and most of the U intermetallics such as UFe2, (ZrMo)Fe3, U0.06Fe are distributed in the coarse 
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eutectic regions while the fine eutectic structures are relatively depleted in uranium. We attribute 

this partitioning of U to the solidification process of the metal part. The distribution of U is 

expected to represent the dispositions of other actinides. 
 

The Fe-U-Zr ternary phase diagrams at 1400 °C and 800 °C are shown in Figures 90 a and 

90b, respectively. These diagrams were calculated with FactSage software using the Thermodata 

nuclear database (TDnucl) [Bale et al. 2016].  The red arrows indicate the normalized gross 

composition of the metal part of the AOC-U ingot, which is 90.2 Fe 8.5 Zr and 1.3 U, in at. %.  

 
 

  
 

(a)  (b) 

 
(c)  

 
(d)  

 

Figure 90.  Isothermal ternary phase diagrams for U-Fe-Zr at (a) 1400 °C and (b) 800 °C 

(expanded view) and binary phase diagrams for (c) Fe-Zr and (d) Fe-U. The red arrows indicate 

the composition of the metal part of the AOC-U ingot [Bale 2016] (images obtained from 

website: http://www.crct.polymtl.ca/Fact/documentation/FS_All_PDs.htm). 

  



111 

 

This composition was obtained by measuring the average atomic composition of metal part and 

then normalizing the Fe, Zr and U contents to 100 percent. Based on the location of the 

normalized composition in Figure 90a, the metal mixture is expected to have remained liquid at 

1400 °C, despite this temperature being lower than the solidus temperature of δ-ferrite and Fe-Zr 

Laves phase. As seen in the Fe-Zr binary phase diagram Figure 90c, the Fe2Zr and delta-ferrite 

solidify at a eutectic temperature of 1360 °C. The Fe-U binary phase diagram Figure 90d 

indicates the solidus temperature of the UFe2 Laves phase of occurs at a lower temperature of 

1230 °C. Therefore, it is expected that the Fe-Zr intermetallic and delta-ferrite will precipitate 

first with a eutectic structure with low U contents. This is probably the fine-grained eutectic 

regions observed in AOC-U. The solidification of these phases will enrich in U in the residual 

liquid that solidifies at a lower temperature to form the coarse eutectic regions. The ternary 

diagram predicts the system to be comprised of three phases at 800 °C: austenite, Fe-Zr 

intermetallic, and UFe2 Laves intermetallic. These phases were observed in the coarse eutectic 

regions of AOC-U. 
 

The ceramic phases in the composite part of the ingot have extremely low thermal 

conductivities [Lutique et al. 2003] that provided a more uniform and slower-cooling 

environment in which the molten metal solidified. This affected the U partitioning. The 

ceramic/metal interface provided nucleation sites for the intermetallics, as was seen in 

Figures 80, 82 and 85. For example, the UFe2 intermetallics were always observed at those 

interfaces and probably precipitated through a heterogeneous precipitation process. Nevertheless, 

since the compositions of metallic phases and the ratios between the total amounts of 

intermetallics and ferrite are the same in the metal and composite parts of the ingot, the corrosion 

behavior of metal inside of the composite part is expect to be the same as the metal part in 

electrochemical tests. 
 

The Nd2O3 and UO2 used to representative lanthanide and actinide wastes reacted with ZrO2 

and form zirconate compounds. EDS analyses of the ceramic phases indicated the produced 

zirconate has a composition Nd11U3Zr28O56 that differ from the typical A2B2O7 pyrochlore 

composition of neodymium zirconate. Based on the composition of lanthanide and actinide 

zirconates [Ewing et al.  2004], the zirconate ceramic formed in AOC-U is likely a fluorite or 

disordered pyrochlore compound. This zirconate appears to be the only phase containing Nd and 

the major oxide phase containing U. The U-enriched oxides are considered to be remnants of the 

high-temperature reactions in which UO2 was reduced because they only occur at the interface 

between metal and ceramic phases. The AFM images in Figure 82 provide insights into the 

reaction process: the rough interface on the left side where U-enriched oxides are located was 

probably the reaction front where a UO2 particle between the molten metal and an oxide particle 

was either reduced to metal and incorporated into the intermetallic or reacted with ZrO2 to 

generate the U-zirconate. The smooth interface on the right side where U-enriched oxides are not 

observed is simply the interface between the zirconate and intermetallics that formed. The U-

enriched oxides that are observed are probably remnants of the added UO2 that were not 

completely converted, perhaps due to the limited processing time. 
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The corrosion resistance of AOC-U is provided by passivation of the alloy phases and the 

chemical stability of the ceramic phases. The dissolution of UO2 is known to occur by both slow 

chemical dissolution of UO2 and faster oxidative-dissolution of a U3O8 layer that forms under 

oxidizing conditions. Dissolution of the U-enriched oxide phase showed the same dependence in 

the electrochemical tests in the acid brine solution: dissolution was not observed in the PS tests 

conducted at 0.40 V but was observe in the PD scan conducted up to 1.6 V. 
 

The calculated Pourbaix diagram [Jerden et al. 2016] indicates the thermodynamically stable 

form of U in a pH 4 solution is dissolved UO2
+
 at potentials higher than 0.32 V. The PD scans 

with the metal and composite electrodes (see Figure 83) show subtle features near the potential 

that U3O8 dissolves to release UO2
+
. The PD response is dominated by the alloy phase behavior 

and the contribution of electrochemical dissolution of the U-enriched oxide is minor.  The scan 

with composite electrode shows an increase in the passive slope and the scan with the metal 

electrode shows a short transpassive excursion before returning to passive behavior. However the 

peaks at about 0.32 V are not obvious indicated the reaction is inhibited by surface kinetics such 

as metal passivation. The absence of dramatic current increases at potentials below 1.10 V 

indicates the metallic phases are effectively passivated. The cause of the current surge near 

0.20 V in PD scan with the metal electrode is not known, but may be due to metastable pitting 

prior to passivation by a Cr2O3 film.  
 

Electrochemical tests with both the metal and composite electrode show ferrite grains are 

preferentially corroded during the PD scans, but the intermetallics, U-bearing intermetallics, 

were not visibly corroded in either electrodes. The zirconate phase remained stable, but 

dissolution of the U-enriched oxides was observed on the composite electrode. Passivation of U-

containing metallic phases is expected to result from the formation of compact surface oxides 

that prevent further metal oxidation. Considering the elements present in the intermetallics, such 

as U, Fe, Zr, Cr and Mo, the efficiency of the passivation is likely affected by the complex 

combination of multi-component oxides that form.  
 

The PS tests were conducted for a longer duration to allow the metal and composite 

electrodes to stabilize in the acidic brine solution. The steady-state corrosion currents measured 

in PS tests are expected to represent long-term corrosion behavior of AOC-U. The relatively high 

potential used in the PS tests was selected to simulate the oxidizing effects of radiolytic reactions 

relevant to waste form disposal. As shown in Figure 89, no corrosion or dissolution was detected 

during the 179-h hold at 0.40 V. Surprisingly, dissolution of U-enriched oxides was not detected 

in the composite electrode. The electrodes were held for more than a week at 0.40 V , which is 

well above the potential for oxidizing U (IV) to U (VI). A likely explanation for this is that the 

dissolution of U-enriched oxide was retarded due to as the presence of Zr and Nd oxides. It is has 

been shown that lanthanide oxides can modify the surface defect structure of UO2 and inhibit the 

oxidative-dissolution [Kim et al. 2001, Liu et al. 2017, Lee et al. 2017]. The potential at which 

the U-enriched oxide dissolves was not determined, other than the upper bound at the  
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extreme anodic potential of 1.6 V. Uranium was shown to be effectively immobilized in the 

zirconate phase due to the inert nature of that phases [Kamizono et al. 1991, Ewing et al.  2004]. 

No evidence of zirconate phase degradation was obseerved in the electrochemical tests. 
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8 Modeling  

The PS tests provide current evolution profiles that can be used to evaluate the 

electrochemical behavior of the metallic phases in the composite waste form. These tests also 

offer evidence of the development of a passive film with time as the current density drops at a 

potential hold. In addition the EIS measurements at each of the applied potentials provide results 

showing the formation and growth of a passive film and its stability with time by characterizing 

the electrical properties of the corroded surfaces. This information is being analyzed and used in 

the formulation of a corrosion models for three composites described in this report: AOC-0, 

AOC410N, and AOC-U. 

8.1 Corrosion model for AOC-0  

The nearly constant currents attained within a few hours in the PS tests in AOC-0 are 

interpreted to represent steady-state rates for the stable surfaces formed at each applied voltage. 

The steady state is established between dissolution of the surface layer (or film) at the solution 

interface and reformation of the surface layer at the alloy interface. The different corrosion 

behaviors in tests at 0.25 and 0.8 V evidenced by SEM examinations in Figure 44 and EIS results 

in Figure 45 indicate different passive layers control the kinetics in the first and second passive 

regions observed in the PD scan (see Figure 39).  In discussing the surface conditions of the 

AOC-0 electrode following the different PS tests, it is helpful to refer back to the Pourbaix 

diagrams presented in Figure 10 to describe the regions of stability of the different passive oxide 

films expected to form on ferrous alloy phases under different Eh-pH conditions. The thick ZrO2 

corrosion layer observed after the PD scan is not considered to provide passivation in the Cl-

bearing solution used in this test [Shoesmith et al. 2011]. Figure 10a shows the stable regions of 

chromium oxide (Cr2O3) and Cr2FeO4 spinel. Both form on stainless steels, but Cr2FeO4 layers 

are porous and provide little or no passivation.  The stable regions of MoO2 and nickel 

molybdate oxide (NiMoO4) are shown in Figure 10b. MoO2 provides pitting resistance at 

moderate potentials and NiMoO4 provides passivation at high potentials where Cr2O3 is not 

stable. The stability ranges of these oxides overlap and they can form simultaneously, but the 

formation kinetics differ. The vertical dashed lines in Figures 10a and 10b show that the two 

passive ranges observed in the PD scan at pH 4b (i.e., between 0.02 and 0.4 V and between 0.6 

and 0.95 V) correlate with these stability ranges. That is, MoO2 contributes to the passive film 

formed between 0.04 and 0.07 V, Cr2O3 forms the predominant passivating film in the first 

passive region, and NiMoO4 forms the predominant passivating film in the second passive 

region. The Cr2FeO4 provides little or no passivation, but attenuates the release of Cr and Fe to 

solution. 

The effects of different passive layers on the corrosion current are modeled using the BP 

term in Equation 1, which is quantified using the current densities measured for the stabilized 

surfaces under particular environmental conditions. The long-term stabilities of these passivating 

films depend on the capacity of the underlying alloy phases to regenerate the film as it dissolves 
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(albeit slowly), which depends on the concentrations of the passivating elements in the alloy. The 

steady-state currents determined from PS tests at 0.08, 0.25, 0.5, and 0.8 V are superimposed on 

the PD curve in Figure 91. This shows how the anodic currents for the stabilized surfaces have 

decreased from those measured for the bare surfaces in the PD scans due to the formation of 

stable passive layers, where the corrosion currents decreased about two orders of magnitude at 

each potential.  The corrosion currents measured in PS tests indicate voltages of 0.08 V and 

higher are sufficient to degrade the OC film, but the alloys become repassivated by the formation 

of different layers within 2-6 hours. The corrosion currents measured during the PS tests indicate 

that the passive films developed at 0.25 and 0.50 V provide greater corrosion resistance than the 

passive film(s) developed at 0.80 V. 

As shown by the diagonal line (black-solid) in Figure 91, the results of PS tests at 0.08, 0.25, 

0.50, and 0.80 V indicate the current densities increase exponentially with the potentials in the 

pH 4-brine solution. The equation of the diagonal line can be used to calculate the corrosion 

current density (I) as a function of the potential (E) for particular test conditions (in this case, in 

the air-saturated pH 4 brine solution at room temperature). The equation of the line is  

 

I (μA cm
-2

) = 0.054 e 
[6.17 ∙ E(V)]

. (6) 

 

 

 

Figure 91. Comparison of the current densities measured for stabilized surfaces in PS tests with 

that for the bare surface in PD scan. 
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Separate tests are required to measure the corrosion rates under different conditions. The 

exponential dependence of the corrosion current on the potential in Equation 6 is consistent with 

the dependence in electrode kinetic theory as expressed by the Butler-Volmer equation. Only the 

anodic behavior is of interest for waste form modeling, so the current is expressed in terms of the 

voltage rather than the over-voltage. Although anodic currents cannot be measured directly at 

potentials below Ecorr, Equation 6 can be used to calculate waste form corrosion rates for low 

Eh conditions [Ebert et al. 2017]. However, extrapolating Equation 6 to potentials higher than 

the passive range (which for AOC-0 is higher than 0.8 V) must be justified experimentally. 

These test results are well-represented using a single empirical equation even though the 

measured current represents corrosion of two alloy phases; ZrO2 does not react 

electrochemically. The relative contributions of Phase 1 (FeZr) and Phase 3 (FeCrMo) corrosion 

to the measured current probably differ at the different potentials, but that cannot be quantified 

electrochemically. However, examinations of the microstructures discussed above combined 

with the results of solution analyses are used to provide insights. 

The nearly constant currents that were attained within a few hours in the PS tests are 

interpreted to represent steady-state rates for the stable surfaces formed at each applied voltage. 

The steady state is established between dissolution of the surface layer (or film) at the solution 

interface and reformation of the surface layer at the alloy interface.  The total mass of material 

oxidized per day per unit area from the surface can be calculated from the BP term PS using 

Faraday’s law.  The current density is proportional to the mass corrosion rate as:  

F

WIcorr
rate  ,  (7) 

 

where, Icorr is the corrosion current density, W is the alloy equivalent weight, and F is Faraday’s 

constant. The alloy equivalent weight is the mass of an alloy oxidized by the passage of one 

Faraday of electric charge. It is calculated at the weighted average of values of M/n for each of 

the major alloying elements in the alloy as 

 




j jn

jfjM
W

)(

)()(

1
, (8) 

 

where, M(j) is the atomic weight of component j, f(j) is the mass fraction of component j in the 

material, and n(j) is the number of electron equivalents per mole of component j that is oxidized 

[ASTM G102].  The oxide phases in AOC-0 do not contribute to the measured current, but the 

surface area they occupy on the electrode surface must be taken into account to determine the 

rate on the same area basis as the current density. The equivalent weight of AOC-0 was 

calculated to be 35.2 g based on the mass fractions of each element present in the material (see 

Appendix B Table B1).  
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Table 18 summarizes the steady state currents determined in the PS tests and corrosion rates 

derived using Faraday’s law.  (The Faraday’s law rate was not applied to the cathodic current 

measured at 0.02 V.)  

 

Table 18. Steady state currents measured in PS tests and corrosion rates calculated with 

Faraday’s law 

 

 
0.08 V 0.25 V-2h 0.25 V-6h 0.5 V 0.8 V 

I x 10
4
 (A/m

2
) 6.0 180 40 130 640 

Mass Loss (g m
-2

 d
-1

) 0.018 0.54 0.12 0.39 1.9 

 

 

8.2 Equivalent Circuit and Physical Models for AOC-0 

 

 The PS tests provide the evolution of the anodic current as the surface stabilized at fixed 

potentials. The EIS performed before and after each PS test measured changes in electrical 

properties of the surface as the material corroded under the particular test conditions. These EIS 

measurements quantify the evolution of surface impedance where the differences in the current 

densities measured at different hold potentials can be attributed to both the different over 

potentials and the efficiencies of the passivating films that form. The EIS results are generally 

analyzed by using an equivalent electrical circuit model, wherein the frequency dependences of 

electrical properties of the surface layer are represented using various circuit elements, such as a 

capacitor for double layer capacitance and a Warburg component for ionic conductivity. The 

circuit elements provide a convenient means for quantifying the physical effects of the 

passivating oxides on the corrosion current and mass corrosion rate  

The surface electrical properties measured by using EIS after the OC and PS holds were 

quantified using the equivalent circuits shown in Figure 92 by using ZSimpWin software®. 

Figure 93 shows the measured (open symbols) and modeled data (curves) represented in Bode 

plots (Figure 93a) and Nyquist plot (Figure 93b) for 2-h hold at OC prior to the PS tests. The 

curves drawn through the plots in Figure 93 were obtained using the ZSimpWin software to 

represent the EIS results with the equivalent circuit shown in Figure 92a that represents the 

electrical properties of the surface developed during the OC exposure. Figure 92a also shows a 

schematic physical model relating the circuit elements to the solution, passive layer, and 

underlying alloy phases. Note that the same passive layer is modelled to form over both alloy 

phases. 
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(a)  
 

(b)  
 

(c)  
 

Figure 92.  Equivalent circuits and physical models for surface (a) with OC film and during PS 

test at 0.25 V (b) after 2-h hold, and (c) after 6-h hold. 

 

In the electrical circuit used to represent the passive film formed during the OC exposure (see 

Figure 92a), the circuit elements Rs, Rct, and Rp1 are resistors and CPEdl and CPEp1 are constant 

phase elements, which are often used to simulate non-ideal capacitive behavior resulting from 

non-uniform properties of the system. The impedance of a CPE can be expressed as 

 

Z𝐶𝑃𝐸 =
1

𝑌0(𝑗𝜔)𝑛
 , (9) 
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(a) 

 
(b) 

Figure 93. Comparison of electrical properties of the surface layers formed during OC prior to 

the PS hold at 0.25 V: (a) Bode plots and (b) Nyquist plot. Data shown as symbols and model as 

solid curves. 

 

where, 𝑌0 is equal to the capacitance of the CPE, j = (-1)
1/2

, ω is the angular frequency, and n 

gives the frequency dependence [Zoltowski 1998, Jorcin et al. 2006]. Limiting values of the 

coefficient n are n = 0 for a pure resistor and n = 1 for an ideal capacitor. Intermediate values of 

n indicate imperfect capacitive behavior and a CPE with n = 0.5 is usually referred to as a 

Warburg element [Bard 2001].  

The EIS results show the properties of the surface layer changed during the PS tests. We 

consider the evolution of the surface layer in the PS test at 0.25 V with EIS measurements made 

after 2 and 6 hours. Those tests showed significant pitting occurred during the first 2 hours but 

uniform corrosion occurred thereafter. Figure 94 compares the surface electrical properties 

developed during the PS holds at 0.25 V as the Bode and Nyquist plots of the EIS results after 

two hours (Figures 94a and 94c) and after six hours (Figures 94b and 94d). 
 

The curves drawn over the Bode and Nyquist plots shown in Figures 94b and 94c were 

determined using the equivalent circuits shown in Figure 92b and 92c, respectively. The circuit 

corresponding to the layer formed during the 0.25 V PS 2-h sample is similar to the OC layer 

except that a Warburg term “W” has been added in series with the Rp1 resistor (compare Figures 

92a and 92b). The physical model shown in Figure 92b illustrates the changes occurring at the 

surface. Note that degradation of the OC film occurs when it is exposed to 0.25 V, as revealed by 

abrupt spikes in current density measurement shown in Figure 46a which are associated with 

metastable pitting seen in Figure 46c. This is schematically represented in Figure 92b using the 

Warburg element to represent processes occurring at the surface of the pit developed in Phase 3. 

Healing of the passive film after each pit forms occurs almost immediately to suppress the 

current spike and maintain a low current density over time. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 94. Comparison of electrical properties of the surface layers formed during 0.25 V PS 

holds with AOC-0: Bode plots after (a) 2 hours and (b) 6 hours and Nyquist plots after (c) 2 

hours and (d) 6 hours showing data (symbols) and model (curves).  

 

Furthermore, pitting resistance is enhanced by the local diffusion of MoO4
2-

 to mitigate 

pitting within the first two hours. The Warburg component used in the electrical circuit shown in 

Figure 92b is interpreted to represent the diffusion of Mo to the pits. The contribution of such 

diffusion phenomena is indicated in the Nyquist plot in Figure 94c by the characteristic 45° angle 

line for Warburg diffusion. The Mo diffusion stabilizes the pits and reduces the current spikes. 

The occurrence of currents spikes diminishes significantly beyond about 2 hours as pitting 

becomes less significant due to formation of a new Cr2O3 passive film. The continuous overall 

decrease of current density occurs as the Cr2O3 film is formed. The electrical circuit representing 

the stabilized surface is shown in Figure 92c, where the Warburg element has been replaced by a 

constant phase element (CPEp2) in parallel with a resistor (Rp2) to represent the stable passive 

film. The EIS results show the surface has higher capacitance:  the Bode phase angle is higher 

after the 6-h hold than after the 2-h hold (compare Figures 94a and 94b) and the Nyquist plot 
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shows a semicircle (see Figure 94d) that indicates the existence of a passive film without 

Warburg behavior. Note the solid lines in both figures are consistent with the data and show the 

electrical circuits represent the electrical properties of the surfaces well under these particular 

electrochemical conditions.   

The values for each circuit element giving the best fit for each EIS are listed in Table 19. 

Changes in the element values reflect changes in the physical properties of the surface 

represented in the physical models corresponding to each circuit. The 2-h hold at 0.25 V results 

in increases in charge transfer resistance (Rct) and in polarization resistance (Rp1) compared to 

the OC film. Figure 46a shows decrease in current density within the first two hours is 

accompanied by current spikes which are likely caused by pitting. Pitting occurs sporadically 

during the hold, as shown in Figure 46c, as the OC film is damaged and a more stable Cr-oxide 

passive film is being developed (see Figure 92b). The continuing decrease in current density 

suggests re-healing is taking place which is supported by the increases in Rct, Rp1, and Warburg 

impedance (W) which offers resistance to mass transfer. The Warburg impedance represents the 

impedance diffusion corresponding to the ionic transport through the “metastable” corrosion 

product film and arises from mass transport limitations due to presence of a chromium oxide 

layer. The diffusion length and resisting forces increase as the thickness of the film increases 

with time.  

 

Table 19. Parameters calculated for the equivalent circuits for PS tests with AOC-0 at 0.25 V 

 

Equivalent Circuit 

Parameters 

After 8-h 

OC 

After 2-h 

PS test 

After 6-h 

PS test 

Rs (Ωcm
2
) 296 300 312 

Qdl – Yo (µSs
n
/cm

2 
) 6.57 3.45 0.152 

Q-n 0.59 0.65 0.81 

Rct  (KΩcm
2
) 6.84 16.3 1183 

Qp1 (µSs
n
/cm

2
) 9.78 6.07 0.663 

Qn 0.62 0.47 0.661 

Rp1 (MΩcm
2
) 4.51 50.9 8.44 

W (µSs
n
/cm

2
) 

— 
0.194 

— 

Qp2 (µSs
n
/cm

2
) 

— — 
12.76 

Qn 
— — 

0.998 

Rp2 (MΩcm
2
) 

— — 
2.19 

chi-square χ
2
 (10

4
) 

4.8 
4.4 16.9 
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8.3 Equivalent Circuit and Physical Models for AOC410N 

Potentiostatic tests were also conducted with the composite electrode AOC410N to measure 

the evolution of the anodic current as the surface stabilized at fixed potentials. Electrochemical 

impedance spectroscopy was performed periodically during each PS test over the frequency 

range 10
-3

 to 10
5
 Hz to measure changes in electrical properties of the surface as the material 

corroded under the particular test conditions. These EIS measurements quantify the evolution of 

surface impedance where the differences in the current densities measured can be attributed to 

both the different over potentials and the efficiencies of the passivating films that form. These 

results are generally analyzed by using an equivalent electrical circuit as model, in which the 

various circuit elements are related to the respective components in the system. 

PS tests were conducted on AOC410N composite puck electrodes at potentials of 0.40 and 

0.65 V, which were indicated by the PD scan (see Figure 67) to be within the passive range and 

at the onset of passivity breakdown, respectively. One test was conducted at 0.65 V and four 

replicate tests were conducted at 0.40 V. Two electrodes were made from the AOC410N 

composite puck. One electrode was used in the PS test at 0.65 V and in the PS test Runs 1 and 4 

at 0.40 V. The other electrode was used for PS test Runs 2 and 3 at 0.40 V. The electrodes were 

polished extensively to provide fresh surfaces for each test. The electrodes were stabilized in the 

acid brine solution and cathodically cleaned at -0.50 V for one minute prior to each PS test. The 

target potential was immediately imposed on the electrode after cathodic cleaning and the current 

was recorded throughout the test. The measured currents were shown in Figure 72.  

Kramers-Kronig transformations (KKT) [Kroning 1926, Kramers 1929, Urquidi-Macdonald 

et al. 1990, Boukamp 1995] were used to verify the causality, linearity, and stability of the EIS 

results. The EIS data for measurements made after 24 and 179 hours during Run 1 (circles) and 

KKT results for analyses of those data (curves) are provided in Figure 95 as examples of the 

good correlations obtained for all the EIS data, which were similarly validated. This indicates the 

EIS results satisfy the steady-state conditions and are valid for use in circuit analyses. 

The currents in the four replicate PS tests at 0.40 V decreased to low values within a few 

hours, but slowly increased thereafter. This indicates the formation of a metastable passive layer 

that became less effective as corrosion proceeded and eventually broke down during Runs 2, 3, 

and 4 (see Figure 72b). Passivation persisted through the 8-d PS test Run 1, and the EIS results 

measured during Run 1 were used to model the decreasing stability of the metastable passivation 

layer by using equivalent circuit analysis. The curves drawn through the plots in Figure 75 were 

determined by using the ZSimpWin software to fit the EIS results with the equivalent circuit 

shown in Figure 96. This circuit has been used to represent the behaviour of passivated steels 

having low-Cr contents in various solutions.  
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(a) (b) 

Figure 95. Representative KKT verification of EIS results for (a) Run1 after 24 hours, and (b) 

Run1 after 179 hours. 

 

 

 

Figure 96. Equivalent circuit used to model to EIS data for AOC410N composite electrode 

exposed to acid brine in air at room temperature. 

 

No circuit elements were included to represent the ceramic phases LZO and LnO for the 

following reasons: If the ceramic phases and the surface passive film (e.g., Cr2O3) formed on the 

alloy phases at exposure to 0.40 V are both considered to be capacitors, their capacitances can be 

determined by: 

𝐶 =
𝜀𝜀0𝐴

𝑑
, (10) 

 



124 

 

where 𝜀0 and 𝜀 are permittivities, 𝐴 is the area, and 𝑑 is the thickness of the ceramic phase or 

passive film. The relative permittivities, 𝜀, of LnO, LZO and Cr2O3 are all within the range 10-30 

[Bard 2001, Gasgnier 1989] and the vacuum permittivity is constant. The total area of the 

passive films formed on the metallic matrix and the exposed areas of the ceramic phases were 

estimated by using the software ImageJ○
R

 to analyze SEM images of the AOC410N composite 

puck electrode. The estimated ratio of ACeramic to Ametallic is 3.6 to 6.4, and the ratio of ACeramic to 

Apassive film should be the same. In this case, the major difference between CCeramic and Cpassive film is 

the layer thickness: the thickness of passive films are typically 1-2 nm [Okamoto 1973, Ferreira 

and Dawson 1985], whereas the dimensions of ceramic domains measured in AOC410N are 

typically greater than 10 μm. Therefore, the values of dCeramic are expected to be about four 

orders of magnitude greater than values of dpassive film, and values of CCeramic will be about four 

orders of magnitude smaller than values of Cpassive film. The effect of CCeramic on the EIS results is 

expected to be negligible relative to that of Cpassive film throughout the applied frequency range. 

Furthermore, the ceramic phases can be considered to be insulators having much higher 

resistances than the metallic phases. Therefore, the ceramic phases are represented as open 

circuits in parallel with the circuits representing passivated metallic surfaces and excluded from 

the equivalent circuit.  

The values for each circuit element giving the best fit for each EIS measurement are listed in 

Table 20, where χ
2
 gives the overall regression coefficient for the fit. The n values for CPE1 in 

each measurement are close to one, which indicates CPE1 resembles a perfect capacitor. The n 

values for CPEdl are near 0.5 for a Warburg component. Changes in the regressed values of 

CPE1-Y_0, CPEdl-Y_0, R1 and Rct with the corrosion time are displayed in Figure 97, where 

the error bars plotted with each data point were provided by the ZSimpWin® software to  

 

Table 20. Regressed values of equivalent circuit elements at 0.40 V 

 

Elapsed 

Time 
Rs CPE1 R1 CPEdl Rct χ

2
x10

4
 

(h) (Ω cm
2
) 

𝑌0  

(µS s
n
 cm

-2
) 

n (—) (kΩ cm
2
) 

𝑌0  

(µS s
n
 cm

-2
) 

n (—) (MΩ cm
2
)  

24 9.31 5.63 0.90 51.84 3.43 0.50 4.85 5.99 

49 9.64 5.39 0.90 48.57 4.88 0.48 4.08 2.69 

75  9.32 5.25 0.90 40.00 5.77 0.46 3.25 1.76 

101 8.93 5.28 0.89 45.24 6.79 0.49 2.91 3.99 

126 7.95 5.09 0.90 24.52 7.08 0.45 3.84 1.93 

152 7.47 5.05 0.89 20.01 7.92 0.46 3.03 5.42 

179 7.08 4.99 0.89 17.17 8.73 0.46 2.47 8.20 
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(a)  (b)  

(c)    (d)  

Figure 97. Plots of the fitted values of (a) R1, (b) Rct, (c) CPE1-𝑌0, and (d) CPEdl-𝑌0 for 

successive EIS measurements during Run 1. 

 

represent the statistical uncertainties in the regressed values. The lines show the values of CPE1-Yo, 

R1, and Rct decrease with the reaction time and the values of CPEdl-Yo increase with the reaction 

time. Changes in these values indicate the performance of the passivation layer is degrading with 

time. 
 

SEM characterization of the corroded surfaces shown in Figure 74 indicates the breakdown 

in passivation occurred at grain boundaries and the AFM-EC study shown in Figure 71 indicates 

that metallic corrosion was initiated at the FeMoCr intermetallic. Based on these observations, 

the area of exposed alloy Ametallic is further divided into the area of the ferrite and martensite 

grains Afm and the area of exposed intermetallic Ai. The impedance of the total passivating 

surface can be represented in terms of the fraction of the alloy surface Afm and the remaining 

fraction of the alloy surface Ai is occupied by intermetallics and grain boundaries that is 

contacted by gap solution.  The AFM-EC results show only the fraction of the alloy surface with 

exposed intermetallics Ai corrodes initially. The initiation of localized corrosion is shown 
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schematically in Figure 98a, where a stable passive film has formed on exposed ferrite and 

martensite and a metastable film has formed on FeMoCr intermetallic. Figure 98b shows the film 

has advanced into the slowly dissolving FeMoCr intermetallic and adjacent ferrite/martensite. 

Eventually, the metastable passive layer fails as illustrated in Figure 98c and anodic dissolution 

occurs at grain boundaries. This is observed in the SEM images of corroded electrodes that show 

intergranular corrosion to generate crevices. This physical model corresponds with currents 

measured in the 0.40 V PS tests (see Figure 72b): Figures 98a and 98b correspond to the initial 

low and slowly increasing currents in the inhibit stages and Figure 98c corresponds to the high 

currents in Runs 2, 3 and 4. 

 

(a) (b) (c) 

Figure 98. Physical model for corroding surface showing (a) initial stabilization, (b) corrosion of 

metastable passivated surface, and (c) localized corrosion of FeMoCr resulting in the 

catastrophic current increase. 

 

Correlation of the equivalent electrical circuit and physical models is shown in Figure 99. 

The ferrite and martensite grains are covered by an effective passive film represented by CPE1, 

whereas the FeMoCr intermetallic is covered by an ineffective metastable film represented by 

CPEdl and Rct. The Warburg-like behavior of CPEdl represents mass-transfer-controlled processes 

associated with dissolution of the intermetallics attenuated by the metastable passive layer. 

Changes in the values of circuit elements with reaction time can be attributed to the effects of 

intermetallic dissolution that increase Ai and decrease Afm. The increase in Ai leads to decreases 

in the resistances R1 and Rct, which are inversely proportional to Ai. By application of 

Equation 10, the double-layer capacitance CPEdl changes in the values of circuit elements with 

reaction time can be attributed to the effects of intermetallic dissolution that increase Ai and 

decrease Afm. The increase in Ai leads to decreases in the resistances R1 and Rct, which are 

inversely proportional to Ai. By application of Equation 9, the double-layer capacitance CPEdl-𝑌0 

increases as Ai increases. Likewise, the capacitance of the passive film, CPE1-𝑌0, decreases as 

Afm decreases. Hence, the model is supported by the microscopic observations in SEM and AFM, 

measured currents, and equivalent circuit analysis of EIS results. 
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Figure 99. Schematic diagram showing relationship between the equivalent electric circuit and 

corroding surface models for AOC410N. 

 

The metastable film covering the FeMoCr intermetallic protects them until they dissolved 

deep enough that they cannot be maintained under the aggressive local solution chemistry. Many 

studies have shown that the effectiveness of a passive layer is compromised by the effects of 

chlorine radicals in solution [Horvath and Uhlig 1968, Strehblow 1984 et al 1993]. Once pits 

nucleate, their growth will be affected by Cl
–
 enrichment of the pit solutions [Pistorius and 

Burstein 1992, Frankel 1998, Burnstein et al. 2004]. Similarly, we do not expect the newly 

exposed ferrite/martensite in the crevices to passivate. The Cr contents of the phases formed in 

AOC410N are below 12 wt. % that is probably not sufficient to maintain stable passivation 

layers in the 10 mM NaCl solution used in these tests at an impressed potential of 0.40 V. Once 

an oxide film becomes unstable, the Cr contents will not be enough to promote repassivation. 

The addition of trim Cr to composite waste forms made from cladding with moderate Cr levels, 

such as HT9, will be necessary to ensure adequate corrosion resistance in disposal environments 

for which similar aggressive Cl
–
 concentrations could occur.  

 

8.4 Equivalent Circuit Model for AOC-U 

 

The EIS measurements conducted during the PS tests characterize the evolution of the 

passive films formed on the metal and composite electrodes. Equivalent circuit analysis based on 

the EIS results provide insights regarding the microstructural and electric properties of the 

metal/ceramic/solution interfaces. The Bode phase plots shown in Figure 87c and 87f clearly 

distinguish the behaviors of the passive layer in the high (30 to 10
5
 Hz) and low (10

-3
 to 30 Hz) 

frequency regions. The EIS results were not modelled well using circuits with only one time 

constant. The EIS data were successfully modelled with the equivalent circuit shown in 

Figure 99 by using the ZSimpWin software. The equivalent circuit can be related to the 
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physical properties of the passive film formed on the metallic surfaces and for the phases in the 

composite electrode that behave like semiconductors. The circuit includes two sets of resistor-

CPE (RC) combinations: CPE1 and R1 represent behavior in the high-frequency region and 

CPEdl and Rct represent behavior in the low-frequency region. Based on the Bode phase angle 

plots shown in Figure 87c and 87f, the metal and composite electrodes have similar phase angle 

peaks for the time constant in the high frequency region but differ for the peaks represent the 

time constant in the low frequency region. The fitted curves are plotted as solid curves in 

Figure 87. The values for each circuit element giving the best fit for each EIS measurement are 

listed in Table 21, where χ
2
 gives the overall regression coefficient for the fit. The differences of 

the phase angles are reflected in the regressed n values for CPEdl in Table 21. The n values are 

0.8 for the metal electrode with high phase angle peaks at low frequency region, whereas the n 

values are about 0.4 for the composite electrode. Note that the n values for CPE1 are 0.9 for both 

electrodes, which corresponds to the similar high frequency behaviors. It is clear that both the 

RC circuits for the metal electrode are representing the integrated passive film behavior that 

formed on different metallic phases: the high frequency elements CPE1 and R1 can be related to 

the film/solution interface and the low frequency elements CPEdl and Rct are representing the 

metal/film interface. The high frequency elements of the composite electrode also represent the 

film/solution interface, since the phase angles are similar with the metal electrode, but the low 

frequency elements probably represent the combined behaviors of the metal/film, metal/ceramic, 

and ceramic/solution interfaces. We attribute the difference of the low frequency behaviors of the 

metal and composite electrodes to the multiple interfaces. The porous surface of the composite 

electrode may also affect the EIS measurements.  
 

We used the EIS results of the metal electrode to characterize the passive film formed on the 

metallic phases due avoid the difficulties in distinguishing the behaviors of the multiple 

interfaces present on the composite electrode. As can be seen in both Figure 87 and Table 21, the 

passive film formed during the PS test became more stable throughout the 179-h test duration. 

The continuously increasing Rct values indicate the passive film became more and more 

compact to more effectively prevent charge transfer from metal to solution. This is the general 

behavior of the integrated oxide film that grew at the surface of all the metallic phases. Even 

though the nature of passive film formed on each phase is not expected to be the same, it is hard 

to distinguish passive behaviors of the separate phases using EIS. Microscopy and solution 

analyses provide additional insight. Cr is the major contributor for ferrite passivation, but passive 

films of other phases are expected to be mixtures of U, Zr, Cr, Mo and Fe oxides.  Nevertheless, 

the robust growth of passive film on all the metallic phases is indicated by the EIS results and 

regressed values, as well as the low current values measured during the PS test. 
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Table 21. Regressed values of equivalent circuit elements for PS tests at 0.40 V with AOC-U 

 

Elapsed 

time 
(h) 

Rs 

(Ω cm
2
) 

CPE1 
R1 

(kΩ cm
2
) 

CPEdl 
Rct 

(MΩ cm
2
) 

χ
2
*10

4
 𝑌0  

(µS s
n
 cm

-2
) 

n (—) 
𝑌0  

(µS s
n
 cm

-2
) 

n (—) 

 

Metal electrode 

24 18.6 24.9 0.9 50.9 2.9 0.8 3.3 4.2 

49 16.7 24.2 0.9 38.5 3.6 0.8 5.7 4.3 

75 15.9 23.6 0.9 30.6 3.7 0.8 7.3 4.6 

101 15.2 23.2 0.9 27.1 3.8 0.8 8.4 4.2 

126 14.5 23.1 0.9 27.4 3.8 0.8 9.9 4.0 

152 13.9 23.0 0.9 28.7 3.8 0.8 10.3 4.3 

179 13.3 22.6 0.9 22.9 3.9 0.8 12.6 4.8 

 

Composite electrode 

24 24.9 12.0 0.9 313 1.8 0.4 6.8 7.4 

49 22.2 11.4 0.9 224 1.9 0.4 9.2 6.6 

75 21.2 11.2 0.9 155 1.9 0.4 14.4 6.3 

101 20.5 11.1 0.9 147 2.0 0.4 14.3 6.1 

126 19.6 11.1 0.9 126 2.1 0.4 17.0 6.0 

152 18.8 11.0 0.9 136 2.2 0.4 12.8 5.6 

179 18.1 11.0 0.9 124 2.2 0.4 14.4 5.3 
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9 Summary and Conclusions 

The formation and corrosion behaviors of several alloy/oxide composite materials were 

studied to assess the possible use of composite waste forms for combined metallic and oxide 

waste streams. This included considering the capacity to accommodate waste elements in durable 

host phases during processing and the ability to quantify radionuclide release rates as the waste 

form corrodes in a disposal environment. Composites were made with 316L and 410 stainless 

steels to represent cladding hulls (410 SS was utilized as a surrogate for HT9), added Zr, Mo, 

Ru, and Pd to represent metallic fuel waste, and added mixtures of ZrO2, lanthanide oxides, and 

UO2 to represent oxide fuel wastes. Series of alloys made with 316L SS and various amounts of 

added Mo, Ni, and Mn were also studied to evaluate the relationship between the microstructure, 

corrosion behavior, and electrochemical responses of multi-phase alloy materials. 

Sintering of the oxides during processing resulted in the formation of a porous structure in 

all composite materials. In AOC-0, the molten alloy did not percolate throughout the ceramic 

structure, and only the top portion of the material was suitable for testing. In AOC410 and 

AOC410N, alloy in excess of pore volume was extruded as the ceramic structure formed to 

produce a separate bead of alloy-only material on the top or side of the composite puck. The 

alloy and ceramic domains within the composite pucks of the AOC ingots were observed to have 

tight interfaces. The addition of Zr metal representing metallic fuel waste in composites probably 

improved the wetting of the ceramic phases by the molted metal during processing. These 

materials provide insights regarding the incorporation of oxide wastes in a full-size composite 

waste form. Separate analyses were performed using electrodes made from the individual 

composite and alloy bead parts and electrodes made from the interfacial regions, and the alloy 

and ceramic phases in were shown to be durable in all tests.  

The materials were characterized metallurgically to determine the relative abundance and 

compositions of phases in the composite and alloy-only parts of the ingots and electrochemical 

tests were conducted to measure the corrosion behaviors. All electrochemical tests were 

conducted in an acidic brine solution representing an aggressive seepage water within a breached 

waste package. The effects of the alloy phase compositions on the overall corrosion rate were 

measured at several imposed surface potentials representing a wide range of solution redox 

conditions.  

Reactions between molten metal and lanthanide oxide reagents occurred during processing to 

generate stable intermetallic and oxide (ceramic) phases in the product. The most beneficial 

reactions converted soluble lanthanide and uranium oxides representing oxide waste to insoluble 

lanthanide and uranium zirconate phases. The generation of zirconate waste forms from 

lanthanide and actinide waste streams has long been advocated using ceramic processing. This 

work shows lanthanide zirconates (and actinide zirconates) can be readily generated in a 

composite waste form using moderate processing conditions (about 1600 °C at ambient 

pressure).  
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As observed previously in alloy-only waste forms, elements in the metallic waste streams 

were redistributed in the assemblage of constituent phases that formed from the molten metal. 

The high Zr content used to represent U-Zr metallic fuel wastes resulted in the generation of Fe-

Zr intermetallics as well as zirconates. The redistribution of passivating elements such as Cr, Mo, 

and Ni provided by the steel cladding and added trim metals and noble metals in the fuel waste 

affected the compositions of the constituent phases and their corrosion resistance. The series of 

alloys made with 316L SS and added Mo and Ni was used to demonstrate the sensitivity of the 

electrochemical responses to the microstructure and phase compositions. Tests at imposed highly 

oxidizing conditions demonstrated the effectiveness and sustainability of passivating oxides 

formed on alloys with different concentrations of passivating elements. Localized corrosion was 

seen to occur under some conditions in the form of pitting (e.g., in AOC-0 Phase 3) and 

preferential corrosion at alloy/alloy grain boundaries (e.g., in AOC410) and alloy/alloy phase 

boundaries (e.g., in 316L-15Mo). However, preferential corrosion was not significant at 

alloy/oxide phase boundaries. Other conditions resulted in the uniform corrosion of particular 

phases. The presence of ZrO2 in AOC-0 did not affect the corrosion behavior of the 

intermetallics and the dissolution of LnO domains that were encapsulated in LnZr2O7 and in 

alloy phases were the same.  
 

The U-bearing alloy/oxide composite AOC-U was fabricated and analyzed using microscopic 

and electrochemical methods to determine the disposition of uranium and the durability of the 

metallic and ceramic phases. Zirconate phases formed as the major ceramic component 

incorporated most of the UO2 and all the Nd2O3, U-enriched particles were observed located at 

the zirconate-metal interfaces that were probably sites of the high temperature Zr-UO2 

interactions. Some of the added UO2 was reduced to metallic U by Zr at the producing 

temperature and alloyed with the eutectic intermetallics such as (ZrMo)Fe3, U0.06Fe, and UFe2. 

Formation of separate fine- and coarse-grained eutectic regions and the distribution of U-

containing intermetallics during the solidification process are consistent with the Fe-Zr-U phase 

diagrams. The PD polarization scans performed with both metal and ceramic electrodes showed 

a wide passive range for the metal phases. The electrochemical behavior observed in PS tests 

conducted at 0.40 V indicated the alloy phases in AOC-U were effectively passivated by one or 

more durable surface film.  
 

Tests indicated that the corrosion of alloy phases and the dissolution of oxide phases occur 

independently, such that separate corrosion models can be used to calculate the long-term 

performance of a composite waste form. The corrosion behavior of the alloy phases can be 

represented using the model developed for multi-phase alloy waste forms and the dissolution of 

the oxide phases can be represented using a traditional mineral dissolution model. The 

experimental approach developed to measure parameter values for the alloy waste form 

degradation model can be applied to composite materials to represent corrosion of the alloy 

phases in a composite waste form.  
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The use of electrochemical methods to subject the composite materials to highly aggressive 

conditions (in terms of solution pH, chloride concentration, and imposed potential) provided 

detailed analysis of the corrosion behavior used to relate electrochemical, chemical, and 

microscopic changes. The EIS measurements made during the PS tests were used to model 

passivation of the metal and composite electrodes using equivalent circuit analysis. The 

equivalent circuit and physical corrosion models developed for the AOC-0, AOC410N, and 

AOC-U composites represent corrosion of the alloy and oxide phases and are generally 

applicable to alloy and alloy/ceramic waste forms. The circuits represent the steady-state 

corrosion of passivated surfaces that can be used to represent long-term behavior. That is, they 

provide a mechanistic basis for the waste form degradation rate and sustainability based on the 

waste form composition and measured effects of environmental conditions, particularly the 

solution redox. The measured corrosion behaviors suggest properly formulated composite 

materials would be suitable waste forms for combined metallic and oxide waste streams 

generated during electrometallurgical reprocessing of spent nuclear fuel. Electrochemical 

methods are suitable for evaluating waste form durability and modeling long-term behavior. 
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Name Major Graduation Degree Job Status 

Vineeth Gattu 
Materials 

Engineering 

Expected August 

2017 
Ph.D. TBD 

Sai Vadlamani 
Materials 

Engineering 
May 2015 Ph.D. Intel Corporation 

Xin Chen 
Materials 

Engineering 

Expected August  

2017 
Ph.D. 

Post-Doctoral Position 

Rensselaer Polytechnic 

Institute: 09-01-2017 

Tahsin Rahman 
Materials 

Engineering 

Expected 

December 2017 
Ph.D. TBD 
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11 Financial Report 

Period Estimated Expenses Actual Expenses 

Year 1 $186,678.72 $158,246.20 

Year 2 $186,678.72 $222,245.16 

Year 3 $186,642.56 $140,587.69 

Year 4 (extension) 

[Jan 1, 2017 to May 31, 2017] 
 $38,920.95 

TOTAL $560,000.00 $560,000.00 
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Appendix A.  Production of Materials for Testing 
 

A.1. Initial Production of Samples 

A.1.1 Fabrication of 316L Stainless Steel Sample: a 10-gram 316L SS cylindrical specimen 

was first produced (Figure A.1) by melting the 316L SS powder at 1650 C for 2 hours. This 

melting was performed as a control sample; it showed no porosity and its microstructure is 

typical of an austenitic stainless steel as presented in Figure A.2. This was done to provide 

insight into using separate metal powders to make HT9 steel because HT9 is not available 

commercially as powder.   

 

 
 

Figure A.1. 316L SS sample fabricated in 

muffle furnace. 

 
 

Figure A.2. Light micrographs of 316L SS cast 

from 316L SS powder. 

 

 

A.1.2 Fabrication of Prototype Composite AOC-1:  

 

A prototype of composite AOC-1 was fabricated using powders for each of the elements of 

the composite. Table A.1 provides the composition of the mixture. Neither Pd nor Ru was added 

in early runs to develop processing conditions. The elemental metal particles along with the 

lanthanum oxides were thoroughly mixed by hand inside the glove box in a nitrogen atmosphere. 

The Zr powder is sold as water-based paste and it was dried in the glove-box before mixing. The 

mixture was then loaded into a 10 cm
3
 yttria (Y3O2) crucible and placed inside the muffle 

furnace (MTI Corp. KSL-1700X-S, 4.7" x 4.7" x 4.7", 1.7L). The furnace chamber was flushed 

with Ar gas before and during processing. The sample was heated to 1700 C using a ramp 

heating rate of 10 C/min and held at this temperature for 60 minutes and furnace cooled. 
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Table A.1. As-batched composition of prototype AOC-1 (wt. %) 

 

 
316L(elemental)* Zr Mo La2O3 Ce2O3 Nd2O3 

AOC-1  62.6 13.7 13.7 1.5 3.5 5.0 

 *18.4Cr, 1.6Mn, 64.4Fe, 12.4Ni, 2.3Mo, 0.2Cu, 0.1Co, 0.5Si, 0.1W 

 

The first composite sample obtained is shown in Figure A.3. The metal drops on the surface 

of the composite sample showed evidence of wetting deficiency by the liquid metal when in 

contact with the oxide. The sample was cross sectioned and metallographically prepared for 

characterization by SEM and EDS analysis. Significant porosity was observed in the sample. 

Figure A.4 is a representative microstructure found in the ingot. The elemental composition was 

determined via EDS (Table A.2). Only FeCrMo intermetallic (Spot 3) and austenite metal matrix 

(Spot 1) were formed and the oxide remained agglomerated (Spot 3). Zr did not react with the 

rest of the metal alloy and instead it oxidized and clustered with the rest of the oxides preventing 

formation FeZr intermetallic. The metal drops outside the composite ingot were examined and 

found to be mostly austenite metal matrix and FeCrMo intermetallic. 

 

  
 

Figure A.3. Photograph of prototype 

AOC-1 ingot. 

 

Figure A.4. SEM image of prototype AOC-1 with 

four constituent phases and agglomerated oxide. 

 

 

Table A.2. Elemental Composition (at. %) of the four phases in the prototype AOC-1 composite 

 

Phase O Cr Mn Fe Ni Zr Mo La Ce Nd 

1 15.3 13.0 1.0 55.5 10.0 0.0 4.9 0.2 0.0 0.0 

2 54.8 0.2 0.5 1.9 0.5 27.7 1.0 3.0 3.6 6.8 

3 20.7 14.8 1.0 42.2 6.0 0.02 15.0 0.2 0.0 0.05 

4 59.1 0.0 0.4 0.9 0.3 11.9 0.4 4.0 6.8 16.1 
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A.1.3 Fabrication of Prototype AOC-2 Composites  
 

Since HT9 is only available as fabricated objects (e.g., as cladding), it is not amenable to 

making composites. 410 stainless steel powder was found to have similar composition to HT9 

(see Table 2) and trim metals were added to produce the exact composition.  

 

Fabrication by Sintering: Production of the prototype AOC-2 composites consisted of 410 SS 

with trim additions of Zr and Mo and oxide additions as shown in Table A.3. These specimens 

were mixed thoroughly, cold pressed at different loads in nitrogen gas atmosphere, and sintered 

at 1350C in argon atmosphere. Figure A.5 shows the samples produced.   

 

Table A.3. As-batched compositions of prototype AOC-2 composites fabricated by sintering 

 

Amount Added (wt. %) 
Processing Conditions 

SS Zr Mo La2O3 Nd2O3 Ce2O3 

65.8 14.6 14.6 0.8 2.5 1.8 Pressed 5000 lbs 

+ 1350 °C 3h 

62.3 13.8 13.8 1.5 5.0 3.5 Pressed 5000 lbs 

+ 1350 °C 3h 

87.2 3.2 4.6 0.8 2.5 1.8 Pressed 10000 lbs 

+ 1350 °C 3h 

82.6 3.1 4.3 1.5 5.0 3.5 Pressed 10000 lbs 

+ 1350 °C 3h 

82.6 3.1 4.3 1.5 5.0 3.5 1350 °C 3h 

 
 

 
 

Figure A.5. Prototype composites fabricated by cold pressing powders at 5000 lbs. before 

processing at 1350 C for 3 hours.: (1) 410 SS powder. (2) 410 SS powder + 13.8 % Zr + 13.8% 

Mo. (3) 410 SS powder + 14.6% Zr + 14.6 Mo + 5% lanthanum oxides. (4) 410 SS powder + 

14.6% Zr + 14.6 Mo + 10% lanthanum oxides. 
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The material fabricated with a preloading of 10,000 lbs. had better surface appearance than 

the one preloaded to 5000 lbs. Examination of their cross section areas showed significant 

porosity that decrease as the content of the lanthanum oxides increased. The oxides agglomerated 

and dispersed throughout the metal matrix. The interfaces among the oxides and between the 

oxides and the metal matrix were not always smooth. Ultimately it was determined that the 

fabrication of the samples by sintering did not produce any intermetallics. No intimate mingling 

of the oxides was observed and the interfaces among them were not snug. The same was found 

with the metal wrapping the oxide, there was no tight interface and some of the oxide became 

loose during metallographic preparation.  

Fabrication by Melting: The next approach was melting the metal components to establish 

better intimacy among the different interfaces to promote formation of intermetallics, better 

agglomeration of oxides, and the development of tight interfaces between the different phases. 

These prototype materials were produced using 410 stainless steel and Zr that was dried in the 

glove box before being added, since it comes in the wetted powder condition. The mixtures were 

all mixed together by roll milling for several minutes, then cold pressed at 10,000 lbs. before 

melting. The compositions are shown in Table A.4. The mixtures were melted in an argon 

atmosphere glovebox at 1600 
o
C for three hours and the furnace cooled. 

 

Figure A.6 shows the microstructure of composite AOC-2-10ox. The oxides agglomerated 

and some oxides were encapsulated within other oxides. In general, the interfaces between the 

metal matrix and the oxides were found to be very tight. The same intimate interface was found 

between the different oxides. The higher magnification image in Figure A.7 shows some porosity 

in these samples, but not to the extent seen in the sintered specimens. EDS analysis was carried 

out to characterize the oxide and look for the presence of intermetallics. The numbers in Figure 

A.7 indicate the locations of the EDS spot analyses reported in Table A.5. As before, Zr was 

only detected in the oxides (Spots 1-4) and it did not dissolve in the metal matrix (Spots 7 and 8). 

It was considered that the reagent Zr powder particles were covered with an oxide film despite 

the drying procedures followed within the glove box. This surface film might prevent Zr from 

dissolving in the liquid metal and prevent FeZr intermetallics from forming. An FeCrMo 

intermetallic precipitated along the grain boundaries of the matrix (Spot 6). The small amount of 

this intermetallic is most likely due to the low Mo content of 410 SS.  

 

Table A.4. Compositions of prototype AOC-2 mixtures (wt. %) 

 

Sample ID 410 SS Zr Mo La
2
O

3
 Nd

2
O

3
 Ce

2
O

3
 Total 

Oxide 

AOC-2-0ox 91.8 3.4 4.8 0 0 0 0 

AOC-2-5ox 87.2 3.2 4.6 0.8 2.5 1.7 5 

AOC-2-10ox 82.6 3.0 4.3 1.5 5.0 3.5 10 
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Figure A.6. SEM micrograph of AOC-2-10ox 

sample. 

 

Figure A.7. SEM micrograph of sample 

AOC-2-10ox, showing intimate oxide-metal 

and oxide-oxide interfaces. 

 

Table A.5. Results of EDS analysis of AOC-2-10ox composite (wt. %) 

 

Spot  O Cr Mn Fe Zr Mo La Ce Nd 

1 12.5 0.8 0.6 1.8 27.7 0.0 6.8 17.5 32.3 

2 12.3 1.2. 0.9 2.6 25.3 0.0 6.1 17.6 33.9 

3 8.9 1.3 1.4 0.5 1.0 0.0 7.9 25.9 53.0 

4 9.1 1.7 1.3 3.8 4.8 0.0 6.3 24.5 48.5 

5 8.7 1.9 1.6 1.6 0.8 0.0 7.1 26.7 51.5 

6 4.4 11.2 0.0 53.4 1.2 29.8 0.0 0.0 0.0 

7 3.0 12.3 0.0 78.3 0.2 5.5 0.6 0.0 0.0 

8 2.8 11.4 0.0 79.7 0.4 5.2 0.4 0.0 0.0 

 

 

A.1.4 Fabrication of 316L-Zr Specimens using Zr foil:  

The goal was to obtain FeZr and FeCrMo intermetallics similar to those found in AOC-0 and 

RAW materials. An 316L-Zr sample was fabricated with additions of Mo and Zr at 15.4 wt. %, 

for a total sample weight of 10 grams. Zr foil about 75 µm thick (Goodfellow Co.) was used; this 

was slightly polished, cleaned and cut into small pieces inside the nitrogen purged glove box. Zr 

pieces were placed at the bottom of the small crucible with 316L SS powder placed over Zr, and 

Mo powder on top. The crucible was transferred to the small resistance furnace inside the glove  

 
 

50 m
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(a) 

 

(b) 

Figure A.8. (a) SEM micrograph of AOC-1-0ox after melting at 1650 °C and (b) high 

magnification image of region with dissolved Zr. 

 

box, which had an argon atmosphere. Melting was conducted at 1650 °C for three hours, and 

then furnace cooled to room temperature. Although the sample failed to melt completely and 

most of the Zr pieces did not melt, analysis of a region of the alloy next to the Zr pieces shown in 

Figure A.8a did show some of the Zr had melted. Figure A.8b is a higher magnification 

micrograph of the region boxed in Figure A.8a. The EDS spot analyses were conducted at 

locations identified in Figure A.8b and the results are presented in Table A.6. The EDS results at 

Spots 1 and 5 show trace amounts of an FeZr FeCrMo intermetallic had formed.  

 

 

Table A.6. Results of EDS analysis of AOC-2-0ox composite (wt. %) 

 

Spot O Si Cr Fe Ni Zr Mo 

1 0.0 0.8 6.2 37.4 13.6 23.2 18.76 

2 0.0 0.0 18.8 51.0 6.7 0.0 23.61 

3 0.0 0.0 0.0 0.9 0.0 99.1 0.00 

4 1.8 0.0 18.5 49.8 6.6 1.0 22.28 

5 0.0 1.0 6.3 36.6 13.6 23.2 19.31 

6 2.0 0.0 14.3 66.6 10.7 0.0 6.26 

7 0.0 0.0 18.2 60.3 7.0 0.0 14.42 

8 0.0 0.0 16.2 64.6 8.1 0.0 10.31 

  

 
 Figure A.7. SEM micrograph of AOC-1-0x 

after melting at 1650C. 

 
Figure A.8. SEM micrograph of region boxed 

in Figure A.7. 

 

 
 Figure A.7. SEM micrograph of AOC-1-0x 

after melting at 1650C. 

 
Figure A.8. SEM micrograph of region boxed 

in Figure A.7. 
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APPENDIX B.  Equivalent Weight Calculation for AOC-0 

 

The alloy equivalent weight is the mass of an alloy oxidized by the passage of one Faraday of 

electric charge. It is calculated at the weighted average of values of M/n for each of the major 

alloying elements in the alloy as 
 




j jn

jfjM
W

)(

)()(

1
, (7) 

 

where, M(j) is the atomic weight of component j, f(j) is the mass fraction of component j in the 

material, and n(j) is the number of electron equivalents per mole of component j that is oxidized 

[ASTM G102].  The atomic weights of the constituent elements in AOC-0, the mass fractions 

(based on the batched composition given in Table 1, the number of equivalents for oxidation of 

each element, and the equivalent weight contributions of each element are summarized in 

Table B1. The oxide phases in AOC-0 do not contribute to the measured current, but the surface 

area they occupy on the electrode surface must be taken into account to determine the rate on the 

same area basis as the current density. The Zr and O in ZrO2 do not contribute to the equivalent 

weight used in the Faraday’s law calculations, but the area occupied by ZrO2 is included in the 

surface area of the electrode that was used to calculate the current density. Therefore, the total 

 
 

Table B1. Equivalent weight calculation for AOC-0 
 

Element 
Atomic 

Weight 
Mass Fraction 

Number of 

Equivalents, n 

Equivalent 

Weight 

Fe 55.85 0.3290 2 0.0118 

Cr 52.00 0.0847 3 0.0048 

Ni 58.71 0.0598 2 0.0020 

Mo 95.94 0.0124 4 0.0005 

Mn 54.94 0.0099 2 0.0004 

Mo 95.94 0.1020 4 0.0043 

Zr (in alloys) 91.22 0.1040 4 0.0046 

Zr (in oxide) 91.22 0.2206 0 0 

O (in oxide) 15.99 0.0770 0 0 

sum: 0.0284 

1/sum: 35.211 
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mass fraction of metallic elements used to calculate the equivalent weight is less than 1.00 to 

account for the presence of ZrO2.  The sum of the contribution of each element is in the 

denominator of Equation 7, and the inverse of the sum gives the equivalent weight of AOC-0. 


