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	b.  Publications

Members of this group published a total of six articles.
c.  Purpose

This program seeks to develop a predictive understanding of the physical and chemical processes that control alloy high-temperature oxidation and aqueous corrosion. We emphasize studies of model single-phase two-and three-component alloys, including cuprite-, alumina-, and chromia-forming systems. While focusing primarily on the early stages of oxidation, which are the most poorly understood, the program also follows the process of oxidation to the mature, "steady state" evolution. A unique combination of in-situ x-ray tools, state-of-the-art electron microscopy techniques, and multiscale-simulation capabilities are being used to identify and characterize the key interfacial processes and phenomena. The fundamental insights gained from these studies on model alloys will provide valuable guidance in the design of novel, oxidation-resistant alloys. Moreover, insights gained from experiment and simulation on significant atomic-level, interfacial and microstructural processes operating across a wide range of length and time scales will ultimately enable the development of quantitative multiscale predictive models of alloy oxidation. The program incorporates four broad scientific themes:

· Determination of the effects of chemical, physical, and structural driving forces on oxidation, including studies of stress-development, cross-current diffusion, segregation phenomena, and oxide and alloy phase stability, texture, and morphology.

· Studies of interfacial effects on oxidation behavior, including characterization of the structure and properties of the heterophase interfaces between the alloy and the growing oxide, and the evolving grain boundaries in the oxide and the alloy.

· Development of a predictive theory of alloy oxidation, incorporating inputs from both experimental studies and atomic level simulations; our ultimate goal is to develop a multiscale model of microstructural and chemical evolution during oxidation.

· Fundamentals of aqueous corrosion, including high-temperature water vapor reactions with surfaces and electrochemical surface reactions.

e.  Approach
P. Baldo (Scientific Associate, 50%), R.C. Birtcher (70%), J.A. Eastman (Group Leader, 70%), L.E. Rehn (100%), A.P. Paulikas (Scientific Associate, 100%), L.J. Thompson (Scientific Associate, 20%), B.W. Veal (90%), D. Wolf (25%), G. Zhou (post-doc, 100%).

This program follows a combined experimental and multi-scale simulation approach. Emphasis is placed on studies of model single-phase and two- and three-component alloys, including cuprite-, alumina-, and chromia-forming systems. For example, Cu-Au is chosen as a simple model system because Cu and Au are 100% solid-soluble at elevated temperatures, only one element of the alloy oxidizes, and Cu2O is known to form on Cu surfaces in a cube-on-cube orientation. Our studies make heavy use of three distinct types of tools, each providing information complementary to that obtained from the other techniques:

In-situ X-Ray Studies at the Advanced Photon Source

Angle-resolved x-ray scattering and fluorescence techniques provide depth-resolved compositional and structural information from surfaces, buried interfaces, and thin films or bulk materials. The penetrating power of a high-energy synchrotron source enables in-situ experimentation in non-vacuum environments. A dedicated facility similar to that being used in the highly productive ANL/MSD program investigating oxide thin film growth processes (58307 and 58926) was designed and built for studies of oxidation processes under controlled temperature and pO2 (in collaboration with P. Fuoss, FWP 58926). This same system is also suitable for other types of in-situ materials processing studies; for example, we have also recently initiated studies of metal hydriding behavior using this system.

A second facility exploiting x-ray synchrotron radiation at the APS has been developed to carry out in-situ measurements of strains in polycrystalline films. Growth strains, which develop in the oxide during the process of new oxide growth, are monitored to determine dominant mechanisms of the growth process.   

In-situ Electron Microscopy Studies

Complementary to most x-ray studies, which obtain information averaged over relatively large areas, in-situ electron microscopy studies provide the opportunity to obtain detailed information on a local scale. Argonne's Intermediate Voltage Electron Microscope (IVEM)-Accelerator facility is being used to study early stages of internal oxide formation and growth via oxygen implantation into samples at controlled temperature in the microscope. Additionally, the recent development of techniques for producing nanoparticles with a wide size distribution in the IVEM allows the possibility of determining in-situ the nanoscale size-dependence of oxidation processes. In-situ SEM experiments utilizing a recently procured environmental SEM in Argonne’s Electron Microscopy Center also provide the opportunity to monitor oxide nucleation and growth behavior. We are also collaborating with J. Yang (U. Pitt.) using a unique environmental cell TEM facility at UIUC. That facility is particularly well suited for studies of the oxidation of single-crystal alloy thin films. Such studies complement our in-situ x-ray studies of the same single crystal alloy systems. 

Multiscale Simulation

Our unique suite of atomic-level and mesoscale simulation codes is

capable of describing both metals and their oxides in a unified manner. These techniques are being used to provide an understanding of the atomic-level processes associated with the oxidation of metallic alloys. This includes full characterization of mechanical properties, including stress development, cross-current diffusional behavior, and the influences of interfacial structure and chemistry on oxidation processes. These approaches will provide insights and parameters into the mesoscopic oxidation model to be developed in this program, and will also provide feedback and guidance to the experimental studies. 

f. Technical Progress
In-situ X-Ray Studies at the Advanced Photon Source

Early-Stage Suppression of Cu (001) Oxidation: In-situ synchrotron x-ray studies of the early-stage oxidation behavior of Cu (001) reveal that for Cu2O nano-islands, the Cu-Cu2O equilibrium phase boundary is shifted to larger oxygen partial pressure (pO2) by many orders of magnitude relative to bulk Cu2O. Real-time scattering measurements find that an ordered surface structure appears with increasing pO2, followed by the nucleation of epitaxial Cu2O nano-islands. By adjusting the pO2, it is possible to reversibly grow or shrink these islands and accurately determine the equilibrium phase boundary. These observations also provide insight into the general stability of oxide nanoclusters grown by various techniques.

Effects of oxygen-induced surface structures on oxidation behavior: The thermodynamics of oxygen-induced structures on the Cu (001) surface were investigated this FY. We resolved a long-standing controversy in the surface science field regarding the stable reconstruction(s) on this surface. A significant weakness of previous surface science studies is that they have typically been performed at room temperature under UHV conditions (i.e., not under equilibrium conditions of temperature and oxygen partial pressure). As a result, it is perhaps not surprising that there has been disagreement as to whether a 
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 missing row reconstruction or a c(2x2) ordered structure is “the” stable structure on the Cu (001) surface. Our work has demonstrated very clearly for the first time that both structures are stable, but at different T-pO2 conditions. The c(2x2) structure is stable at elevated temperatures over a wide range of pO2. In contrast, the 
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 structure forms when samples are cooled below 200 C (and there is an equilibrium 2-phase region on the phase diagram until samples are cooled below 120 C). Both structures are reversible when pO2 and/or T conditions are changed, and the oxygen coverage on the (001) surface is also T and pO2, points that have not been recognized in previous studies. 

Oxidation Behavior of Cu-Ni Alloys: We also initiated studies of the oxidation behavior of Cu-Ni alloys. Alloying Cu with 10 at. % Ni was found to drastically change the oxidation behavior. For example, no ordered surface structures were observed at 500 C and a wide range of pO2, conditions that produce the c(2x2) structure on pure Cu. Also, rather than nucleating Cu2O nano-islands on the surface as pO2 was increased, in the case of Cu-10% Ni we observed competition between at least three oxide phases (NiO, Cu2O, and a phase that we have not yet identified).

In-situ Studies of the Oxidation of Single and Polycrystalline Alloys: Our goal in these studies is to obtain a better fundamental understanding of protective oxides, which form naturally on certain classes of alloys in high temperature environments, and are vitally important to energy generation technologies. Important examples are aluminas and chromias.  Growth of these protective oxides is governed by cross current diffusion through the oxide, of atmospheric oxygen and of cations, supplied by the substrate material. We have systematically studied thermally grown alumina and chromia protective oxides using x-ray techniques exploiting synchrotron radiation generated at the Advanced Photon Source. Studies have also been initiated on Cu and Cu-Au alloys to elucidate growth mechanisms that dominate after a continuous oxide layer has formed.  These quantitative studies, described in the following paragraphs, are providing new insights into the growth process. 

In-Situ Growth Stresses in Protective Oxides: Growth stresses significantly affect oxide morphology and adhesion. By monitoring the evolution of stresses during the growth process, one can obtain important insights into the nature of the controlling growth mechanisms. Systematic studies of the evolution of oxide stresses under different growth conditions (e.g., temperature, atmosphere) and with different alloy compositions and dopants are needed.  

We have developed a powder diffraction x-ray diffraction facility for use at the Advanced Photon Source to carry out in-situ measurements of growth strains in polycrystalline thermally grown oxides. The system incorporates a two-dimensional (area) detector to record the distorted Debye-Scherrer rings resulting from the in-plane scale compression and associated out-of-plane expansion. Extensive software development was required to extract quantitative strain information from the distorted Debye-Scherrer ring patterns. The facility is being used to examine strain evolution in chromias formed on Fe-25Cr-20Ni alloys, and in aluminas formed on -NiAl, including the creep response resulting from an applied stress. We have extensively investigated oxidation in -NiAl, including the dependence of oxidation on composition across the -phase field, the dependence of early stage oxidation on the crystallographic orientation of the substrate (with M. Rühle, Max Planck Inst., Stuttgart) and seeding methods to control the  ->  phase transition.  We have obtained systematic measurements from Ni-20Cr-19Al-0.05Y (in collaboration with A. Heuer, Case-Western Reserve Univ.), and have studied a series of iron-aluminides and Fe-Cr-Al alloys, including Fe-28Al, Fe-40Al, Fe-40Al-0.2Hf, Fe-28Al-5Cr, Fe-28Al-5Cr-0.2Zr, Fe-20Cr-10Al, Fe-20Cr-10Al-Hf (at. %, balance Fe). These Fe-based alumina formers are studied in collaboration with P. Y. Hou, LBNL. Oxides grown on these alloys have been previously studied, using a variety of indirect methods, to determine strain evolution during the growth process. X-ray methods have also been used but uncertainties in reported measurements are very large. Our new x-ray technique for measuring strains provides dramatic improvement in both accuracy and in the level of precision. A system upgrade, under construction, will permit measurements of growth strains under controlled pO2.  

Growth strains in iron aluminides: We have obtained preliminary measurements of strain evolution in Al2O3 thermally grown on a series of iron-aluminide alloys during isothermal oxidation in air at 1000°C (collaboration with P. Hou, LBNL). Alloys with and without added “reactive elements” were studied. Reactive elements (RE), such as Y, Hf or Zr, added in dilute quantity to the substrate alloy, dramatically improve oxide adherence and the protective quality of the oxide. Without RE’s, the oxides typically develop compressive growth stresses (which are apparently responsible for wrinkling in the oxides that has been previously observed). Compressive growth stresses as large as 200 MPa are observed, which typically show gradual strain relief as isothermal oxidation proceeds. This behavior is apparently controlled by the interplay of internal growth processes and creep relaxation in the oxide and/or substrate. Oxide failure is observed as the samples are cooled to room temperature; the developing residual stress is relieved as failure (debonding) occurs. When the alloy contains a reactive element, the thermally grown oxide is adherent, it remains smooth, a small tensile stress (~ 100 MPa) is typically observed at the growth temperature, and a large residual stress develops on cooling (as large as 1.6%). No strain relief associated with debonding is observed. The appearance of a tensile stress, possibly associated with the condensation of vacancies at grain boundaries, is unexpected. Measurements of strain evolution during oxide growth should provide new insights into the nature of the growth mechanisms.  

Oxidation of -NiAl: We have monitored the evolution of growth strains in Al2O3 as it forms on -NiAl at temperatures up to 1100 C, in air. In early stages of oxidation (less than 3 hrs at 1100 C), the oxide develops a large tensile stress (~ 600 MPa) which decays with time to a stress level near zero. It appears that the initial tensile stress is largely associated with a phase transition in the oxide. When Al2O3 develops at temperatures below about 1000°C, it generally forms in one of a number of transition alumina phases (, etc.). The transition aluminas, which are low-density cubic phases, slowly transform to -Al2O3 above ~ 1000°C.  The transformed -Al2O3 thus appears in an oxide matrix of contracting volume, with the consequence that the -alumina develops a tensile stress. In this experiment the appearance and eventual loss of the transition alumina is also monitored. In addition, our new technique has, for the first time, been able to monitor the growth strain in the transition alumina during this transformation period. The initial growth strains are significantly compressive, but slowly convert to a tensile condition as the transformation proceeds. Preliminary measurements of oxidation behavior were taken on (100), (110) and (111) faces of -NiAl. We found that the transformation rate was much slower on the (111) face. Since the transition-phase grows rapidly, a much thicker oxide developed on this face at the completion of the transformation. Transformation rates were also profoundly affected by the introduction of nucleating or seeding sites. A final polish with 1 micron alumina powder provides the needed sites to stimulate rapid nucleation.  More extensive studies are needed to clearly separate the influence of external seeding sites from intrinsic surface sites that might influence nucleation. When a reactive element (Zr) is added to the -NiAl, a large tensile stress is again observed in early oxidation, associated with the phase transition. However, even with extended oxidation (10 hrs), a tensile stress is preserved in the RE–containing alloy. It appears that tensile stress behavior is frequently associated with the inclusion of a reactive element in the substrate. The growth mechanism responsible for the tensile behavior is not understood.  

Creep in Al2O3 formed on -NiAl: We have examined creep behavior in -Al2O3 formed on -NiAl. This was accomplished by exploiting the thermal expansion difference between oxide and substrate. The oxide strain was monitored as the sample temperature was abruptly changed. When the temperature was lowered, a biaxial in-plane compressive stress was imposed on the oxide (which was constrained by the relatively massive substrate). Similarly, a tensile stress could be applied by raising the temperature. It was determined that, at low stress values (below ~200 MPa), the creep rate was proportional to the applied stress. The creep rate was consistent with predictions of the Coble model for grain boundary diffusion controlled creep. At higher stress levels, the creep rate showed power law behavior with the exponent increasing with applied stress. The activation energy, determined from the temperature dependence of the creep relaxation time, was found to be 4.2 eV.  

Internal growth in Cr2O3 formed on Fe-25Cr-20Ni: In this work, we have monitored the temperature-dependent development of compressive growth strains in Cr2O3, as the oxide nucleates and grows on Fe-25Cr-20Ni stainless steel alloy, and the response of the oxide to strain perturbations. We demonstrate that new (lateral) growth occurs within the existing oxide to generate large compressive stresses. (Growth does not occur exclusively at the oxide-atmosphere or oxide-metal interfaces, nor in grain boundaries parallel to the sample surface.) Thus the strain state depends on the interplay of compressive growth stresses that result from the internal deposition of new oxide, and plastic flow, which provides strain relief. After an oxide is grown (e.g., by isothermal oxidation), the strain state in the oxide can be abruptly shifted to zero with an appropriate temperature adjustment, by exploiting the thermal expansion difference between oxide and substrate. Remarkably, a compressive stress is rapidly re-established as oxide growth is permitted to proceed isothermally. This re-establishment of a high compressive stress condition must result from new growth occurring internal to the oxide, providing direct confirmation of the Rhines-Wolf model of oxidation. A simple analysis indicates that about 15% of new growth occurs internal to the oxide.  

Growth strains in oxide grown on Cu and Cu-Au alloys: Subsequent to the formation of a continuous oxide layer, growth strains were measured in Cu2O thermally grown on single crystals and polycrystalline samples of Cu and Cu-Au alloys. Oxidation of the (100) face showed that the oxide formed with a very strong structural coherence with the substrate. The coherence persisted as the oxide thickened to more than 1 micron, suggesting growth by inward oxygen diffusion. Growth strains were more reliably measured on small grain polycrystalline samples, since the extreme texturing associated with interface coherence, observed in single crystal oxidation, is no longer apparent. Large compressive strains (~0.4%) were observed in early oxidation that relaxed rapidly  (~50 min at 330 C) to a steady value of about 0.2%. The steady compressive stress suggests that cross diffusion of oxygen and copper atoms, meeting and growing internal to the oxide, sustains a compressive stress that compensates creep relaxation. Preliminary measurements on Cu-2.5%Au samples indicate that oxidation behavior is strongly influenced by a Cu depletion zone at the metal-oxide interface. Gold enrichment rapidly occurs since Cu/Au interdiffusion is very slow at 330 C.  

Growth strains in NiCrAlY and other bond coat materials: In collaboration with A. Heuer (Case-Western Reserve Univ.), we have obtained in-situ measurements of growth strains in the oxide formed on Ni-20Cr-19Al-0.05Y. Isothermal measurements were obtained at 950, 1000, 1050, and 1100 C. Small tensile strains were generally observed at the oxidation temperatures. This is consistent with other “reactive element” doped samples (in this case, Y) including -NiAl and Fe-Cr-Al, which show a surprising tendency to form oxides with tensile stresses at the oxidation temperature. Growth mechanisms responsible for the formation of steady state tensile stresses in the doped oxides are not yet understood. Other bond coat materials, prepared as films by physical vapor deposition, have also been examined. In-situ measurements of strains in bond coat samples of -NiAl, -NiAl(Pt), and NiCoCrAlY, supplied by H. N. G. Wadley (Univ. of Virginia), and by General Electric Corp. and Pratt-Whitney Corp., have also been obtained.  

In-situ Electron Microscopy Studies

In-situ TEM studies of single crystal Cu-Au alloy oxidation: In collaboration with J. Yang (U. Pitt.), we continued in-situ TEM studies of the oxidation of single crystal alloys. We investigated the oxidation of (001)-oriented single crystal Cu-Au alloys with varying Au content (≤ 38 at. %) at several temperatures using an in situ environmental transmission electron microscope (TEM). The saturation density of the oxide nuclei is increased by increase of Au concentration, while the growth rate of the oxide islands is decreased. In kinetic terms, the apparent activation barrier for oxide nucleation is decreased and the apparent energy for the oxide growth increases with the increase of Au content in the alloys. The trends with Au addition could result from a reduced oxygen sticking coefficient or reduced oxygen surface diffusion due to a change in surface structure and chemistry. Also, an Au-enriched surface layer may restrict migration of Cu to the surface.

The oxide islands have an initially compact shape. During growth, the square-shaped structures, with <110>-oriented sides, evolved into dendritic shapes. The growth of the oxide is accompanied by the ejection of Au from the growing oxide particle, leading to Au accumulation at the metal-oxide interface. During continued oxidation, the oxide islands on Cu-Au alloys exhibit dendritic growth under low oxygen pressure and high temperature. The critical size for the transition to dendritic growth increased with increasing Au concentration. The islands posses a fractal dimension of 1.87. We attribute the dendritic oxide growth to changes in the growth rates of the sides and corners of the oxide islands caused by Au-segregation around the islands. The Au concentration gradients that develop around the oxide structures inhibiting growth at the island edges while allowing growth at the island corners. At the transition from square to dendritic morphology, the growth rate along <110> directions normal to the island sides slows, while growth along <100> directions at the island corners remains rapid.

Multiscale Simulation

Mesoscale simulations based on the functional of virtual power dissipation were used to elucidate the complex, highly non-linear interplay between 
grain-boundary (GB) diffusion creep and GB-curvature driven grain growth. GB diffusion creep (Coble creep) is the dominant deformation mechanism in fine-grained polycrystalline materials under low stress and at elevated temperature. However, due to the topological inhomogeneities associated with the distributions in the grain sizes, the grain shapes and the GB misorientations, Coble creep is inevitably accompanied by grain growth. This growth can be driven either by GB curvature-induced migration of the GBs (“static grain growth) or by the topological discontinuities (such as grain switching) induced by the creep itself (“dynamic grain growth”). By systematically introducing topological inhomogeneity into an initially homogeneous model microstructure, our simulations have exposed the critical role of the dynamic grain growth in accommodating the deformation while avoiding microcracking. In particular, the dynamic growth was found to reduce the grain elongation induced by the Coble-creep, thus maintaining a more equiaxed grain shape than without growth accommodation of the deformation. Accommodation of the Coble creep by simultaneously occurring static and dynamic grain growth thus enable the creep deformation to proceed in a stable manner to rather large strains while preserving nearly equiaxed grain shapes. By contrast, if the accommodation of the deformation by grain-boundary migration is suppressed, microstructural and topological instabilities occur already for rather small strains.

g.  Future Accomplishments

In-situ X-Ray Studies at the Advanced Photon Source

Early-Stage Oxidation of Model, Single-Crystal Alloys: We will continue to determine the effects of temperature, pO2, alloy composition, substrate-induced strain, and surface orientation on oxidation behavior of model alloy systems. Cu-Ni and Cu-Au alloy systems are of initial interest. In the former case, we will focus on determining the phenomena that control competition between surface and internal oxidation, and between several possible oxide phases that may form. In the case of Cu-Au, the situation is simpler in that only one species in the alloy (Cu) readily oxidizes. Nonetheless, the possibility of surface segregation and evolving alloy composition as oxidation progresses are expected to lead to interesting behavior that will provide important insight into general oxidation processes in other alloy systems. We will also modify our in-situ oxidation system to allow exposure of samples to high-temperature water vapor under controlled conditions. These studies of aqueous corrosion will complement planned studies of electrochemical corrosion by H. You (FWP 58926). Corrosion behavior of other materials, such as semiconductors for solar energy generation, will also be examined.

Influence of Oxide Particle Size on Alloy/Oxide Phase Boundaries: Possible explanations for the Cu/Cu2O phase equilibrium shift of many orders of magnitude away from bulk behavior for nanometer-sized Cu2O oxide particles growing on thin Cu films, and the unusually flat temperature, include the effects of particle size, surface structure, and substrate-induced strain. In order to isolate the mechanism behind this unusual behavior, we have initiated oxidation experiments using the gas-handling system and sample chamber from the APS experimental runs. Based upon experience gained previously from measurements of the growth-rates of thin silicide surface films driven by radiation-induced segregation, we have developed a technique for measuring oxidation/reduction equilibrium utilizing infrared pyrometry. The primary motivation for this development is to extend the oxidation studies to reactive-ion and atomic-oxygen environments. An added benefit of this development is an improved temperature measurement and environmental characterization for the in-situ work. SEM is employed to determine the size of the oxide islands. Our preliminary experiments indicate that the technique is sufficiently sensitive to distinguish between the possible mechanisms.
Initially we will use infrared pyrometry to reproduce the APS results on thin, evaporated Cu films. Next we will determine the pertinent phase boundary on “thick” Cu specimens, i.e., 2-3 mm slabs of single-crystal samples that have been studied to some degree at APS, but which are less suitable for the x-ray scattering techniques because their electropolished faces are not atomically flat. Once validated, the technique will be used to probe the effect of oxide-island size on the resulting equilibrium. This will be accomplished by oxidizing the specimen to different degrees, i.e., producing islands of different sizes, and then subsequently determining the equilibrium boundary for each of the different sizes. We are also interested in probing whether the reduction of thick oxide layers occurs by the nucleation and growth of nanometer-size Cu islands. We will perform the series of experiments described above on various Cu alloys. A plasma gun will be interfaced to the chamber to explore the role of reactive-ion and atomic-oxygen environments on oxidation/reduction equilibria. 

In-situ Studies of the Oxidation of Polycrystalline Alloys: Oxide growth occurs as a result of diffusion of oxygen from the atmosphere and metal atoms from the alloy. It is believed that relative diffusion rates can be controlled with dopant additions in or on the alloy, i.e., with addition of a “reactive element”. A consequence is that, with doping, the location of new oxide growth can be varied within the oxide between the top surface and the oxide-metal interface. This offers the opportunity to control the nature of oxide growth and influence growth strains that result in creep and failure of the oxide. Components of these phenomena will be de-coupled and investigated. Initial studies of growth strains, strain evolution 
during isothermal oxide growth, and creep behavior have been described above.  Oxide composition, phase and microstructure evolution will be correlated with strain and creep behavior. 
The evolution of growth strains can provide key information about growth mechanisms. An issue of growing interest, and potential importance, is the recent unexpected appearance of tensile strains in evolving oxides, especially in oxides formed on RE-containing alumina-forming alloys.  Circumstances, under which tensile behavior occurs, must be systematically investigated in a variety of alloys, to ascertain the conditions, and identify the growth mechanisms, that give rise to this behavior. The development of growth strains has a major impact on oxide mechanical stability.

The oxidation of elemental metals (e.g., Cr, Ni and Zr) will be studied.  Alloys such as Ni-Al, an alumina former, and Ni-Pd, a NiO former, will be studied in their two-component forms and with "reactive element" dopant additions such as Y or Zr. Selected chromia and alumina forming ternary alloys will also be investigated. Chromias and aluminas are among the most adherent, corrosion inhibiting oxides.  For model studies, ternaries (e.g., Fe-Cr-Ni) are often more suitable than binaries (e.g., Fe-Cr, Ni-Cr) since the binary alloy compositions which form continuous aluminum or chromium oxides are frequently multiphase. The thermodynamically stable Al2O3 phase is the most adherent high temperature (>1100°C) protective oxide, but it displays significant complexity in its formation, passing through a series of metastable phases below 1100°C.  However, Cr2O3, which is also protective, remains single phase as temperature is varied. Nonetheless, many of the growth mechanisms active in the formation of these two oxides are believed to be similar.  

Growth strains will be systematically measured, in-situ using x-ray diffraction, in the oxides grown on alumina-forming iron-aluminides, Fe-Cr-Al (with P. Hou, LBNL), and Ni-Cr-Al (with A. Heuer, Case-Western Reserve Univ.) alloys, with and without RE additions.  The role of sulfur will also be investigated with studies of S-free alloys and alloys containing controlled concentrations of S.  Recent work has shown that S plays a major role in the adhesion of protective oxides.  

The atomic composition of the oxide that forms on Fe-Cr-Ni (and other ternary) alloys changes during growth from having a cation composition equivalent to that of the alloy to that of a thick pure Cr2O3 at long times. This evolution will be investigated using ion beam techniques. Rutherford backscattering and nuclear reaction analysis will be employed to determine the metallic composition as a function of depth at different times during oxide growth. Similar studies will be conducted on Ni-Pd and Ni-Al alloys. Diffusion of oxygen and location of new growth within the evolving oxides will be determined using oxygen isotopes 16O and 18O and nuclear reaction analysis. Measurements on oxides formed at different temperatures will allow extraction of the kinetics of diffusion and phase formation. Phase evolution and composition of the oxide will also be studied using x-ray diffraction, x-ray fluorescence, Raman spectroscopy (with M. Grimsditch), and XPS.

Microstructures in thermally grown oxides are highly varied and are thought to be intimately related to strain evolution and creep properties and to oxide adhesion.  Columnar structures (or a layering of columnar and equiaxed structures) are typically found in the most adherent oxides. Electron microscopy will be used to determine the morphology of the oxide on selected alloys, including FeCrNi, at different stages in the oxidation process. The results will be correlated with growth strains and evolution of the composition and phase distribution in the oxides.

In-situ Electron Microscopy Studies

Studies using an environmental TEM at UIUC will continue (in collaboration with J. Yang, U. Pitt.). Studies of single-crystal Cu-Ni alloys will provide local information on oxide morphology complementary to the information being obtained on the same alloy system via in-situ x-ray techniques. As with the x-ray studies and our previous TEM studies of the oxidation behavior of Cu-Au alloys, we will systematically probe the effects of composition, oxide-alloy misfit strain, surface orientation, temperature, and pO2 on oxidation behavior. A recently procured environmental holder for the IVEM will also be used to perform some of these experiments at Argonne (under better resolution conditions than in the microscope at UIUC, and with the advantage of also being able to use EDS in-situ to monitor possible compositional segregation in the vicinity of growing oxide islands).

Studies of the oxidation behavior of alloy nanoparticles will continue. Materials in the nanometer size regime frequently exhibit properties and behaviors that differ significantly from those of the bulk. For example, alloy ordering behavior, segregation phenomena, and residual strain may all depend on size, and may all influence oxidation behavior. In addition, the absence of defect structures and the limited number of nucleation sites available in nanoparticles allow protective epitaxial oxides to form. The understanding of such phenomena is being pursued in this program. Nanoscale oxide precipitation under electron irradiation following ion implantation is believed to be influenced by changes in oxygen diffusion kinetics induced by electronic ionization due to the electron beam. The basic mechanisms responsible are under investigation through variation of controllable parameters. The relative oxygen implantation and electron fluxes will be varied. To test these ideas, the 
ionization rate will be varied by changing the electron beam energy. The implantation temperature will be varied to investigate the migration 
kinetics and phase stability. Several alloy systems will be examined to determine the general nature of the effect.

The recent development of techniques for producing nanoparticles with a wide size distribution in the IVEM electron microscope allows the possibility of determining in-situ the nanoscale size-dependence of oxidation processes. An environment holder for the IVEM has been acquired and testing and thermal-couple calibration are underway. This holder allows gaseous treatment of a specimen at elevated temperatures in a chamber external to the microscope. Specimens may be repeatedly viewed after treatment without temperature change or removal from the holder. Initially the gas environment will be oxygen-argon mixtures, however other gases can be used. This holder has also been interfaced to the external oxidation chamber used in the ASP experiments. In preliminary experiments thin films of copper have been heated in the microscope to demonstrate that the vacuum is low enough to reduce copper oxide to clean copper. Our ion-beam technique has been used to produce nanoparticles of copper. These techniques will be combined to study oxidation of copper as a function of particle size. 

Development of a Predictive Theory of Alloy Oxidation

We will extend the mesoscale simulation approach for polycrystalline materials presently being developed under FWP 58307 (“Interfacial Materials”) to the oxidation of polycrystalline alloys. Fundamental atomic-level materials input will be provided by atomic-level simulations of oxidation (performed in collaboration with S.R. Phillpot, U. FL) using the ES+ approach of Streitz and Mintmire, which allows both metals/alloys and oxides to be treated together in a self-consistent manner within a single simulation. These simulations will provide insights on mechanisms and parameters, such as diffusion rates and oxidation rates. Our mesoscale simulation approach is based on the Needleman-Rice functional formulation of virtual-power dissipation and is incorporated within a finite-element computational platform. A key feature of this approach is that each mechanism (e.g. grain-boundary diffusion, chemical oxidation, grain-boundary migration, deformation processes, etc.) can be explicitly incorporated as distinct terms in the power functional. This approach enables dynamical simulations of how the microstructure evolves during oxidation, including the effects of internal stresses developing during oxidation, with input parameters determined by the atomic-level simulations. The mesoscale simulations will allow us to simulate oxidation of both textured and non-textured polycrystals from the very earliest stages to the time at which a thick oxide layer has been formed.

As near-term goals of this program, we will develop the methodology required to incorporate oxidation into our existing mesoscale simulation code. The mechanistic information and materials parameters required by the mesoscale simulations will be derived both from experimental results and from the atomic-level simulations.

h.  Relationships to other projects

Extensive interactions exist with several ANL programs, including Interfacial Materials (58307), Synchrotron Radiation Science (58926), the Electron Microscopy Center (58405), Nanostructured Thin Films (57504), and Directed Energy Interactions with Surfaces (58600). Collaborations exist or are planned with applied programs in MSD Materials Chemistry and the Energy Technology Division, as well as with university programs at University of Pittsburgh, University of Illinois-Urbana Champaign, University of California-Santa Barbara, Case Western University, University of Florida, and other government laboratories including Lawrence Berkeley Laboratory, Oak Ridge National Laboratory, Sandia National Laboratory, and Idaho National Engineering and Environmental Laboratory. We also collaborate with researchers at the Max-Planck-Institut für Metallforschung in Stuttgart, Germany.
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