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This program seeks to provide an understanding of the interplay between the numerous complex processes that control the oxidation behavior of metals and alloys. While oxidation plays an enormous role in technology, and consequently has motivated decades of previous study, understanding of the structure-chemistry-property relations that govern oxidation remains inadequate. Our program provides new insight into oxidation behavior by using synchrotron x-ray techniques to obtain structural, chemical, kinetic, and thermodynamic information, in-situ, as oxidation proceeds. In-situ transmission and scanning electron microscopy provide additional information on oxide morphology, nucleation and growth kinetics, and local composition. We focus on determining:

· the initial growth behavior of oxide islands on metal and alloy surfaces, where in-situ techniques can be used to study the catalytic properties of oxide structures during redox reactions;

· the factors that control later-stage growth of continuous, macroscopically-thick oxide layers, where in-situ studies for determining growth mechanisms can inspire new strategies for protective oxide development.
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c. Purpose: 

In this program we address major unresolved issues associated with both early-stage behavior, during which oxide islands nucleate and grow, and later-stage growth, following island coalescence into a continuous layer. In both regimes, a complex interplay of many atomic-level and mesoscopic processes determines behavior. Phenomena that must be better understood to achieve the ultimate goal of providing a predictive understanding of oxidation behavior include:

· oxygen absorption and possible ordering (i.e., reconstructions) on the metal or alloy surface, particularly with respect to how this affects oxide nucleation and growth,

· surface, grain boundary, and heterophase interface segregation of alloy elements and possible impurity species, including the effects of environment (temperature and gas species) on segregation behavior,

· size effects, including not only alloy and oxide grain size, but also the oxidation behavior of oxide-supported metal and alloy nano-islands,

· kinetically-driven phenomena, including bulk and grain boundary diffusion, segregation, and deformation mechanisms that accommodate stresses in the growing oxide,

· phase equilibria in a steeply graded pO2 environment, including oxide stability during early growth, and effects on stress development from phase transformations in polymorphous oxides during later-stage oxidation.

e. Approach: 

H. Iddir, (post-doc, 100%), P. Baldo (Scientific Associate, 50%), J.A. Eastman (Group Leader, 70%), D.D. Fong (100%), A.P. Paulikas (Scientific Associate, 100%), L.J. Thompson (Scientific Associate, 20%), B.W. Veal (90%), G. Zhou (post-doc, 100% through Dec. 2006).

f. Technical Progress: 

Highlights of recent results include:

· Resolving a controversy in the literature, we discovered that two O-induced ordered surface structures exist on Cu (001), stable under different conditions of oxygen partial pressure (pO2) and temperature. While the low temperature phase had been observed before, we were the first to determine the equilibrium conditions under which it is stable. We also were the first to identify and solve the structure of the higher temperature phase that is present during a wide range of oxidizing conditions.

· From in situ TEM observations (in collaboration with J. Yang, U. Pittsburgh), we determined the oxidation kinetics of Cu-Au alloys as functions of composition, temperature, and oxygen partial pressure. This provided important insight into the effects of alloying on oxidation mechanisms.

· We provided insight into the activity of Cu surfaces in catalyzing methanol oxidation. Using in situ x-ray scattering techniques, we determined that conditions of maximum catalytic activity correspond to pO2 where an oxygen-stabilized surface structure is stable. Higher pO2 conditions that result in bulk oxide phase formation, however, correspond to lower catalytic activity.

· We have continued to develop and refine a state-of–the-art capability for measuring in-plane strains in polycrystalline films, with data recorded in-situ, at temperatures up to 1100 °C. The technique exploits XRD measurements, with the sin2y method, using synchrotron radiation. We have studied the growth and evolution of thermally grown aluminas on a variety of alumina-forming alloys and have demonstrated that large strains are often associated with different oxide growth processes.

· In studies published recently in Nature Materials, we found that surprisingly large tensile stresses spontaneously develop in a-Al2O3 thermally grown on an Fe-20Cr-10Al(Y) alloy. The tensile stress develops as the early oxide, an Fe and Cr-rich mixed sesquioxide, (Fe,Cr,Al)2O3, converts to a-Al2O3 during the growth process. A lattice parameter contraction, which accompanies the composition change, leads to a tensile stress in the constrained oxide. We also find that stress is relaxed by creep in the oxide.

g. Future Accomplishments: 

This FWP is scheduled to terminate at the end of FY 2007.

h. Relationships to Other Projects: 

We collaborate on atomistic simulation of oxidation processes with Larry Curtiss and Peter Zapol (ANL FWP 58510). The theoretical and computational insight provided by Curtiss and Zapol significantly enriches our experimental directions. Hakim Iddir, a post-doc guided by Curtiss and Zapol, devotes 100% of his effort to the scientific goals of this program. 

Additional strong collaborations, both inside and outside Argonne, contribute to the success of the program. We work particularly closely with P. Fuoss of MSD’s Synchrotron Radiation Studies Group (ANL FWP 58926), who, while not funded by this program, is an active participant in the early-stage oxidation experiments. Fuoss has over 20 years experience in using synchrotron x-ray techniques for in-situ characterization. He also was one of the early developers of the surface-sensitive grazing-incidence diffraction techniques that are being used in this program

Outside collaborators of particular note include P. Hou (LBL), J. Yang (U. Pittsburgh), A. Heuer (Case Western) and E. Stach (Purdue). Hou is an expert in high-temperature oxidation and is working closely with Veal on several of the in-situ x-ray studies described above. Yang is well known for her extensive in-situ TEM studies of early-stage oxidation. Guangwen Zhou was the first Ph.D. student to graduate from her group. We collaborate with Prof. Yang on TEM studies of alloy oxidation. Our collaborations with Prof. A. Heuer and his Ph. D. student, A. Reddy, focus on oxidation studies of NiAl and NiCrAlY, alloys of interest as bond-coat materials in thermal barrier coatings. We recently initiated a new collaboration with Stach, who is in the process of installing a new TEM at Purdue that will have unprecedented capabilities for in-situ studies. Through that collaboration we will initially investigate substrate-metal nano-island interactions during early-stage oxidation and catalytic reactions.
i. NEPA Requirements Required:   

NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B.

m. ES&H Considerations:  

Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply.



