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REPORTING REQUIREMENTS

	Reporting of results/findings within this Field Planning Proposal is accomplished by publication of an annual report to DOE. The work progress will also be reviewed at the DOE/OE annual program Peer Review meeting. Non-propriety results will be presented at technical meetings and published in peer reviewed journals. Well-established procedures will be followed for reporting inventions. Invention reports will be sent to DOE and patent applications will be filed as appropriate.

	*Technical services staffing includes ANL support divisions’ scientific effort.


A.
Strategic Context

The Superconductivity Technology Program for Electric Power Systems, in DOE’s Office of Electricity Delivery and Energy Reliability (OE), has the lead federal role in promoting/developing electric power applications based on high-critical-temperature superconductors (HTSs).  The broader HTS program is pursuing both conductor optimization and system development activities.  The near–term goal of conductor optimization activities is to establish technology for commercially useful superconducting cables and prototype electric power devices by or before 2010. To expedite the commercialization of HTS technology, we collaborate with and support participating industries and other national laboratories by providing unique specimen evaluation capabilities through the Coordinated Characterization of Coated Conductor (C4) program described in this Field Planning Proposal.  

B.
Performance Measures

A number of specific applications for HTS technology have been identified wherein coated conductor performance characteristics are expected to meet the goals for application to commercial systems by 2010.  These include fault-current limiters, transmission cables, transformers, motors, generators, and power conditioning systems. Argonne is working with US industries and other national laboratories to foster the development of practical coated conductors with the desired superconducting and mechanical performance properties. The principal performance metric of the OE HTS Program is the commercialization of HTS technology in a manner that benefits both energy efficiency and energy assurance. The metric for gauging Argonne’s performance relates to the significance of Argonne’s contributions to the advancement of coated conductor technology.

C.
Technical Plan and Objectives 
This program incurred a 25% reduction of funding in FY 2007 (compared to FY 2006). Nonetheless, we have been able to maintain the breadth of our characterization activities and have worked diligently to meet the specimen examination needs of our two industrial partners. The productive and rewarding collaborations with our national laboratory partners that were curtailed considerably in prior years due to funding reductions have stabilized to some extent but are only focused on issues that are directly related to the goals of our industrial partners.  In the present program, we are concentrating our efforts on meeting the characterization needs of our two principal industrial Cooperative Research and Development Agreement (CRADA) partners, AMSC and SP. 

FY 2007 Results: In FY 2007 we maintained our CRADA-based interactions with both AMSC and SP by continuing to broadly access the Electron Microscopy Center at Argonne to address the significant performance-limiting issues for long-length coated conductors.  We continued to implement our complete coordinated characterization methodology, utilizing MOI, Raman microscopy, FIB-assisted scanning electron microscopy (SEM), and transmission electron microscopy (TEM), to identify the specific types of defects that degrade superconductor performance.  The detailed microstructural information we are providing is contributing new insights into YBCO growth processes on the respective coated conductor architectures under development by AMSC and SP. In FY 2007, we completed the fabrication of in-house instrumentation to measure critical current in test specimens as a function of field angle and accelerated our modeling studies to elucidate a specific set of flux pinning issues in coated conductors.
SuperPower CRADA: Segments of coated conductor tapes fabricated by SP using their metal-organic-chemical-vapor-deposition (MOCVD) processing method were subjected to our integrated MOI/Raman/FIB-SEM/TEM protocols. The FY 2007 work addressed three types of tape fabrication issues. For one series of tapes, the emphasis was on elucidating the cause(s) of end-to-end Ic variations in long length tapes. C4 examinations showed a correlation between increasing tilted grain structure (mainly a-axis grain growth) and decreasing critical current density, Jc. Also, there is MOI evidence for a global defect structure (through-thickness) that may be limiting progress towards higher Jc. This defect structure emanates from imperfections at the YBCO/substrate interface and may be related to through-process temperature variations. For a second series of tapes, the emphasis was on track-to-track reproducibility during multi-pass MOCVD deposition of YBCO. FIB assisted SEM revealed a poorer growth profile and profuse CuO nucleation on the "outer" tracks, but better structured, more uniform growth on the center tracks. Raman microscopy showed that there is indeed more CuO on the edge tracks and that there is a progressive increase in tilted YBCO grain colonies with increasing thickness, i.e., increasing tilted YBCO, with each pass of the multi-pass process. There seems to be a cross-tape asymmetry in the microstructural character of the conductor that is caused by factors related to the deposition dynamics along the edges of the outer tracks. For the third series of tapes, the emphasis was on examining through-thickness phase and microstructure by studying specially made tape fabricated at SP in a manner that produced a continuous taper in the YBCO film thickness from one end of the tape to the other. Along the length of this tape, the YBCO thickness varied from <200 μm to >1.2 μm. Raman and FIB assisted SEM analyses uncovered a number of very informative features. There was abundant evidence that a-axis YBCO grain colonies nucleate next to CuO crystallites, that the number of CuO crystallites seems to taper off with increasing YBCO thickness up to about 0.6 μm, then starts increasing again as the YBCO film continues to grow. The often observed, steady increase in tilted YBCO grain colonies with increasing MOCVD YBCO film thickness is clearly evident in this taped YBCO film specimen. Detailed analyses of the Raman spectra allowed a quantification of this “a-axis grain” effect for comparison with other types of YBCO deposition processes (e.g., PLD and MOD). Amorphous carbon (a matter explored intensively in FY 2006) is still seen with regularity in all of the specimens from SP.
A comprehensive peer reviewed journal paper describing the up-to-date results of our ongoing assessment of Raman spectroscopy as an on-line interrogation tool for monitoring (and possibly controlling) the MOCVD deposition process has been accepted for publication in Applied Spectroscopy. Beyond this assessment of data gathered over the past two years, we have not been able to advance the on-line Raman development work due to the aforementioned funding reductions and the need to perform higher priority measurements.
In collective summary of the C4 examinations of SP’s long-length MOCVD-coated conductor tapes performed in FY 2007 at Argonne, it is still generally apparent that the MOCVD-type deposition process produces a dense (low porosity), mostly uniform YBCO film. These films, whether deposited in a single pass through the MOCVD chamber or by multi-pass layering, show domains of columnar YBCO grain growth (a-axis grains) that increase in number through thickness from the substrate surface to the topmost layer. Grain boundary connectivity appears to be well developed, with little tangible evidence of meandering boundaries. The carbon-containing phases, possibly residues from the precursor pyrolysis reaction, occur in a uniformly distributed pattern throughout most of the films examined at Argonne to date. The extent to which these carbonaceous residues have any adverse (or beneficial) effect on the performance of the MOCVD coated conductor manufactured by SP is still under investigation.
American Superconductor CRADA: In FY 2007, we continued to work with AMSC on a variety of studies relevant to the optimization of their metal-organic-deposition (MOD) process using our cadre of C4 characterization tools. This work covered MOD produced tape specimens comprised of both pure YBCO and rare earth-added YBCO (RE-YBCO) films. The source of the planar defects that are believed to boost Jc in magnetic fields (H) with H//ab for pure YBCO films were studied in considerable detail. Raman and electron microscopy examinations provided strong evidence for the presence of a “cuprite” (Cu+1)-containing phase or moiety (hereinafter referred to as the cuprite entity) near the end of MOD precursor conversion that seems to serve as a nucleation site for the planar defects. C4 analyses of AMSC-produced samples from a campaign to study the influence of conversion reaction (CR) time on the formation of the cuprite entity revealed that it most probably evolves from Cu2O present during the early stages of the precursor conversion process. C4 examinations of specimens from related studies of the influence of CR temperature showed that the overall YBCO film microstructure is highly sensitive to reaction temperature and is easily disrupted (to the detriment of performance) by shifts of more than 5oC above or below the optimum CR temperature. C4 also revealed that vacuum heat treatment of post-conversion MOD YBCO films caused the YBCO to become purely tetragonal with little evidence of the cuprite entity. Studies of the effect of temperature and oxygen partial pressure (pO2) during post-anneal (to form orthorhombic YBCO) provided evidence that the planar defect density is sensitive to both of these post anneal parameters, giving rise to the possibility of finding optimization headroom in the post anneal process.
Our C4 examination procedures were also applied to several series of RE-YBCO films produced by AMSC. C4 analysis of specimens from conversion reaction time studies on MOD-based RE-YBCO films showed that the cuprite entity also forms in the presence of added RE elements but appears to react with excess (Y,RE)2O3 to form (Y,RE)2Cu2O5, also known as the “202” phase. C4 examinations of samples from CR rate, line speed, and pO2 at cool-down variation tests showed mainly that high pO2 during cool-down increases cation disorder, reduces cuprite content, and concomitantly reduces the H//ab pinning strength of the fully processed tape. In related C4 analyses of RE-YBCO samples that focused on reaction temperature as a variable, it was found that residual CuO content increases with increasing temperature. In addition, we performed C4 examinations on several hybrid YBCO/RE-YBCO/substrate bilayered films produced by AMSC. These studies revealed a propensity for reduced a-axis grain colony growth and cation disorder in the RE-YBCO layer compared to the pure YBCO layer. We also detected Ba2Cu3O5 within and on top of the pure YBCO upper layer.
Through collaborations with colleagues at Los Alamos National Laboratory and at the University of Wisconsin/Madison, we were able to obtain a series of step-milled samples composed of PLD YBCO on single crystal substrates, MOD YBCO on RABiTS templates, and a YBCO/RE-YBCO bilayer on a RABiTS template. Step-by-step Raman analyses revealed trends in cation disorder and a-axis grain growth through-thickness that correlated with Jc performance as a function of thickness. It was proposed that cation disorder may constitute a point-defect-type flux pinning center. This proposition is undergoing further study that should be completed by the end of FY 2007.
Finally, a model has been developed that allows the prediction of the aggregate, angle-dependent flux pinning force in YBCO films containing an ensemble of variably shaped defect types. The model provides a means of summing the individual defect contributions to the total flux pinning force as a function of the aspect ratio of the individual defects. This model, which allows the identification of the principal defect types contributing to the flux pinning as a function of the angle of the field in respect to the YBCO c-axis, has been successfully applied to a few test specimens produced by AMSC.
A total of six peer reviewed publications emanating from the results of this Field Planning Proposal were published or accepted for publication in the FY 2007 time frame. Members of the Argonne staff assigned to this project attended relevant superconductivity conferences and symposia, presented several invited and numerous other contributed papers, and served as session organizers and chairs. The staff also contributed to the planning and execution of the 2007 DoE/OE Wire Development Workshop.
Plans for FY 2008 and FY 2009: The primary focus of our efforts in FY 2008 and FY 2009 will be to apply our C4 approach to state-of-the-art coated conductor specimens supplied by our CRADA partners—AMSC and SP. Both companies have critical near-term milestones that center on the ability to produce kilometer lengths of high-performance (end-to-end) coated conductor. Effective contributions by Argonne will come from studies of high- and low-performance specimens and from coordinated examinations of post-deposition, post-conversion, and fully-processed tapes.
With SP we will focus on process improvements to eliminate end-to-end performance variations, track-to-track microstructure variations, and the chemical/microstructural issues that appear to be responsible for a-axis grain growth. Reformulation of the precursor composition, elimination of outer track deposit asymmetries, more precise temperature controls, and clarification of lingering concerns about residual process carbon are among the corrective paths we plan to pursue with SP. We will attempt to resume work with SP to follow through on the implementation of the fiber-optic Raman microprobe currently installed at their facilities in Schenectady, NY
We will continue to collaborate with AMSC on the optimization of their precursor conversion process to obtain high Jc performance at all field angles.  We will also work with AMSC to identify and characterize key microstructural and compositional defects that develop during the nucleation and growth of high-Ic YBCO and RE-YBCO films (and “hybrid” versions thereof) prepared and provided by AMSC using their MOD process. Argonne and AMSC will work together to evaluate the findings and develop correlations with electrical performance properties. We will investigate phase evolution during the early stages of MOD precursor conversion using Raman microscopy and electron microscopy methods. Argonne will also work with AMSC to devise experiments and models that clarify operative flux pinning mechanisms in YBCO coated conductors—the objective being to create and control flux pinning architectures in the various long length YBCO conductor embodiments now being produced by AMSC.  

Over the last year or two, the improvement of flux pinning has emerged as a fruitful way to further increase Ic performance.  Rare earth substitutions and additions have proven to be the most successful approaches.  We will continue to characterize the density and sizes of second phase pinning defects (e.g., RE2O3) and to test the improved performance against our aspect ratio-based flux pinning model.  Improvements will be made to the model by extending it to higher fields, coupling the model with SEM-based three-dimensional analysis of defect morphologies in MOD films, and using the model to assess the magnitude of contributions from point pinning defects, e.g., cation disorder. In conjunction with this model development/application task, we will continue to examine step-milled samples prepared by our national laboratory and university collaborators. Understanding the nature of optimum flux pinning architectures is vital due to the variable compatibility of some defect types with specific fabrication methods. The ability to tailor flux pinning in MOD and MOCVD YBCO films will be a forefront goal of this research.
The additional funds requested for FY 2008 and FY 2009 are needed to augment the electron microscopy aspects of the C4 program. The focused ion beam (FIB) facilities at Argonne are now heavily subscribed to by an increasing number of Electron Microscopy Center users. A FIB instrument that is dedicated to the C4 program at Argonne, together with an additional qualified operator, would greatly increase our ability to meet the sample analysis demand from our industrial partners and our national laboratory collaborators. Also, the contributions we have been able to make to the development of Raman spectroscopy as an on-line/in situ process monitoring tool for coated conductor manufacturing facilities have been hampered by manpower limitations and a shortage of funds to construct in situ probe assemblies.
D. Other

NEPA
An environmental evaluation has been completed in accordance with the DOE-approved ANL-E process for implementation of the National Environmental Policy Act. The process demonstrated that a categorical exclusion is applicable.

Quality Assurance

The Materials Science Division and the Chemical Engineering Division of Argonne National Laboratory have Quality Assurance (QA) Plans that are based on the Laboratory's Quality Assurance Program Plan and DOE Order 414.1 and that establish the quality assurance policy and procedures that govern all Argonne work activities.  The specific quality assurance requirements and responsibilities that apply to the work efforts associated with each Division research project are described in a project QA Appraisal Questionnaire or a project QA Plan.  Conformance with these project documents helps assure the validity of the results and conclusions of the work performed and compliance with the budget and schedule requirements for these projects.  

