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Introduction to the Advanced Industrial Materials (AIM) Program
Office of Industrial Technologies

Fiscal Year 1998

C. A. Sorrell, Program Manager

he Advanced Industrial Materials (AIM) Program is in the Office of Industrial
Technologies (OIT), Energy Efficiency and Renewable Energy, U.S. Department
of Energy (DOE). The mission of AIM is to ? support development and

commercialization of new or improved materials to improve energy efficiency,
productivity, product quality, and reduced waste in the major process industries.?  AIM
investigators in the DOE national laboratories are working closely with approximately
100 companies via a range of mechanisms, including Cooperative Research and
Development Agreements (CRADAs), User Centers, and informal partnerships. Research
and development is being performed in a wide variety of materials technologies,
including metallic and intermetallic alloys, ceramic and metal matrix composites,
inorganic membrane materials, and coatings. The emphasis within AIM is on high-
temperature, corrosion-resistant alloys and membrane materials; continuous fiber ceramic
composites and monolithic ceramics are covered primarily by DOE’s Continuous Fiber
Ceramic Composites Program and Advanced Turbine Systems Program.

The Office of Industrial Technologies concentrates on the major process industries
through the Industries of the Future (IOF) strategy. OIT has encouraged and assisted
these industries in developing visions of what they will be like in 20 or 30 years, defining
the drivers, technology needs, and barriers to realization of their visions. The visions
provide a strategic framework for development of technology roadmaps and
implementation plans. OIT then (1) provides cost-shared support for research and
development to meet the needs identified in the roadmaps and (2) works with other
governmental agencies to leverage resources. The Industries of the Future are agriculture,
aluminum, chemicals, forest products, glass, metalcasting, mining, and petroleum
refining. Other industries that serve the IOF industries also have stepped forward to
develop visions and roadmaps and are ready to respond to solicitations of the IOF
industries. These support industries are forging, heat treating, carbon products, and
welding. The Portland cement industry recently has expressed a strong interest in
following these examples.

In this context, the AIM Program supports the Industries of the Future by conducting
research and development on materials to solve problems identified in the roadmaps. This
work is done by national laboratory/industry/university teams with the facilities and
expertise needed to develop new and improved materials. Each project in the AIM
Program has active industrial participation and support.

In FY 1998, several projects were transferred to the IOF teams for further development
and demonstration in industry. The zeolite membrane work at Sandia National
Laboratories, New Mexico, under a CRADA with Amoco, is now supported by the
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Chemical Industry budget, as is the electrochemical reactor work at Los Alamos National
Laboratory, under a CRADA with Dow Chemical. The refractories work at Oak Ridge
National Laboratory (ORNL) is now being supported by the Glass Industry budget, along
with the molybdenum disilicide work at Los Alamos, under a CRADA with Johns
Manville, and the chemical vapor deposition work at Sandia National Laboratory,
California, under a CRADA with Pilkington Libby Owens Ford. Recently, the Los
Alamos work on molybdenum disilicide and the Sandia work at the Combustion
Research Facility have received funding directly from the Glass Industry budget resulting
from a Laboratory solicitation. A new user facility for modeling the glass-melting furnace
also was funded by the Glass Industry budget. The Steel Industry team has continued
funding work on intermetallic alloys for the industry, based on the successful
demonstration of steel transfer rolls by Bethlehem Steel. So the transfer of AIM-
sponsored work to the IOF industries is beginning to work, and AIM is receiving due
recognition from OIT management.

The designation of the Metals Processing Laboratory (MPLUS) at ORNL as a DOE User
Center has been successful beyond our expectations. Over 80 proposals have been
received, and many have been completed. Industry has been very enthusiastic about the
opportunity to work at MPLUS and the other centers at ORNL. The Aluminum and Metal
Casting teams are now providing funding for MPLUS, and others are likely to follow.
The MPLUS business plan calls for referring potential users to other laboratories, with
funding appropriate to the needs of the users. We are nearly at a funding level to make
this work.

No brief summary can do justice to the quality and relevance of the work done by the
hard-working AIM investigators. The reader will have to go through this entire volume to
appreciate the magnitude of what has been accomplished with a relatively modest budget.
It is not likely that many other government programs have produced so much for so little.
The Program Manager expresses his appreciation for the support of such a fine group of
people.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Advanced Manufacturing of Ceramics by Chemical Vapor
Deposition Methods

PHASE: Technology Proof-of-Concept     COMPLETION DATE:

PERFORMING ORGANIZATION: Sandia National Laboratories, Livermore,
California

PRINCIPAL INVESTIGATOR: Mark D. Allendorf (510-294-2895)

PHASE OBJECTIVE: To develop predictive computational models, process-control
algorithms, and sensors for designing, optimizing, and operating coating processes for
depositing energy-efficient coatings on float glass for architectural and automotive uses.

ULTIMATE OBJECTIVE: To improve the competitiveness of the U.S. float-glass
industry by developing new, cost-effective uses of glass. In addition, this project strives
to reduce the costs of ceramic composites so that they can be applied more widely to
corrosion, wear, and high-temperature problems in industrial settings.

TECHNICAL APPROACH: Industrial methods for the deposition of coatings on float
glass are simulated using a high-temperature, variable-pressure flow reactor constructed
as part of this project. Parallel development of computational models of physical and
chemical mechanisms of deposition also is conducted.

PROGRESS:

• Developed a database located on the Internet of gas-phase thermodynamic and kinetic
information needed to develop models of coating processes.

• Characterized the thermal stability and reactivity of indium-containing precursors
used in float-glass coating operations.

• Designed and constructed a laboratory version of a system for monitoring precursors
and reaction by-products used in float-glass coating operations.

Patents: None. Publications: 5        Presentations: 4

ACCOMPLISHMENTS:

Technology Transfer: Completed the second year of a 3-year, $1.06M CRADA with
Libbey-Owens-Ford Co. (including $540K of direct and in-kind funding from LOF).
Provided LOF with data concerning the thermal stability and reactivity of new indium-
containing precursors and assisted their staff in conducting pilot-scale tests of a new
coating process for the production of indium tin oxide coatings at their Ottowa, Illinois,
float-glass facility.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Advanced Manufacturing of Ceramics by Chemical Vapor
Deposition Methods

Licenses: None.

CRITICAL ISSUES: In the production of float glass, increasing the energy efficiency of
fenestration through high-performance on-line coatings is an important technological
objective, not only for glass producers, but also window fabricators, architects, HVAC
engineers, automobile manufacturers, and utilities. A more detailed understanding of the
high-temperature processes occurring prior to coating formation is necessary to effect a
quantum leap in coating performance.

FUTURE PLANS: Field tests in a float-glass facility owned by LOF are planned for
FY 1999. Initially, we will use the sensor to monitor the delivery rate of precursors used
in the production of tin oxide coatings and the production of reaction by-products. The
first set of tests are scheduled for mid January, 1999, with a second and possibly third set
planned for later in the year, depending on the initial performance of the sensor. We also
are exploring areas outside coating operations for applying this new tool and are in
discussion with LOF regarding the possibility of using the sensor to monitor combustion
gases in its glass-melting operations.

POTENTIAL PAYOFF: Use of the experimental data and computational models
developed here is expected to shorten the time required to design, optimize, and scale up
new coating processes and to facilitate extension of existing technology to new materials.
New sensor hardware currently under development will increase the efficiency of coating
operations by notifying operators of conditions that lead to sudden process upsets, thus
minimizing downtime.

ESTIMATED ENERGY SAVINGS: New coatings on float glass developed in this
project will save 1.4 × 1019 Btu/year when installed in place of clear glass windows.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Development of an Economical Sensor for Monitoring Process Gases
in Float-Glass Coating Operations

PROBLEM: On-line coating of float glass is a complex process involving many
coordinated elements, including vacuum pumps, mass-flow controllers, and temperature-
controlled precursor storage units and delivery lines. Variations in the operation of any
one of these components can lead to nonuniformities in coatings and an unacceptable
product. Sudden upsets caused by blockage of delivery or exhaust lines can waste
expensive precursors, reduce product quality, and create conditions that may damage
reactor hardware.

RESULTS: A field-portable residual gas analyzer system (RGA) was designed and
constructed that can detect reactant and product gases present during float-glass coating.
The system incorporates both a precision RGA, capable of collecting high-resolution
mass spectra from 0 to 300 amu, and a low-resolution but economical Ferran
Micropole  analyzer (MPA), a novel device originally developed by NASA. Laboratory
tests demonstrate both devices could be useful in an on-line process-monitoring scheme.
Field testing in a float-glass facility is planned for early 1999.

         

          Fig. 1. Photograph of field-portable
                residual gas analyzer system

SIGNIFICANCE – FOR ENERGY EFFICIENCY: In North America, 2.6 Mtons/year
of float glass are used in residential and commercial construction. Use of low-emissivity
(“low-E”) coatings on this glass can dramatically improve the energy efficiency of this
material. New coatings developed in this project will save 1.4 × 1019 Btu/year when
installed in place of clear glass windows.

Fig. 2. Schematic of field-
portable RGA system.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: High Temperature Particle Filtration Technology

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory

PRINCIPAL INVESTIGATORS: Theodore M. Besmann (423-574-6852) and
R. L. Martin (423-574-4929)

PHASE OBJECTIVE: The main objective of the current year’s work was to perform
bench-scale testing of the compatibility of high-temperature filters in Dow Corning
applications.

ULTIMATE OBJECTIVE: The ultimate objective is to demonstrate utilization of high-
temperature filtration in two Dow Corning applications related to dimethyldichlorosilane
production.

TECHNICAL APPROACH: The approach of the program is to acquire filter specimens
from manufacturers and perform bench-scale compatibility testing. After prioritizing the
filter samples based on the testing, full-scale filters will be used in a small process unit at
Dow Corning as a proof-of-concept evaluation.

PROGRESS: During this period, we completed modification of a furnace system for
bench-scale testing of the filter samples. A large number of filter samples were acquired,
and all were tested for 24 h under simulated conditions for one Dow Corning application.

Patents: None. Publications: None.         Proceedings: None. Books: None.

Presentations:

T. M. Besmann, “High Temperature Particle Filtration,” Advanced Industrial Materials
Program Annual Meeting, Jackson Hole, Wyoming, June 23–25, 1998.

D. J. Bennett, “Hot Gas Filters,” NACE International, Ceramics: Cutting Edge Solutions
for Corrosion Control, Houston, Texas, June 29–30, 1998.

Awards: None.

ACCOMPLISHMENTS: Determined that a significant number of commercial filter
concepts are likely to perform well in one of the Dow Corning application environments.

Technology Transfer or Industrial Interaction: Information is provided to Dow
Corning regarding the stability of the filters in their environments.



12

PROJECT SUMMARY (continued)

PROJECT TITLE: High Temperature Particle Filtration Technology

CRITICAL ISSUES: Developmnent of slip-stream and pilot-scale testing at Dow
Corning facilities.

FUTURE PLANS: Continue bench-scale testing for 1000 h for the thermal-oxidizer
environment.

POTENTIAL PAYOFF: The payoff will be the application of high-temperature
filtration to major process systems used by Dow Corning and its suppliers.

ESTIMATED ENERGY SAVINGS: Potential 12 trillion Btu/year by the year 2010.



13

SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

High Temperature Particle Filtration Technology

ISSUE: Improve energy efficiency of a process for producing a silicone precursor
feedstock, dimethyldichlorosilane.

Table 1. Summary of Filter Specimen Test Results
Showing Burst-Strength Measurements

Manufacturer Type Control FBR Therm. Ox.
24 h 72 h 1000 h 24h

(MPa) (MPa) (MPa) (MPa) (MPa)
Dupont-Lanxide SiC/SiC 37.36 41.39 45.85 31.55 30.64
Dupont-Lanxide PRD-66C 6.75 6.6 7.86 6.12 6.37
Dupont-Lanxide PRD-66M 4.72 5.41 6.42 6.67 5.7
3M Company SiC/Nextel 11.34 9.64 13.14 10.65 Incomplete
Techniweave Carbon/SIC 11.4 11.34 11.41 12.23 FBR Only
Techniweave Mullite/Mextel 610 22.19 Thermal Oxidizer Only 22.37
Techniweave Mullite/Nextel 720 14.69 Thermal Oxidizer Only 13.57
Smart Ceramics Oxide 28.59 32.69 26.37 24.84 29.23
McDermott Technologies Oxide 8.94 9.11 - 8.87 8.32
Amercom SiC 1.15 0.56 **
Amercom Oxide 0.75 0.64 **
Blasch Oxide 4.62 4.65 **
Pall Corporation Hastelloy X 205.71 256.86 260.85 208.4 FBR Only
Pall Corporation Hastelloy C276 65.6 60.37 * FBR Only
Pall Corporation Inconnel 600 144.35 148.21 * FBR Only
Pall Corporation Vitripore 326 15.57 Thermal Oxidizer Only 14.48

*Dropped since not commercially available
**Eliminated by properties

RESULTS: Completed bench-scale testing of filter specimens for the fludized bed
reactor (FBR) and the 24-h tests for the thermal-oxidizer environment.

ENERGY EFFICIENCY: Potentially 12 trillion Btu/year by the year 2010.
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 PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Membrane Systems for Energy-Efficient Separation of Light
Gases

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Los Alamos National Laboratory

PRINCIPAL INVESTIGATOR: David J. Devlin (505-667-9914)

PHASE OBJECTIVE: Development of a process based on vapor deposition techniques
for the fabrication of membrane systems for light-gas separation.

ULTIMATE OBJECTIVE: Development of a membrane system suitable for operation
in a pilot-scale system for the separation of C1 to C4 hydrocarbons from hydrogen.

TECHNICAL APPROACH: The technical approach involves the use of vapor
deposition techniques to tailor pore size and shape in porous substrates. The pore
properties will be engineered to effect capillary condensation of hydrocarbons near
ambient temperatures and at pressures less than 250 psig.

PROGRESS: A method for developing carbon pores for capillary condensation of
hydrocarbons has been devised. Experiments demonstrate the feasibility of oblique angle
vapor deposition as a means for producing the desired pore structure. Separations of
hydrocarbon gas mixtures with these membranes have been demonstrated.

ACCOMPLISHMENTS:

Licenses: None.   Known Follow-On Products(s): None.    Industry Workshop: None.

Technology Transfer or Industrial Interaction: This effort will continue in 1999 as a
joint research effort with Amoco Chemical Company. Amoco will develop
characterization capabilities and design criteria for the membrane systems. With their
guidance we will develop the materials and processing for the fabrication of these of
membranes. Amoco’s goal is a materials system capable of scaling for use in a pilot-plant
system.

CRITICAL ISSUES: The precise control of pore structure in membrane materials.

FUTURE PLANS: Development of materials by vapor deposition techniques with
engineered pore size and shape. Characterization and performance testing of developed
materials by Amoco Olefins R&D.



16

PROJECT SUMMARY (continued)

PROJECT TITLE: Membrane Systems for Energy-Efficient Separation of Light
Gases

POTENTIAL PAYOFF: There are important benefits that will result from the success
of the proposed CRADA effort. Improvements in hydrocarbon light-gas separation
processes represent the largest area for potential cost reductions for the entire
hydrocarbon industry that includes natural gas processing, oil refining, and
petrochemicals. For example, new grass-roots olefins units cost upward of $750 million;
the separation section accounts for approximately 75% of this capital investment.
Because of the high capital costs and market competitiveness, U.S. olefins producers
have relied on de-bottlenecking of existing units to meet capacity increases required to
maintain market share. Shortly, these activities will not be feasible because of compressor
train capacity limitations. Non-cryogenic breakthrough technologies for separating light-
gas by-products from olefinic mixtures could lead to inexpensive capacity increases of
50%; this would significantly reduce manufacturing costs and promote industry growth.
Also, the development of energy-efficient gas-separation processes will have a positive
impact on the environment. Lower energy consumption translates into less fuel burning
to generate power, resulting in a significant reduction in such flue-gas pollutants as
hazardous nitrogen and carbon oxides. Reducing pollutants is critical in the major
industrial regions that have become non-attainment areas based on the National Ambient
Air Quality Standards. Growth and job creation in these regions are dependent on
reducing these emissions. Lower energy consumption would create the opportunity to
expand and still meet the environmental guidelines while lessening U.S. dependence on
energy imports.

ESTIMATED ENERGY SAVINGS: Initial economic analyses have shown that the
commercialization of this novel separation concept could result in an energy reduction
potential of 5 trillion Btu per year for an olefins complex: this corresponds to a potential
annual savings of nearly $8 million.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Membrane Systems for Energy Efficient Separation of Light Gases

ISSUE: Ethylene and propylene are two of the largest commodity chemicals in the
United States. and are major building blocks for the petrochemicals industry. These
olefins are separated currently by cryogenic distillation, which demands extremely low
temperatures and high pressures. Over 75 billion pounds of ethylene and propylene are
distilled annually in the United States. at an estimated energy requirement of 400 trillion
Btu. Nondomestic olefin producers are rapidly constructing state-of-the-art plants. These
energy-efficient plants are competing with an aging U.S. olefins industry in which 75%
of the olefins producers are practicing technology that is more than 20 years old. New
separation opportunities, therefore, are needed to continually reduce energy consumption
and remain competitive.

RESULTS: We have shown that oblique-angle vapor deposition techniques can be used
to produce thin films with pores in the desired range of 4 to 5 nm. We have tested a
number of systems of interest consisting of C1 through C4 hydrocarbons with nitrogen
and hydrogen. Good separation factors along with permeability have been obtained.

ENERGY EFFICIENCY: Initial economic analyses have shown that the
commercialization of this novel separation concept could result in an energy reduction
potential of 5 trillion Btu per year for an olefins complex: this corresponds to a potential
annual savings of nearly $8 million.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: New Method for Synthesis of Metal Carbides, Metal Nitrides,
and Metal Borides

PHASE: FY1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Southern Illinois University at Carbondale

PRINCIPAL INVESTIGATOR: Rasit Koc (618-453-7005)

PHASE OBJECTIVE: To promote the transfer of the technology developed under the
AIM program. The technology deals with a new process for producing high-purity,
submicron, non-agglomerated metal-carbide (SiC, TiC, WC), metal-nitride (TiN, Si3N4),
and metal-boride (TiB2) powders.

ULTIMATE OBJECTIVES: To develop a novel synthesis method for producing high-
quality, low-cost metal-carbide, metal-nitride, and metal-boride powders using carbon-
coated precursors. To demonstrate the advantages of the process and understand the
formation of submicron powders from carbon-coated precursors. To perform initial
investigation on the sintering behavior of these powders.

TECHNICAL APPROACH: The process developed in this project utilizes a
carbothermic reduction reaction of novel carbon-coated precursors that has potential as a
low-cost powder-synthesis route. It minimizes kinetic barriers by improving the way
carbon is introduced to the reactants. The process comprises two steps. The first step is
the coating of metal-containing powders of interest with carbon by decomposing a
hydrocarbon gas at temperatures of 400 to 600°C. The second step involves the formation
of metal-carbide, metal-nitride, and metal-boride powders by promoting the carbothermal
reduction of the carbon-coated metal-containing particles in an inert atmosphere at
temperatures of 1200 to 1600°C. This way of increasing contact area between reactants
results in a more complete reaction and a purer product at comparatively lower
temperatures. The complete separation of the metal-containing (oxides) particles by
coated carbon and the low-temperature processing results in products with less particle
agglomeration and uniform particle size.

PROGRESS: The carbon-coating method developed for production of submicron TiC
powders from carbon-coated TiO2 powders was investigated using high-temperature
TGA, DSC, XRD, and SEM/TEM. Liquid-phase sintering of the produced TiC powders
was studied in flowing Ar and Ar + 10% H2 as a function of carbon content in the
precursor and nickel binder content. The produced submicron TiC powders were sintered
to near-theoretical density in flowing argon at 1500°C for 2 h with only 3 wt % Ni.
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PROJECT SUMMARY (continued)

PROJECT TITLE: New Method for Synthesis of Metal Carbides, Metal Nitrides,
and Metal Borides

Patent: U.S. 5,417,952        Publications: 3            Proceedings: 1

Books: None.        Presentations: 4            Awards: 2

ACCOMPLISHMENTS

Awards: R. Koc, Recipient of Sigma Xi Research Award, 1998.

Technology Transfer or Industrial Interaction:

     ART has licensed the SiC patent to produce SiC powders.
     Greenleaf Inc. is in process of licensing TiC patent.
     Kennametal Inc. is in process of licensing WC technology.

CRITICAL ISSUES: Applicability of the process to synthesis of other metal-carbides,
-nitrides, and -borides with high quality and low cost.

FUTURE PLANS: Investigate the formation of submicron powders from carbon-coated
precursors using a high-temperature TGA-DTA/DSC unit. Characterize the resulting
powders and provide information about their sinterability.

POTENTIAL PAYOFF: Acquisition of a new process for non-oxide advanced ceramic
powders that will provide a supply of low-cost high-quality (high-purity, fine-particle-
size) powders. The major impact that the low-cost powders will have on the cost of
finished products may expand current markets.

ESTIMATED ENERGY SAVINGS: This technology will improve energy efficiency
when compared to conventional ones because it does not require high-reaction
temperatures for production of these powders.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

New Method for Synthesis of Metal Carbides, Metal Nitrides, and Metal Borides

ISSUE: The formation of TiC using the carbon-coated TiO2 precursor was investigated.
The use of TGA/DSC and XRD was instrumental in this research. Also, investigation of
the liquid-phase sintering behavior of produced TiC powder was investigated.

RESULTS: The activation energy of TiC formation was calculated as 731.6 kJ/mol.
Also, DSC demonstrated the superiority of using coated precursors rather than mixed
precursors. The coated precursor experiences three complete reactions, forming pure TiC
(confirmed by XRD), under 1500°C, while the mixed had only two, producing TiCxOy.
The produced TiC powder was sintered to more than 99% TD using only 3 wt % Ni in
flowing Ar + 10% H2.

    

                DSC curves for TiO2-C.     SEM of TiC–3 wt % Ni sintered in
                                                                              Ar+10% H2.

ENERGY EFFICIENCY: This technology will improve energy efficiency because it
does not require high reaction temperatures for production of these superior powders.

1354°C
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Synthesis and Processing of Composites by Reactive Metal
Penetration

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATIONS: Sandia National Laboratories (SNL);
Subcontractors: University of New Mexico (UNM), New Mexico Institute of Mining and
Technology (NMIMT), and SRI International (SRI)

PRINCIPAL INVESTIGATORS: Ronald E. Loehman/SNL (505-272-7601), Kevin G.
Ewsuk/SNL (505-272-7620); Subcontractor PIs: William G. Fahrenholtz/UNM (505-
272-7626),: Ping Lu/NMIMT (505-835-5731), Sylvia M. Johnson/SRI (650-859-4277).

PHASE OBJECTIVE: To identify compositions favorable for making composites and
coatings by in situ reactive methods and to understand the mechanism(s) by which they
are formed.

ULTIMATE OBJECTIVE: To discover how to make high-quality composites and
composite coatings economically, and to apply the results to problems of interest to
industry.

TECHNICAL APPROACH: Composites are made by reacting molten metals with
ceramics under controlled conditions. Coatings are made from organometallic polymers
filled with ceramic and metal powders that are converted to adherent films. Mechanistic
process models are developed from kinetic, microstructural, and phase-diagram data
combined with thermodynamic calculations. We use those results to make test specimens
for determining physical properties.

PROGRESS: We discovered that heating rate can be used to control reaction rate in
composite formation, which allows us to prepare dense, high-strength composites with
compositions that previously were inaccessible, for example, Al2O3-MoSi2, Al2O3-Ni,
and Al2O3-Cu. Al2O3-Nb composites exhibited excellent strengths of 524 MPa, which
possibly is due to lower internal stresses because of the close thermal-expansion match of
the phases. We developed a correlation between residual Si in Al2O3-Al composites and
their toughness and showed that Si-free composites exhibit desirable resistance-curve
behavior in which toughness increases with increasing crack length. We investigated a
wide range of composite coating formulations. Coatings of Al/Al2O3, Zn/SiO2, and
TiO2/Al2O3 combined excellent corrosion resistance and hardness. Coating chemistry was
varied to cure at room temperature to improve surface adhesion. Chemical surface
treatment also was assessed to improve the bonding of the coatings to steel. Some
surface-treated coatings survived over 1000 h of salt-spray test and had hardnesses of 6H
to 9H.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Synthesis and Processing of Composites by Reactive Metal
Penetration

Patents: 1     Publications: 4     Proceedings: 2
Books: None.     Master’s Thesis: 1     Presentations: 17

Technology Transfer or Industrial Interactions: We have signed nondisclosure
agreements for exchange of technical information with National Refractories and
Minerals Corp. of Livermore, California, and BFD, Inc., of Columbus, Ohio. Sandia and
National have agreed in principle on a CRADA in the area of developing improved
refractories for the aluminum industry. SRI has established small evaluation projects with
four companies for assessing its coating technology for different applications.

CRITICAL ISSUES: Reliability and cost are critical issues for any new material.
Learning how to control wetting and reactivity of ceramics by molten metals is critical to
developing reliable materials. Understanding reaction mechanisms is necessary for
development of a wider range of composites, such as those that contain MoSi2 formed by
in situ reaction.

FUTURE PLANS: A major part of the FY 1999 effort will be devoted to the CRADA
work with National Refractories. We will continue developing novel ceramic composites.
SRI will continue improving process behavior, determine characteristics and performance
of high-temperature coatings, and optimize formulations for high-temperature use.

POTENTIAL PAYOFF: Composites made by RMP could find many applications with
significant savings due to their lower density. Improved refractories for aluminum
processing would lead to large increases in process efficiency. Near-net-shape fabrication
of parts has the additional advantage that costly and energy-intensive grinding and
machining operations are significantly reduced, and the waste generated from such
finishing operations is minimized.

OTHER SOURCES: Cost sharing has been primarily in the form of continuing
collaborations that are maintained at no cost to the project. For example, A. P. Tomsia
and his associate, Eduardo Saiz, use internal funding from Lawrence Berkeley National
Laboratory to support their contributions to the collaboration. Graduate students continue
to work on the project with support from their home institutions (University of
Washington), representing an in-kind level of ~$50,000.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Al2O3-Al Composites Exhibit Desirable R-Curve Toughening Behavior

ISSUE: One way to improve ceramic reliability is by incorporating metal reinforcements
because during crack propagation the metal ligaments bridge the crack faces, thereby
creating closing forces across them. This results in an increasing toughness with
increasing crack length that is known as resistance-curve or R-curve behavior. It is
believed that materials with steep R-curves (i.e., those that reach their plateau toughness
over a short increase in crack length) will show reduced flaw sensitivity and improved
reliability.

RESULTS: Recently, composites with precise metal contents have been made by control
of preform composition and processing conditions that exhibit improved toughness.
These composites had microstructures with metal ligaments that can bridge any cracks
that might develop in use. Figure 1 shows measured R-curves for two composites with 18
vol % metal, one processed to contain bridging ligaments and one without. Both of the
samples have relatively steep R-curves that plateau after 300 to 500 µm of crack growth.
One can see that the heat-treated composite (with low Si and bridging Al ligaments) has a
higher plateau in toughness than the untreated material (high Si and no bridging
ligaments). Figure 2 compares the R-curves for samples with 18 and 25 vol % metal, both
of which were heat-treated to promote ligament formation. As expected, the plateau
toughness increases (from 5 to 7 MPam1/2) with increasing metal content. Both R-curves
are relatively steep and plateau after 500 to 700 µm of crack growth.
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       Fig. 1. Lowering the residual Si content
       in the composite increases the bridging
       metal ligaments and composite fracture
       toughness

Fig. 2. Increasing Al content increases
the plateau value of the R-curve and
toughness of the composite
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Advanced Ordered Intermetallic Alloy Development

PHASE: FY 1998, Materials         COMPLETION DATE:
               Capability Development

PERFORMING ORGANIZATION: Oak Ridge National Laboratory

PRINCIPLE INVESTIGATORS: C. T. Liu (423-574-4459) and Lee M. Pike (423-574-
4343)

PHASE OBJECTIVE: To develop nickel silicide alloys that exhibit good corrosion
resistance, ease of fabricability, and good low- and high-temperature strength and
ductility for chemical and other vision industrial use.

ULTIMATE OBJECTIVES: (1) To develop low-density, high-strength, corrosion-
resistant intermetallic alloys for structural applications in chemical and other vision
industry systems and (2) to help the U.S. material industry to compete in the world
market.

TECHNICAL APPROACH: Both macroalloying and microalloying processes are
employed to improve metallurgical and mechanical properties of nickel silicide
intermetallic alloys. The selection of alloying additions will be based on physical
metallurgy principles, structural maps, and empirical correlation. Emphasis will be placed
on improving ductility and toughness as well as strength and corrosion resistance at
ambient and elevated temperatures through composition adjustment, material processing,
and structural control.

PROGRESS: A series of eight alloys based on Ni3Si was produced, fabricated, and
evaluated at room and elevated temperatures. Cr, Mo, and other alloying elements are
effective in improving tensile strength at temperatures <600°C and corrosion resistance at
boiling sulfuric acids. The alloys exhibit tensile strength much superior to advanced
nickel aluminide alloys at intermediate temperatures. The silicide alloys showed
environmental embrittlement at elevated temperatures in oxidizing environments.

Invention Disclosures: None.   Publications: None.   Proceedings: None.

Presentations: 2

ACCOMPLISHMENTS:

Licenses: Discussions with several U.S. industries for potential technology transfer.

Known Follow-On Product: Anticipated use in various industries.
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PROJECT SUMMARY (continuted)

PROJECT TITLE: Advanced Ordered Intermetallic Alloy Development

OTHER SUCCESSFUL TECHNOLOGY TRANSFER ACTIVITIES AS EVI-
DENCE OF INDUSTRY INTEREST: At the DOE Workshop on Ordered Intermetallic
Alloys held in Atlanta, Georgia, in June 1996, both Cummins Engine Company and
United Defense expressed interest in nickel silicides for petrochemical and chemical
industries. Haynes International is interested in Ni3Si alloys with improved ductility and
fabricability at elevated temperatures.

CRITICAL ISSUES: (1) To alleviate oxygen-induced environmental embrittlement at
elevated temperatures and (2) to improve hot fabricability of nickel silicide alloys.

FUTURE PLANS: (1) To increase the tensile ductility and hot fabricability of Ni3Si
alloys by careful control of Si and other major alloys elements and (2) to initiate
technology transfer of nickel silicide alloys with improved properties.

POTENTIAL PAYOFF: There are two major problems with intermetallic alloys: poor
ductility at ambient temperatures and limited corrosion and creep resistance at elevated
temperatures. Overcoming these problems would result in the development of a whole
new class of ordered intermetallic alloys that are superior to those of existing superalloys.
The use of ductile, lightweight intermetallic alloys would improve the thermal efficiency
and system performance of energy-conversion systems, resulting in substantial energy
savings.
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SIGNIFICANT ACCOMPLISHMENT
ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Development of Weldable, Corrosion-Resistant Iron-Aluminide
(FeAl) Alloys

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory (ORNL)

PRINCIPAL INVESTIGATORS: P. J. Maziasz (423-574-5082) and G. M. Goodwin
(423-574-4809)

PHASE OBJECTIVES: Develop corrosion-resistant cast FeAl compositions with
optimum mechanical properties and that also are weldable. Determine the effects of
metallurgical variables on mechanical properties and weldability. Develop both
monolithic and weld-overlay cladding technology for FeAl.

ULTIMATE OBJECTIVES: Develop “super” corrosion-resistant FeAl alloys that can
be used to replace conventional heat/corrosion-resistant steels, stainless steels, and Fe-Cr-
Ni alloys. Produced FeAl material or components for industrial testing. Define
applications for FeAl as monolithic material or as weld-overlay cladding, and scale up to
industry production.

TECHNICAL APPROACH: Micro-alloying additions of B, C, and Zr enhance ductility
and cause more ductile fracture at room temperature. ZrC or other fine precipitates
produce high-temperature strength. Control of processing and heat-treatment conditions
produces microstructures that give the best combination of room-temperature and high-
temperature mechanical behavior. Good weldability and cold-cracking resistance relate to
good room-temperature ductility.

PROGRESS: New cast FeAl alloys show up to 5% ductility and Charpy impact
toughness of 14 to 20 J or more in air at room temperature, together with yield strength of
400 MPa at 700°C. Minor alloying can improve the creep-resistance at 700 to 800°C.
Cast FeAl alloys have strength comparable to cast heat-resistant austenitic alloys like HU
and HK at temperatures of 1000 to 1100°C. A postweld heat treatment was found that
enables the cast FeAl alloys to be welded without any cold cracking.

Patents: 2        Publications: 7         Proceedings: 9

Books: 1        Presentations: 17         Awards: 2
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PROJECT SUMMARY (continued)

PROJECT TITLE: Development of Weldable, Corrosion-Resistant Iron-Aluminide
(FeAl) Alloys

ACCOMPLISHMENTS: FMC, Inc., cast grate bars for calcination of phosphate ores
and then tested them in-service for over 6 months at 1000°C. Dow Chemical tested FeAl
for coking resistance in ethylene furnace applications.

Licenses: 1

Known Follow-on Products: Burner nozzles, radiant heating tubes, tubes or pipes in
chemical or petrochemical industry, and steel rolls (molten zinc).

Industry Workshop: None.

Technology Transfer or Industrial Interaction: FeAl materials are in-test for several
different industrial (chemical, petrochemical or metals-processing) applications. Duraloy
has expressed interest in technology transfer for centrifugally-cast tube applications, and
other centrifugal casters have also expressed interest in FeAl for several different
applications.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Cast FeAl Alloys Show Improved Creep Strength,
Impact Toughness, and Weldability

ISSUE: FeAl iron-aluminides have outstanding oxidation, sulfidation, and carburization
resistance at 1000°C and above due to protective Al2O3 scale formation. But, do FeAl
alloys have the strength to be used at such temperatures? Do they have enough ductility
and toughness at room temperature to allow them to survive in typical industrial
applications?

RESULTS: New cast FeAl alloys (Fe– 36 to 40 at. % Al) designed for improved high-
temperature strength and room-temperature ductility were developed that showed good
tensile strength at 700 to 1000°C, and creep strength at 700 to 800°C. Tensile strength is
comparable to type 310 austentic stainless steel or to cast HU and HK austenitic stainless
alloys. Cast FeAl alloys were found to have up to 4 to 5% ductility in air at room
temperature, and about 10 to 15 J Charpy impact toughness, or more. Such cast FeAl
alloys were found to be weldable without any cold cracking after appropriate heat
treatment, a significant accomplishment.

ENERGY EFFICIENCY: FeAl iron-aluminides can be melted by the Exo-MeltTM

process, which saves 50% of the energy used by conventional melting. Longer lifetime
and radically lower metal wastage of “super” corrosion-resistant FeAl in aggressive high-
temperature enviroments will save the energy used to produce and process conventional
Fe-Cr-Ni steels, stainless steels, and heat/corrosion-resistant alloys for such applications.
It also will save the wasted time and energy (and hence cost) associated with downtime
and lost production.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: High-Density Infrared Processing of Materials

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory (ORNL)

PRINCIPAL INVESTIGATORS: C. A. Blue (423-574-4351) and V. K. Sikka
(423-574-4351)

PHASE OBJECTIVE: To develop an advanced coating technique to implement
advanced materials.

ULTIMATE OBJECTIVE: To develop and implement advanced materials and
processing techniques utilizing infrared.

TECHNICAL APPROACH: Infrared heating has many advantages over commonly
used heating techniques. Infrared heating provides (1) an inherently clean noncontact
heating method; (2) high heat fluxes resulting in heating rates up to 5000°C/s, materials
dependent, due to the fact that only the sample is heated to the desired temperature;
(3) provides heating only to the part (i.e., low thermal mass); (4) fast cooling rates due to
the “cold wall” nature of the process in which only the sample is heated; (5) high heat
fluxes, which can be delivered unidirectionally over large areas; and (6) a precise process
that essentially is shape independent, utilizing proper furnace designs.

Thus, infrared provides a versatile and flexible answer to heat-transfer problems
throughout the industrial spectrum. Industrial heat treating, joining, and coating problems
have been identified. The appropriate experimentation has been accomplished in order to
explore the feasibility of a potential infrared system. Additional experimentation has been
explored when appropriate through funding developed in the initial phase. The
technology has been demonstrated to be an invaluable tool for advanced joining, heat
treating, polymer joining, and coating.

PROGRESS: ORNL has developed a high-density infrared (HDI) transient-liquid
coating (TLC) process to produce wear- and corrosion-resistant coatings on a multitude
of surfaces. The HDI TLC process combines infrared with power densities of up to 3.5
kW/cm2 with a room-temperature spray process to form wear- and/or corrosion-resistant
coatings in seconds to minutes. This process has been demonstrated with Cr2C3- and WC-
reinforced coatings with nickel-based binders. Volume fractions as high as 70% have
been accomplished with coating thicknesses of 10 µm to 2 mm.

Patents/Disclosures: 9 Publications: None.    Proceedings: None.

Presentations: 5
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PROJECT SUMMARY (continued)

PROJECT TITLE: High-Density Infrared Processing of Materials

CRITICAL ISSUES: The survivability of the infrared system in an industrial
environment.

FUTURE PLANS: Continue applying the HDI TLC process to a variety of industrial
parts in need of wear and corrosion resistance.

POTENTIAL PAYOFF: The potential payoff in the HDI TLC lies in the large energy
and money savings observed through less downtime on equipment and through extended
life on components.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Intermetallic Alloy Development and Technology Transfer

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory (ORNL)

PRINCIPAL INVESTIGATORS: V. K. Sikka (423-574-5112) and M. L. Santella
(423-574-4805)

PHASE OBJECTIVE: To promote the technology transfer of Ni3Al-based nickel
aluminide and FeAl-based iron aluminide alloys in the broadest spectrum of industry
possible.

ULTIMATE OBJECTIVE: The ultimate objective is to take advantage of the excellent
oxidation and carburization resistances and the higher strength of nickel aluminides for a
broad range of manufacturing-related industry applications. The applications identified to
date include materials of construction for chemical processes, furnaces, hot-pressing or
forging dies, cast heating elements, and burners for gas-fired furnaces.

TECHNICAL APPROACH: The FeAl-based iron aluminides have beneficial
properties including (1) oxidation resistance, (2) sulfidation resistance, (3) carburization
resistance, (4) lower cost, (5) lower density, and (6) molten salt resistance. Since castings
are the most likely near-term applications for both nickel and iron aluminides, the
technical approach has been to address issues related to castings.

PROGRESS: Worked with all five licensees [Alcon Industries, Alloy Engineering &
Casting (AEC) Company, Sandusky International, Stoody Company, and United Defense
LP] in addressing production, welding, and application-related issues. Thermal expansion
and selected tensile, creep, and fatigue data were developed on the cast eutectic-free alloy
IC-438. The specific data generated on IC-438 assisted in the identification and design
for the new applications. Several coupons of IC-438 alloy were shipped to potential
users. The melting and centrifugal casting trials on FeAl alloy were carried out at AEC.
Several coupons of FeAl were supplied to the chemical industry for developing corrosion
data. Several potential users were visited. An HVOF-coated component (air deflector)
was installed into service.

Patents: 2        Publications: 3        Proceedings: 5

Books: None.        Presentations: 14        Awards: None.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Intermetallic Alloy Development and Technology Transfer

ACCOMPLISHMENTS:

Licenses: Three new licenses were signed. These were for sand castings with Alcon
Industries, weld wire with Stoody Company, and weld wire with Polymet Corporation.

Other Successful Technology Transfer Activities as Evidence of Industry Interest:

1. Six batch trays and 68 pusher furnace assemblies continued operation in
carburizing furnaces at Delphi Saginaw. One pusher tray was removed and
characterized for its microstructure. The data were reported in CRADA report No.
ORNL92-0076.

2. The number of rolls at Bethlehem Steel-Burns Harbor Plant in Indiana were
increased from 2 to 20 during the last year. Two of the rolls have successfully
completed 4.5 years of service.

3. The first set of trays in a carburizing furnace at The Timken Company resulted in
2.7 times longer life than HT trays. Additional trays are in operation.

4. Fifty trays of IC-221M are operating in carburizing furnaces at Ford Motor
Company. In this application, trays are quenched in a salt bath as opposed to an
oil bath for Delphi and Timken applications.

5. An air deflector, HVOF coated with FeAl alloys, was put into application and
testing in a burner using high-sulfur and vanadium fuel.

CRITICAL ISSUES: Additional test data on IC-438, the weldability of IC-438, and
identification of hot working parameters for a nickel-aluminide composition such as IC-
218LZr are still critical issues for Ni3Al-based alloys. The commercial melting and
casting, mechanical properties of commercial heats, and weldability of FeAl are the
critical issues for FeAl-based alloys.

FUTURE PLANS: Continue Ni3Al- and FeAl-based alloy technology transfer through
solving technical issues, prototype manufacturing, and in-plant testing.

POTENTIAL PAYOFF: Nickel and iron aluminide components for a range of
applications will yield major benefits of energy savings, and U.S. industry will gain the
competitive position in world markets. Industries benefiting from nickel aluminide
technology are automotive, steel, chemical, heat treating, forging, and manufacturing.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Materials for the Pulp and Paper Industry

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory

PRINCIPAL INVESTIGATOR: James R. Keiser (423-574-4453)

PHASE OBJECTIVES: (1) Identify environments that can cause stress-corrosion
cracking of 304L stainless steel, (2) determine the effect of thermal cycling on cracking,
(3) continue the characterization of cracked tubes, (4) measure temperatures and strains
in floor tubes, (5) measure residual stresses in unexposed and exposed 304L/SA210
composite tubes, (6) predict the stresses in recovery-boiler floor tubes during normal
operation and during thermal transients, and (7) determine whether the microstructure of
an exposed tube has features characteristic of thermal cycling.

ULTIMATE OBJECTIVE: Identify an alternate material or materials or an operational
approach that can be used to prevent the cracking seen in 304L/SA210 composite floor
tubes.

TECHNICAL APPROACH: Use standard metallographic examination techniques
coupled with advanced analytical techniques to characterize unexposed and exposed
cracked tubes. Use neutron and X-ray diffraction to measure the residual stresses in
composite tubes, and use finite-element modeling to predict stresses under operating
conditions. Conduct laboratory studies to identify environments that can cause stress-
corrosion cracking and to determine the effects of thermal cycling. Determine the
frequency and magnitude of thermal cycles.

PROGRESS: Stresses in operating composite tubes can be predicted, and studies are
identifying environments that can cause stress-corrosion cracking. Studies also are
addressing the effects of thermal cycling on cracking of tubes.

Patents: None.         Publications: 7*    Proceedings: None.

Books: None.         Presentations: 15**    Awards: 1***

*Five papers have been published in conference proceedings, and two papers have been published in the
open literature; several manuscripts have been submitted for publication.
**Does not include presentations made at triannual program review meetings.
*** Received the Best Paper Award at the 9th International Symposium on Corrosion in the Pulp and Paper
Industry.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Materials for the Pulp and Paper Industry

ACCOMPLISHMENTS:

Licenses: None.    Known Follow-On Product(s): None.

Industry Workshop: Program review meetings are held three times per year.

Technology Transfer or Industrial Interaction: Seventeen paper companies, four
recovery-boiler manufacturers, and two tube fabricators are active program participants.

CRITICAL ISSUES: Determination of dominant cracking mechanism(s), identification
of materials that are resistant to dominant mechanism(s) or operating modifications that
change conditions that cause cracking.

FUTURE PLANS: Continue work to identify corrodent responsible for stress-corrosion
cracking; characterize cracked tubes provided by paper companies; measure and model
the stresses developed in composite tubes with some emphasis on tubes made from
alternate alloys being considered; and work with paper companies to collect smelt
samples, wash-water samples, and floor-tube temperature data.

POTENTIAL PAYOFF: The financial cost to paper companies resulting from recovery-
boiler material problems is enormous due to maintenance costs and the value of lost
production. Identification of alternate materials, process changes, and/or modifications of
operating conditions should lessen or eliminate this financial burden.

ESTIMATED ENERGY SAVINGS:
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Synthesis and Design of Silicide Intermetallic Materials

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Los Alamos National Laboratory (LANL)

PRINCIPAL INVESTIGATORS: J. J. Petrovic (505-667-0125) and R. G. Castro
(505-667-5191)

PHASE OBJECTIVE: Conduct CRADA with Johns Manville Corporation on silicide
materials for fiberglass processing. Interact with Combustion Tec Inc. and Accutru
International Corporation to initially explore the use of silicides in glass-processing
sensors. Interact with the Institute of Gas Technology (IGT) to test silicide materials in
gas radiant tube combustion environments. Develop the plasma spraying and plasma
spray–forming of MoSi2-based materials and composites.

ULTIMATE OBJECTIVE: To develop MoSi2-based high-temperature structural
silicide materials with optimum combinations of properties for applications of importance
to U.S. processing industries, particularly to the glass-processing industry.

TECHNICAL APPROACH: Develop plasma-spray and plasma-spray–forming
techniques for the fabrication of high fracture toughness, high thermal shock resistant
MoSi2/Si3N4-SiC fiber hybrid composites and MoSi2-oxide laminate composites with
high oxidation/corrosion resistance. Develop MoSi2-based protection sheaths for molten-
glass and glass-furnace high temperature sensors. Develop gas combustion–related
applications for silicide materials.

PROGRESS: Our CRADA with Johns Manville Corporation is continuing, with
emphasis on corrosion of silicide materials in molten fiberglass. Silicide materials have
been tested in a gas radiant tube combustion environment by IGT. A new effort involving
Accutru International Corp. and Combustion Tec Inc. has begun that is targeted at
developing high-temperature protective sheaths for glass-processing sensors.

Patents: None.          Publications: 11         Proceedings: 7

Books: None.          Presentations: 10         Awards: 1

ACCOMPLISHMENTS: The mechanisms of corrosion of MoSi2 in molten fiberglass
have been established. A protective silica layer forms above the glass line, while a
protective complex molybdenum-rich layer forms below the glass line. No protective
layers form at the glass line. Silicide materials were tested at IGT for 339 h at
temperatures in the range of 990 to 1030ºC in a natural gas combustion radiant tube
furnace system.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Synthesis and Design of Silicide Intermetallic Materials

Licenses: None.

Known Follow-On Products: MoSi2 gas injection tube for glass melting (Kanthal).

Industry Workshop: Engineering Foundation High Temperature Structural Silicides
Conference, May 25–29, 1998, Hyannis, Massachusetts.

Technology Transfer or Industrial Interaction: Johns Manville, IGT, Combustion Tec,
Accutru International, and Exotherm.

CRITICAL ISSUES: Development of plasma-spray and plasma-spray–forming
techniques for the fabrication of high fracture toughness, high thermal shock resistant
MoSi2-based composite tube geometries.

FUTURE PLANS: We have initiated a new activity to develop strong, tough, and
thermal shock–resistant MoSi2 composite tubes by plasma spray-forming techniques, for
use as high-temperature protective sheaths for advanced sensors for the glass industry.
We will be interacting with Accutru International Corp., Combustion Tec Inc., Exotherm
Inc., IGT, and Plasma Process Inc. to develop this area.

POTENTIAL PAYOFF: The potential payoff for industrial applications of high-
temperature MoSi2-based structural silicides is very high. Major industrial applications
exist in the areas of glass and metal processing equipment, industrial gas burners and
lances, furnace heating elements and radiant gas heaters, and high-temperature industrial
components. An environmental payoff also exists since MoSi2-based radiant burners and
heaters that can burn mixtures of pure oxygen and natural gas will reduce NOx and CO2

emissions.

ESTIMATED ENERGY SAVINGS: Potential energy savings of 0.2 Quads (1 Quad =
1015 Btu) will occur from the use of MoSi2-based materials in industrial applications.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

MoSi2 Periscope Sight Tube for Glass Furnace Video Monitoring System

ISSUE: Advanced sensors for glass processing and glass furnaces require protective
sheath materials to protect them from the highly oxidative and corrosive high-
temperature glass environment so that their sensor performance will not be degraded.

RESULTS: Plasma spray–forming techniques were applied to successfully fabricate a
prototype MoSi2 periscope sight tube for testing in a glass furnace closed-circuit video
monitoring system developed by Combustion Tec Inc. The single-phase, polycrystalline
MoSi2 tube was approximately 6 in. in length and 1.5 in. in outer diameter. This tube
serves as a protective sheath for a water-cooled camera lens assembly that is rapidly
inserted directly into the wall of a glass-melting furnace, to monitor in real time the
surface characteristics of the glass melt and the furnace heating flames.

MoSi2-based Periscope Sight Tubes:

• Combustion Tec Inc.,
• Enhanced lens cooling system
• Heat resistant monitoring system

Closed-circuit monitoring systems for glass melters.

ENERGY EFFICIENCY: Potential energy savings of 0.2 Quads will occur from the
use of MoSi2-based materials in such industrial applications as glass processing.

Research sponsored by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and
Renewable Energy, Office of Industrial Technologies, Advanced Industrial Materials Program to Los
Alamos National Laboratory.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Uniform-Droplet Spray Forming

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATIONS: Oak Ridge National Laboratory (ORNL),
Massachusetts Institute of Technology (MIT), and Northeastern University (NU)

PRINCIPAL INVESTIGATORS: C. A. Blue/ORNL (423-574-4351),
V. K. Sikka/ORNL (423-574-4351), J.-H. Chun/MIT (617-253-1759), and
T. Ando/NU (617-628-5000, ext. 5163)

PHASE OBJECTIVE: To translate the uniform-droplet spray (UDS) forming process to
high-temperature materials (aluminides) and promote technology transfer of the process
to the broadest spectrum of industry possible.

ULTIMATE OBJECTIVE: To take advantage of the extremely uniform droplet and
size distribution produced by the process for a broad range of manufacturing-related
industrial applications. The applications identified to date include water filtration systems
(bronze), shot production, spray forming, ball-bearing production, aluminum sheet
production, ball-grid array (BGA) type integrated-circuit (IC) packaging, and metal
powder production.

TECHNICAL APPROACH: Since many applications exist for uniform droplets of
high-temperature materials, the technical approach has been to address issues relating to
the development of a high-temperature uniform system. These issues include
(1) development of low- and medium-temperature systems to identify a potential high-
temperature assembly, (2) determine the low- and medium-temperature optimum
spraying conditions for materials with melting points between 230 and 1250ºC, (3) verify
size distribution and repeatability of droplets, (4) identify and resolve any problems
encountered with the low- and medium-temperature systems, and (5) translate acquired
knowledge to the construction of a high-temperature UDS system.

PROGRESS: High-Temperature System. The high-temperature apparatus has been
assembled, and preliminary testing is in progress. This system has allowed for the
fabrication of uniform droplets of materials with melting points in excess of 1250ºC.
These materials include aluminum, bronze, and copper. This system has aided in the
development of the UDS system for industrial practices. Three companies have spent
substantial time at ORNL gathering the technical knowledge for translation of the process
to industry.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Uniform-Droplet Spray Forming

Two important areas of advanced materials processing are being addressed, namely
advanced particulate production and controlled spray deposition. Products in the
particulate area are spherical balls and flakes of metals and alloys produced by the
solidification of a UDS. Strong interest already has been identified in electronics
packaging in which UDS-processed solder balls are expected to replace those produced
by conventional, cut-wire spheroidization. The advantage of the UDS process is expected
to drive the technology toward higher melting temperature BGA balls with smaller
diameters required in higher-density packaging. Other applications of UDS-processed
particulate materials are expected to follow with the development of methods for
multiple-orifice spraying, controlled secondary quenching, melt cleaning/filtration, high-
temperature melt delivery, and stable jet breakup in finer droplet-size ranges, all of which
are important aims in the joint study. Products in the spray deposition area vary from
coatings to near-net-shape or net-shape spray deposits and are characterized by ultimate
levels of microstructural control permitted by the decoupled spray parameters. Among
the new opportunities envisioned are porosity-free deposition, precise microstructural
control, production of novel microstructures and materials, and the potential for net-shape
and near-net-shape processing. The joint study has generated significant fundamental
knowledge on the droplet generation, droplet manipulation, in-flight solidification,
droplet deposition, with the particular objective of applying the UDS process to the
continuous production of flat products (e.g., sheet, strip, and coatings). Current efforts are
focused on aluminum sheet production.
Patents: 1          Publications: 1               Proceedings: 3        Presentations: 3

CRITICAL ISSUES: Orifice clogging and materials compatibility.

FUTURE PLANS: Continue acquiring knowledge through solving technical issues with
the medium- and high-temperature uniform droplet. Continue to apply the UDS
technology to near-net-shape fabrication of parts. Also, continue developing interest in
the industrial sector and transfer technology of the low-, medium-, and high-temperature
systems.

POTENTIAL PAYOFF: The UDS process allows for the fabrication of mono-sized
powders near 100% yield, which eliminates the sieving of powder as performed with the
present powder-forming technologies. Also, the powders are spherical and possess a
more uniform microstructure, which results in a superior powder. The elimination of
sieving translates into a reduction of the overall production cost through energy savings.
Also, work is in progress to raster the jet electromagnetically in order to accomplish near-
net-shape fabrication of parts. This will result in parts with a controlled microstructure
and allow for the elimination of tooling. It can also allow for the formation of parts from
materials that are inherently difficult to machine and/or cast. Energy savings will occur
through the utilization of new materials.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Fabrication of the Medium-Temperature (1250°C) and High-Temperature
Uniform-Droplet Spray Facilities Is Completed and

Full Development of the Process Is Under Way

ISSUE: A uniform-droplet spray (UDS) process has been developed at Massachusetts
Institute of Technology for spraying low-melting-point materials. The most potential for the
UDS process is in the medium- to high-melting-temperature alloys.

RESULTS: The low-, medium-, and high-temperature UDS systems have been fabricated at
the Oak Ridge National Laboratory. Tremendous work has been accomplished in the spray
deposition area. Products in this area vary from coatings to near-net-shape or net-shape spray
deposits and are characterized by ultimate levels of microstructural control permitted by the
decoupled spray parameters. Among the new opportunities envisioned are porosity-free
deposition, precise microstructural control, production of novel microstructures and
materials, and the potential for net-shape and near-net-shape processing. The joint study has
generated significant fundamental knowledge on the droplet generation, droplet
manipulation, in-flight solidification, and droplet deposition, with the particular objective of
applying the UDS process to the continuous
production of flat products (e.g., sheet, strip, and
coatings). Current efforts are focused on aluminum
sheet production.

ENERGY EFFICIENCY: The UDS process allows for the fabrication of mono-sized
powders near 100% yield, which eliminates the sieving of powder as performed with the
present powder-forming technologies. Also, the powders are spherical and possess a more
uniform microstructure, which results in a superior powder, eliminating rework. The
elimination of sieving also translates into a reduction of the overall production cost through
energy savings. Also, work is in progress to raster the jet electromagnetically in order to
accomplish near-net-shape fabrication of parts. This will result in parts with a controlled
microstructure and allow for the elimination of tooling. Significant energy savings can occur
with the utilization of new materials.

Research sponsored by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and
Renewable Energy, Office of Industrial Technologies, Advanced Industrial Materials Program, under
contract DE-AC05-96OR22464 with Lockheed Martin Energy Research Corporation.

Fig. 1. Incremental epitaxial growth of rapidly
solidified single-crystalline deposits:
Pure Sn single-crystal deposit on a single-
crystal Sn substrate.



57

NEW MATERIALS AND PROCESSES



59

PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Advanced Industrial Materials (AIM) Fellowship Program

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATIONS: Oak Ridge Institute for Science and Education,
Oak Ridge, Tennessee; Virginia Polytechnic Institute and State University, Blacksburg,
Virginia; University of Cincinnati, Cincinnati, Ohio; University of Alabama, Tuscaloosa,
Alabama; Oak Ridge National Laboratory, Oak Ridge, Tennessee.

PRINCIPAL INVESTIGATORS: D. D. McCleary, Oak Ridge Institute for Science and
Education; M. K. Lian, Virginia Polytechnic Institute and State University; A. Jordan and
O. N. C. Uwakweh, University of Cincinnati; and P. J. Maziasz and D. F. Wilson, Oak
Ridge National Laboratory.

PHASE OBJECTIVE: The Graduate Fellowship Program focused toward helping
students who currently are under-represented in the nation's pool of scientists and
engineers, enter and complete advanced degree programs.

ULTIMATE OBJECTIVES: The objectives of the program are to: (1) establish and
maintain cooperative linkages between DOE and professors at universities with graduate
programs leading toward degrees or with degree options in Materials Science, Materials
Engineering, Metallurgical Engineering, and Ceramic Engineering, the disciplines most
closely related to AIM Program objectives at Oak Ridge National Laboratory (ORNL);
(2) strengthen the capabilities and increase the level of participation of currently
underrepresented groups in master’s degree programs; and (3) offer graduate students an
opportunity for practical research experience related to their thesis topics through the
3-month research assignment or practicum at ORNL. The Oak Ridge Institute for Science
and Education (ORISE) administers the program.

TECHNICAL APPROACH: Offer fellowships for master’s degree program in
materials science–related academic fields.

PROGRESS: Three fellowship recipients are involved in the project.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

AIM Fellowship Program: Cast FeAl Alloys Show Improved Weldability

ISSUE: FeAl iron-aluminides have outstanding oxidation, sulfidation, and carburization
resistance at 1000°C and above due to protective Al2O3 scale formation. But, can FeAl
alloys be welded? Do the alloy additions that improve ductility and toughness at room-
temperature enable them to survive cold cracking after welding?

RESULTS: New cast FeAl alloys (Fe– 36 to 40 at. % Al) designed for improved high-
temperature strength and room-temperature ductility were developed that showed good
tensile strength at 700 to 1000°C, and creep strength at 700 to 800°C. Such complex cast
FeAl alloys (with additions of Mo, Zr, C, and B) were found to have up to 4 to 5%
ductility in air at room temperature, and about 10 to 15 J Charpy impact toughness, or
more. While such cast FeAl alloys have been found to be weldable without any cold
cracking after appropriate heat treatment, their behavior is not well understood. As part of
this ORISE Ph.D. Minority Fellowship Program work, Gleeble simulations of the weld-
cylce were conducted on the complex, cast FeAl alloys, and a series of simpler alloys
with each of the critical solutes removed to reach the equivalent binary FeAl alloy. As
shown below, the binary FeAl alloy developed severe cold cracking, with brittle fracture
occuring along grain boundaries. By contrast, the complex alloy with B, C, Mo, and Zr
shows no such cracking. Intermediate alloys with only Mo added do crack, but then all
the alloys with B and/or C do not crack. This study clearly confirms and shows that B and
C together are critical elements for preventing grain-boundary fracture and increasing
ductility at room temperature, both of which are needed for resistance to cold cracking
during welding.

        
Gleeble Weld Simulation

Research performed at the University of Cincinnati, sponsored by the U.S. Department of Energy, Assistant
Secretary for Energy Efficiency and Renewable Energy, Office of Industrial Technologies, Advanced
Industrial Materials Program, under contract DE-AC05-96OR22464 with Lockheed-Martin Energy
Research Corporation.

(a) (b)
200 µm
   ______

Binary Fe-38Al:
Cracks

Fe-38Al + Mo, Zr, C, B:
No cracks
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Advanced Materials for High-Temperature Liquid-Metal
Corrosion and Erosion Resistance

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Los Alamos National Laboratory

PRINCIPLE INVESTIGATORS: M. Trkula (505-667-0591) and M. Nastasi (505-667-
7007)

PHASE OBJECTIVE: To develop novel plasma-based surface engineering
technologies for the production of corrosion- and erosion-resistant, thermodynamically
stable, and highly adherent conformal coatings on die materials used to cast aluminum
and other metals.

ULTIMATE OBJECTIVE: To produce a cost-effective and industrially relevant
surface-engineering process through the combination of materials science, plasma-
immersion processing, and organometallic chemical vapor deposition (OMCVD)
techniques. This process should be non-line-of-sight to allow easy processing of complex
shapes and should also be inherently scaleable to allow for the processing of extremely
large components. The immediate objective is to develop corrosion- and erosion-
resistant, thermodynamically stable, and highly adherent conformal coatings on die
materials used to cast aluminum and other metals. Follow-on objectives may include
development of wear, erosion, and reduced-friction coatings.

TECHNICAL APPROACH: Candidate corrosion- and erosion-resistant coatings will
be chosen based on an analysis of thermodynamic and thermal expansion for the total
system of liquid metal/coating/substrate. Coating synthesis will employ a combination
approach using OMCVD with plasma-immersion ion processing (PIIP). The PIIP process
will be used to physically and chemically clean the substrate surface, ion-implant coating
species into the substrate surface to provide a graded transition to the coating, and deposit
thick, adherent, and conformal surface coatings when used in conjunction with OMCVD.

PROGRESS: Discussions between Los Alamos and a variety of industries have been on-
going over the last year. These industries include Ford Motor Company, Chrysler,
Empire Hard Chrome, Alcoa, Reynolds, Boeing Corporation, and Schlumberger. A
Commerice Business Daily advertisement was published on this project, and we are
reviewing the responses. A CRADA between LANL and Pratt and Whitney is in
progress.

Patents: None.    Publications: None    Proceedings: None.

Books: None.    Presentations: 3    Awards: None.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Advanced Materials for High-Temperature Liquid-Metal
Corrosion and Erosion Resistance

ACCOMPLISHMENTS: Coatings of AlN, Er2O3, B-C-H, and Cr-C-O have been
produce on a variety of substrate materials. Wetting experiments show that Cr-C-O
coatings provide effective protection against reactions between molten Al and steel
substrates. B-C-H coatings were found to be not effective. The AlN deposition conditions
were varied to minimize hydrogen content. The Er2O3 was found to be stoichiometric.

Licenses: None.    Known Follow-On-Product(s): None.

Industry Workshops: None.    Technology Transfer or Industrial Interactions: None.

CRITICAL ISSUES: Production of Cr-C-O coatings that inhibit wetting and soldering
of molten Al when in contact with steel-based substrates.

FUTURE PLANS: To investigate further the synthesis of Cr-C-O coatings and evaluate
their properties. We plan to determine the role of deposition parameters on the coating
composition, deposition rate, ultimate coating thickness, surface mechanical properties
(i.e., hardness, wear resistance, and friction), coating adhesion, and delamination, and Al
wetting properties.

POTENTIAL PAYOFF: The potential payoff for industrial application in the area of Al
die casting is anticipated to be very high. The development of a low-cost surface-
engineering process for the production of non-wetting and erosion-resistant surface
coatings is highly desirable. Cost savings can be realized from the extension of die life,
reduced energy losses due to thermal cycling, and the improved surface finish of the cast
product.

ESTIMATED ENERGY SAVINGS: We have studied material lifetime and its effect
on aluminum die casting in the automotive industry. Estimates indicate that dye life
extension for this industry alone can result in energy savings of 3.3 × 1012 to 3.3 × 1013

Btu/year.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Plasma Processing— Advanced Materials for Corrosion and Erosion Resistance

ISSUE: Die life is a major consideration in the die casting process. Die degradation
occurs principally by thermal fatigue (i.e., heat checking), erosive and abrasive wear,
chemical attack and/or corrosion, and soldering between the die and casting material. Our
approach to solving this problem is to develop novel plasma-based surface-engineering
technologies for the production of corrosion- and erosion-resistant, thermodynamically
stable, and highly adherent conformal coatings on die materials used to cast aluminum
and other metals.

RESULTS: Synthesis of a Cr-C-O coating was accomplished through the combined
approach of using organometallic chemical vapor deposition (OMCVD) with plasma-
immersion ion processing (PIIP). The organometallic chemical source for this coating
was Cr(CO)6. The PIIP process was used to sputter clean the substrate surface prior to
coating deposition, to provide plasma generation of the Cr(CO)6 gas and to supply a
substrate bias voltage during coating deposition. The figure shows the results of wetting
experiments between molten Al and steel substrates, both with and without the PIIP-
generated Cr-C-O coating. The data show that Cr-C-O coating provides effective
protection against reactions between molten Al and 304 stainless steel substrates.

Fig. 1. Molten aluminum wetting test for B-C-H– and Cr-Co–coated
steel substrates and an uncoated 304 stainless steel substrate.

ESTIMATED ENERGY SAVINGS: We have studied material lifetime and its effect
on aluminum die casting in the automotive industry. Estimates indicate that die life
extension for this industry alone can result in energy savings of 3.3 × 1012 to 3.3 × 1013

Btu/year.
Research performed at Los Alamos National Laboratory, sponsored by the U.S. Department of Energy
under programs from the Office of Energy Efficiency and Renewable Energy/Office of Industrial
Technologies and Office of Basic Energy Science/Division of Materials Science.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Development of Improved Refractories

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATIONS: Oak Ridge National Laboratory (ORNL) and the
University of Missouri at Rolla (UMR).

PRINCIPAL INVESTIGATOR(S): Andrew A. Wereszczak/ORNL (423-574-7601 and
Robert E. Moore/UMR (573-341-4401).

PHASE OBJECTIVE: Conduct compressive creep, corrosion, and dimensional stability
studies on conventional silica refractories (a “category”). Perform pre- and post-testing
analyses to correlate microstructural changes with the determined creep, corrosion, and
dimensional stability performances.

ULTIMATE OBJECTIVE: Generate an engineering database on the thermomechanical
and thermophysical properties of several different commercial refractory categories that
are candidate materials for glass-melting furnace superstructures.

TECHNICAL APPROACH: High-temperature mechanical engineering data will be
generated on competing brands of commercially available refractories that are candidate
materials for glass-furnace superstructures. The creep rate of these materials will be
measured as a function of stress and temperature; chosen stresses and temperatures will
bracket those that exist during service in the superstructure. The data will be made
available to glass manufacturers so that they may (1) make equitable comparisons of
competing brands that would facilitate their choice of refractory brand for their
applications and (2) provide design data to their furnace-design-engineers to use for
optimizing superstructure design.

PROGRESS: In the first study of its kind, an objectively generated systematic creep and
dimensional study of conventional silica refractories was completed. Historically,
conventional silica has been the primary refractory used for furnace superstructures;
however, engineering creep studies describing their performances are essentially
nonexistent in the literature. The employed test temperatures and stresses comprising the
test matrix bracketed those of furnace superstructure service. It was determined that the
amount of compressive creep of the examined brands was quite small (for Type A
conventional silicas) and equivalent among them at 1550 to 1650°C and 0.2 to 0.6 MPa.
All brands exhibited a time-dependent, permanent net expansion due to exposure to
temperature. The amount of this expansion was much greater than the permanent
contraction that they exhibited during compression creep. These results indicate that
conventionally used creep-deformation models are inappropriate for predicting the total
long-term deformation of these silica refractories because creep is such a small fraction
of their overall dimensional stability. Lastly, the corrosion resistances among these
brands were equivalent up to 1400°C.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Development of Improved Refractories

Patents: None.      Publications: 1 Proceedings: None.

Books: None.      Presentations: 2 Awards: None.

ACCOMPLISHMENTS: The primary accomplishment in FY 1998 was the completion
of compression creep testing of competing conventional silica brands. The data currently
are undergoing analyses, and the findings will be supplied to glass-manufacturing
engineers involved in the design of furnace superstructures. The data will help them
choose optimum refractory materials for the promotion of longer-term service of their
furnaces.

Licenses: None.      Known Follow-on Product(s): None.    Industry Workshop: None.

Technology Transfer or Industrial Interaction: None.

CRITICAL ISSUES: For future testing of fusion-cast alumina refractories, the critical
issue will be the determination and understanding of microstructural variation as a
function of position within the cast alumina blocks. This will result in the creation of
another independent parameter (along with temperature and stress) in the examination of
refractory creep performance.

FUTURE PLANS: With the refractory categories identified (eight in all; one now
completed), fusion-cast alumina and mullite refractories will be tested next. Additionally,
specimens will be subjected to service environments, and their corrosion resistance will
be examined. Dimensional stability in the absence of stress of these refractories also will
be characterized.

POTENTIAL PAYOFF: More efficient and economical designs of glass-melting
furnace superstructures will be a consequence of this project. Furnace superstructure
designers will know which refractory brands perform better than others (from objectively
generated data). Additionally, accurate engineering data will be available to describe the
high-temperature mechanical performance of candidate refractory materials and furnace
superstructures made from them.

ESTIMATED ENERGY SAVINGS: Based on the 1998 DOE/OIT GPRA Report,
approximately $202M in energy savings per year in 2005 and a $445M per year savings
by 2020 will be realized with the conversion of air/fuel– to oxy-fuel–fired furnaces.
These results come from the consideration that 61% and 100% furnace conversions will
occur by the years 2005 and 2020, respectively. Glass manufacturers and their furnace
designers will use the results from this project to accelerate this conversion process.
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ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Materials R&D Student Internships

PHASE: FY 1998         COMPLETION DATE: September 30, 1998

PERFORMING ORGANIZATION: Ames Laboratory

PRINCIPAL INVESTIGATORS: R. Bruce Thompson (515-294-9649), I. E. Anderson
(515-294-4446), and T. E. Bloomer

PHASE OBJECTIVE: To continue programmatic research while educating students.

ULTIMATE OBJECTIVE: To conduct programmatic research of significance to the
Advanced Industrial Materials Program while training under-represented graduate
students in the process.

TECHNICAL APPROACH: The approach for involving students is recruiting for
participation in the program, matching them with projects of programmatic interest to the
AIM Program, conducting the research, continuous mentoring, and graduation. The
specific technical approach will depend on the projects selected. The primary work in the
current year is directed towards improving the mechanical properties of SnAgCu + Co, a
new lead-free solder.

PROGRESS: Initial studies of the microstructure and mechanical properties of SnAgCu
+ Co, a new lead-free solder, have been conducted. When compared to the Sn-Pb eutectic
and other Pb-free solders, a new alloy SnAgCu has been found to have improved strength
and very good resistance to microstructural coarsening at high temperature (125°C).
Minor additions of the transition metal Co allows mechanical and microstructural
stability to be maintained to 170°C with double the ultimate tensile strength of the SnPb
eutectic, and preliminary evidence suggests improved fatigue properties.

Publications: 1

ACCOMPLISHMENTS:

Licenses: None. Known Follow-On Products: Solder in wire, paste, ingot.

Industry Workshop: None.

Technology Transfer or Industrial Interaction: Discussions with Multicore Solders,
Hector Steen; Johnson Manufacturing, Al Gickler; and Nihon Superior, Tetsuro
Mishimura.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Materials R&D Student Internships

CRITICAL ISSUES: Identifying appropriate students and assisting them in what can be
a significant transition from their undergraduate institution to a major research university.

FUTURE PLANS: Continued recruitment and education of under-represented students.

POTENTIAL PAYOFF: Increasing the fraction of the population available to perform
technical jobs for the nation.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Materials R&D— Student Internship

ISSUE: Microstructural and Mechanical Properties of Tin-Silver-Copper + Transition
Metal Solder

RESULTS: The overall results to date indicate that SnAgCu+Co solder alloys have
superior performance over all other alloys tested. They show increased hardness, without
significant loss in ductility. Good mechanical and microstructural stability is maintained
to 170ºC. As-drawn wire samples of the Sn–4.7Ag–1.7Cu (wt %) eutectic composition
with and without small Co additions (<0.5 wt %) show fine homogeneously distributed
spheres of Ag3Sn and blocky Cu6Sn5 in a matrix of tin. The Cu6Sn5-phase particles align
in the drawing direction. Co additions refine this as-drawn microstructure, and, during
annealing of the wire samples, the Ag3Sn spheres coarsen while the Cu6Sn5 do not grow
appreciably in size. Addition of Co creates an apparent partitioning effect in the Cu6Sn5
phase, creating a core of Co-rich (Cu+Co)6Sn5 with almost pure Cu6Sn5 around the edges.

The room-temperature tensile tests of as-drawn wire samples clearly show that even
minor additions of Co to SnAgCu can double the ultimate tensile strength over that of
SnPb eutectic. Also, SnAgCu + Co solder wire ductility is within the same range as
SnPb, predicting a significant improvement in fatigue strength that must be verified by
further testing.

                                
(a) Sn–4.7Ag–1.7Cu     (b) Sn–4.7Ag–1/7Ci + 0.3Co

                                
(a) SnAgCu                                 (b) SnAgCu + Co

Fig. 1. Optical
photos of as-drawn
wire longitudinal
cut: (a) Sn–4.7Ag–
1.7Cu and
(b) Sn–4.7Ag–1.7Cu
+ 0.3Co. Note the
microstructural
refining effect
created by the Co
addition.

Fig. 2. SEM image
of (a) SnAgCu and
(b) SnAgCu + Co
as-solidified solder
joint interface.
Note change in
interface
morphology with
addition of Co.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Metals Processing Laboratory User (MPLUS) Facility

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: Oak Ridge National Laboratory (ORNL)

PRINCIPAL INVESTIGATOR: G. Mackiewicz-Ludtka (423-576-4652) and
H. W. Hayden (423-574-6936)

PHASE OBJECTIVE: Continue to partner with DOE Vision Industries and Universities
by providing access to the unique Technical Expertise and Facilities at MPLUS.

ULTIMATE OBJECTIVE: To assist U.S. industries in improving energy efficiency
and enhancing their competitiveness in the global market by partnering with National
Laboratories.

TECHNICAL APPROACH: Started as a small-scale, pilot User Facility Program in
February 1996, MPLUS’s initial goal was to determine whether a need existed for such a
program, and, if so, to demonstrate its value. As of September 30, 1998, a total of 107
MPLUS Proposals were received from 60 different companies and universities
representing states across the United States. The demand for and success of the MPLUS
User Facilities continue and are evidenced by (a) the sheer number of users (61
companies); (b) the significant numbers (19 different) of organizations that requested
repeated assistance and submitted multiple (2 to 5) proposals for different MPLUS
projects; (c) the 4 companies that chose to do Proprietary (P) MPLUS projects, with 2 of
these 4 P Users pursuing multiple P MPLUS projects.

PROGRESS: Due to continued industrial requests/needs and support, MPLUS has
succeeded in demonstrating (within its 32 months of existence) that the unique technical
expertise and facilities accessible through the National Laboratories are a valuable
resource to U.S. industries. In fact, it is becoming quite clear, with the growing response
and needs being identified via MPLUS, that MPLUS is a viable vehicle/mechanism to
unite other National Laboratory User Facilities to provide industry with a mechanism to
access these national resources as a Distributed Laboratory.

Patents: ERID0344            Publications: 13         Proceedings: 1

Books: None.            Presentations: ~12         Awards: 1
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PROJECT SUMMARY (continued)

PROJECT TITLE: Metals Processing Laboratory User (MPLUS) Facility

ACCOMPLISHMENTS:

Licenses: None.

Known Follow-On Products: Some companies have funded several proprietary MPLUS
projects at the conclusion of their nonproprietary project. Others have continued and/or
built on the industrial/ORNL interactions and partnerships initiated through the MPLUS
User Program, and they have been the catalysts for initiating additional partnering and
collaborations among the industry, academia, and ORNL.

Technology Transfer or Industrial Interaction: Technology transfer and industrial
interactions are what MPLUS is all about. They occur with every project.

CRITICAL ISSUES: Can National Laboratories be a valuable asset to U.S. industries
by providing unique and valuable input to materials processing issues so that U.S.
industries can reclaim their competitive edge in the global market?

FUTURE PLANS: Continue to expand MPLUS to incorporate additional needed
facilities and expertise available at other sites.

POTENTIAL PAYOFF: Restoration of U.S. industry’s competitive edge in the global
market by providing a platform for enhanced relationships and partnerships among
industries, academia, and National Laboratories. MPLUS also provides a mechanism for
transferring R&D technologies into industrial arenas.

ESTIMATED ENERGY SAVINGS: Energy savings vary with the individual project.
Some, like infrared-related projects, can and do realize immediate savings, not just in
energy savings, but also in reducing negative impacts on the environment by replacing,
reducing, and at times eliminating unit processes.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Microwave Joining of SiC

PHASE: FY 1998         COMPLETION DATE:

PERFORMING ORGANIZATION: FM Technologies, Inc.

PRINCIPAL INVESTIGATOR: Richard Silberglitt (703-425-5111)

PHASE OBJECTIVE: To understand the nature of the SiC interlayer formed in situ from
polymer precursor pyrolysis during microwave joining of SiC materials.

ULTIMATE OBJECTIVE: To identify and develop the most effective microwave-joining
methods for scaling up to large tube assemblies of silicon carbide that are required for
industrial applications.

TECHNICAL APPROACH: SiC was formed in situ by decomposition of polymer
precursors in a microwave applicator evacuated and back-filled with inert gas. The quality
of the SiC formed from different polymers was investigated via X-ray diffraction, and the
shrinkage of the polymer was determined for input to stress analysis of three-dimensional
joints (e.g., butt-plus-lap joint with collar) between SiC tubes.

PROGRESS: SiC was produced from several different polymer precursors, including three
polycarbosilanes, two polysiloxanes, one polysilazane, and a polycarbosilane loaded with
SiC particulates. The crystal development of the SiC was comparable to that produced using
conventional heating, with the microwave-heated material showing a higher sensitivity to
polymer carbon content. The 8-in. long, 1-in. OD, sintered SiC tubes joined under the
HiPHES project were pulled to failure under tension at the High Temperature Materials
Laboratory at Oak Ridge National Laboratory. One tube was tested at ambient temperature
and the other seven at 1050°C. All failures were in the tubes or collars; no failures in the
butt-plus-lap joint. Maximum loads at ambient and 1050°C were similar.

Patents: None.       Publications: None.         Proceedings: 1

Books: None.       Presentations: 4         Awards: None.

ACCOMPLISHMENTS:

Licenses: None.      Known Follow-On Product(s): None.      Industry Workshop: None.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Microwave Joining of SiC

Technology Transfer or Industrial Interaction: Industrial-sponsored program is under
development with Stone & Webster to join pairs of 15-ft–long, sintered SiC tube sections to
form furnace coils for testing in a prototype high-temperature furnace in an ethylene
production plant. Discussions are under way with INEX for application to reaction-bonded
SiC radiant burner tube assemblies. Presentations were made at BES/CFCC Workshop, and
discussions were held with CFCC contractors and program managers.

CRITICAL ISSUES: Development of applicators for cost-effective fabrication of
industrial-size specimens and a full suite of mechanical strength data including service
environment.

FUTURE PLANS: Joining of test specimens supplied by industrial collaborators that
properly simulate the components to be fabricated, followed by tests conducted by the
industrial collaborators that simulate performance environments, then scale up to fabricate
prototype components, and finally prototype testing. Commercialization agreements will be
based upon licensing or contract manufacturing, as appropriate.

POTENTIAL PAYOFF: The markets for SiC radiant burner tubes and heat exchangers
have been estimated to be greater than $100 million annually. These components currently
cannot be cost-effectively fabricated in lengths and shapes required. Microwave joining
could be an enabling technology by allowing fabrication through the joining of several
small, simply-shaped pieces. Development of a transportable microwave applicator would
provide the capability for on-site fabrication and repair of ceramic tube assemblies.

ESTIMATED ENERGY SAVINGS: The DOE CFCC Program has estimated energy
savings of 2 quads and energy cost savings of $8 billion for CFCC utility and industrial
components. Natural gas savings are estimated at $173,000 per year due to the 4 to 7%
higher efficiency of SiC radiant burner tubes. Use of a SiC tube heat exchanger in externally
fired combined-cycle coal power plants is projected to produce a 20% increase in thermal
efficiency. Energy savings through the reduction of feedstock consumption and decoke fuel
and steam requirements with an advanced ethylene production process using a high-pressure
SiC heat exchanger are projected to be 63.9 trillion Btu per year.

OTHER SOURCES:The State of Virginia Center for Innovative Technology and
George Mason University have provided $165K in matching funds during this time
period.
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Selective Inorganic Thin Films

PHASE: FY 1998 (Materials Development)    COMPLETION DATE: Open

PERFORMING ORGANIZATIONS: Sandia National Laboratories (SNL), Amoco
Chemical Corporation (ACC), University of New Mexico (UNM), and University of
Western Australia (UWA)

PRINCIPAL INVESTIGATOR: Tina M. Nenoff/SNL (505-844-0340)

PHASE OBJECTIVES: Model, synthesize, and characterize novel inorganic composite
Zeolite/sol-gel thin-film membranes for hydrocarbon separations via molecular sieving.
Confine permeability of film to zeolite crystals by increasing density of coverage and
reducing gas permeability of matrix. Enhance permeability by decreasing film thickness
while maintaining continuous coverage. Succeed in guaranteeing funding for the
CRADA portion of this project through the DOE/Vision 2020: The Chemical Industry.

ULTIMATE OBJECTIVE: Develop new class of inorganic membranes for
hydrocarbon and light-gas separations, and possibly catalysis. Use this technology to
improve upon separation efficiencies and thermal stability currently available with
polymer or oxide membranes, emphasizing application to petroleum and natural-gas
refining. Transfer technology base to industry.

TECHNICAL APPROACH: Use computational modeling to select appropriate
microporous phases for desired separation. Nucleate and crystallize zeolite and
microporous phosphate–based phases via hydrothermal synthesis methods, using porous
filters and gas membranes as supports for these films. Investigate novel microporous zinc
phosphates as molecular sieves.

PROGRESS: During FY 1998 we have successfully synthesized defect-free zeolite/sol-
gel composite thin-film membranes on a number of different substrates. Furthermore, we
have synthesized highly oriented zeolite crystals upon supports. The films are thermally
stable up to 500°C. The choice of zeolite for various target hydrocarbon separations were
determined by molecular modeling of pore sizes and shapes. We also have built a
permeation testing unit that can accommodate both tubular- and disk-shaped membrane
supports, and we can test both light-gas molecules and hydrocarbons from room
temperature to 200°C.

Also during FY 1998, the team was awarded a 3-year, $4.295M grant from DOE/Vision
2020: The Chemical Industry to fund an existing CRADA. The CRADA was expanded to
include Sandia, Amoco, and Coors Technical Ceramics Company, with industry
contributing 56% in-kind funding.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Selective Inorganic Thin Films

ACCOMPLISHMENTS:

Publications: 1 Presentations: 4 Disclosures: 2 Licenses: None.

Known Follow-On Products: None. Industry Workshops: None.

CRITICAL ISSUES: (1) Development of defect-free inorganic composite zeolite/sol-
gel membranes for specific hydrocarbon separations. (2) Award of funding from Vision
2020: The Chemical Industry for the CRADA membrane project (including Sandia,
Amoco, and Coors Ceramics).

FUTURE PLANS: (1) Transfer funding support and CRADA focus from DOE/AIM to
DOE/Vision 2020, which will continue to support the modeling, synthesis or
characterization, and industrial scaleup of composite inorganic Zeolite/Sol-gel thin films
for hydrocarbon separations. (2) Model the diffusion of binary mixtures of light gases
(e.g., H2, CO2, H2O, CH4, and CH3OH) and chiral molecules in novel microporous
systems and then synthesize and validate the designs in the production of thin, leak-free
membranes containing microporous, phosphate-based phases. (3) Develop amorphous
hybrid organic-inorganic molecular sieving membranes for gas purification and hydrogen
recovery.

POTENTIAL PAYOFF: The petroleum and natural gas refining industries would
significantly benefit from high-permeability molecular sieve films capable of separating
light, fixed gases, particularly if the membranes can be used at high temperatures. The
alkali metal zinc phosphates that we have synthesized as membranes are stable up to
700°C, which is compatible with hydrogen recovery. With sufficiently high permeability
and low unit-area cost, energy savings of several quad/year could be achieved when all
feasible applications of inorganic membranes are considered.

We currently are developing partnerships with the Amoco Petroleum Division to develop
the light-gas media and membranes further (ongoing discussions with Dr. Carl Udovich,
Amoco Exploration and Production). Also, we have ongoing discussions with the DuPont
Company to develop porous membranes for chiral molecule separations (pertaining to
both the pharmaceutical and agrochemical sectors).
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ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM
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PROJECT SUMMARY

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

PROJECT TITLE: Polymer Electrolyte Electrochemical Reactors of Lowered
Energy Consumption

PHASE: FY 1997         COMPLETION DATE:

PERFORMING ORGANIZATION: Los Alamos National Laboratory

PRINCIPAL INVESTIGATOR: Shimshon Gottesfeld (505-667-0853)

PHASE OBJECTIVES: Reach stable performance for at least 1 week with chlor-alkali
electrochemical reactor (ECR) employing an oxygen cathode and exhibiting cell voltage
lower by at least 30% that of present-day industrial chlor-alkali ECR at a current density
of 300 A/ft2. Alternatively, achieve higher throughput (as high as 1000 A/ft2), while
maintaining a significant fraction of this energy savings.

ULTIMATE OBJECTIVES: Optimize materials for the promising new cell design that
will fulfill the combined requirements of mechanical and chemical stability in the context
of industrial-sized cells. Develop and test ECR, employing such materials/structures, for
the chlor-alkali industry, based on an oxygen or air electrode, and demonstrating energy
consumption that is 30% lower than that of present-day industrial chlor-alkali ECR at
same product throughput and at >90%.current efficiency.

TECHNICAL APPROACH: Novel ECR configuration, based on effective oxygen
cathodes developed at LANL, is assembled and tested at LANL. Optimization is based on
detailed analysis of losses in the cell and on modification of cell materials and elements
following identification of sources of loss. Collaboration with Dow Chemical ensures
meaningful comparison with present-day technology. Materials examination regarding
mechanical- and corrosion-susceptibility characteristics is performed under the most
relevant, well-defined conditions, employing both electrochemical and other analytical
techniques.

PROGRESS: A new cell configuration* introduced by us in the fall of 1998 has
provided high performance and performance stability of a chlor-alkali ECR with oxygen
cathode due to significantly lower and more stable cell resistance. As a result, the
following stable cell performance points were recorded: 2.2 V at 400 A/ft2, 2.45 V at
600 A/ft2, and 2.7 V at 800 A/ft2. These results compare with state-of-the-art ECRs in the
chlor-alkali industry that operate at 3.2 V at a current density of 300 to 400 A/ft2.
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PROJECT SUMMARY (continued)

PROJECT TITLE: Polymer Electrolyte Electrochemical Reactors of Lowered
Energy Consumption

ACCOMPLISHMENTS: *We strongly believe that the most recent results
demonstrated by us with the new chlor-alkali ECR based on oxygen cathode are very
unique. We are not aware of any comparable achievement in terms of unique ECR
structure, high energy savings, and the the possibility of much higher throughput per cell
size while maintaining a significant fraction of the energy savings. We are pursuing
vigorously patent application.

Publications: 1 Presentations: 4 Disclosures: 2 Licenses: None.

Known Follow-On Products: None. Industry Workshops: None.

CRITICAL ISSUES: The most critical issue in this project is demonstration of stable
cell performance in operation in the energy-saving mode based on an oxygen cathode.
Performance stability depends, in turn, on optimization of cathode structure and cell-
operation conditions. The oxygen cathode requires moving away from the materials and
flow field employed in the initial ECR demonstration to materials and structures that will
provide satisfactory mechanical properties in actual cells several feet high and several
feet wide. The natural choice of metallic components from the mechanical perspective
will have to be followed by judicious choice of metal components with or without surface
treatment that can withstand the caustic environment and the potential of an oxygen
cathode.

FUTURE PLANS: Continue to resolve key material and structure issues of the
advanced, energy-saving and CO2-emission-cutting ECR technology developed jointly
between LANL and Dow Chemical. Implement such material in testing cells of
increasing size at both LANL and Dow Chemical

POTENTIAL PAYOFF: (1) Potential savings of up to 50% of the electrical energy
consumed by an industry that uses 2% of the total electrical power generated in the
United States. (2) Introduction of new chlor-alkali reactor technology, giving U.S.
industry a competitive edge. (3) Cutting CO2 emissions by up to 50% in an industry that
is a major consumer of electricsl power.

ESTIMATED ENERGY SAVINGS: Potential to save up to 50% of the electrical
energy consumed by an industry that uses 2% of the total electrical power generated in
the United States.
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SIGNIFICANT ACCOMPLISHMENT

ADVANCED INDUSTRIAL MATERIALS (AIM) PROGRAM

Energy-Efficient Electrochemical Reactors (ECRs)

PROBLEM: The chlor-alkali industry consumes 2% of the total electrical power
generated in the United States. The products at the cathode are NaOH and hydrogen gas,
and gaseous chlorine is generated at the anode. The cell voltage directly reflects the
electrical energy consumption per ton of chlorine (or caustic) product. Lowering of the
cell voltage is, therefore, an important energy-savings target for this particular industrial
process, as well as for several other industrial processes involving electrochemical
oxidations.

RESULTS: The figure on the left shows the conventional configuration of an ECR used
in the chlor-alkali industry, generating chlorine and caustic soda by electrolysis of
sodium chloride brine. The cell voltage required at a typical production rate of 300 A/ft2

is 3.2 to 3.3 V. If the hydrogen-evolving cathode were replaced by an oxygen-consuming
cathode (b), the voltage of the cell could be reduced, in principle, by about 0.9 V. In
recent years at LANL, we have developed advanced oxygen/air electrodes, and the
adaptation of elements of our approach for chlor-alkali ECRs seemed possible. Interest at
Dow Chemical resulted in a CRADA agreement between Dow Chemical and LANL that
was signed in June 1997. This joint LANL/Dow technical work was augmented in
November 1998 with funding from OIT (Chemical Industry), which we committed to
enhanced testing and technology-transfer activities. Materials science and technology
issues continue to be addressed under the AIM program. A new cell configuration,
introduced by us in the fall of 1998, has provided high performance and performance
stability of a chlor-alkali ECR with oxygen cathode, due to significantly lower and more
stable cell resistance. As a result, the following stable cell-performance points were
recorded: 2.2 V at 400 A/ft2, 2.45 V at 600 A/ft2, and 2.7 V at 800 A/ft2. These results
compare with those of state-of-the-art ECRs in the chlor-alkali industry that operate at
3.2 V at current density of 300 to 400 A/ft2.
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a) Conventional Chlor-Alkali Cell b) Chlor-Alkali Cell with Oxygen Cathode

R&D performed at Los Alamos National Laboratory (LANL) under the sponsorship of DOE-EE-OIT,
Advanced Industrial Materials Program.

ENERGY EFFICIENCY:
Potential savings of up to
50% of the electrical
energy consumed by an
industry that uses 2% of
the total electrical power
generated in the United
States plus a lowering of
CO2 emissions.



93

Internal Distribution

1. Central Research Library

2–3. ORNL Laboratory Records RC/OSTI

4. P. Angelini

5. P. A. Boyd

6. G. M. Caton

7. J. M. Wyrick

External Distribution

8–10. U.S. Department of Energy/Headquarters, 1000 Independence Avenue, S.W.,
Washington, DC 20585

William P. Parks, Jr., EE-221, 5F-035/FORS
Charles A. Sorrell, EE-232, 5F-059/FORS
Denise F. Swink, EE-20, 6B-052/FORS

11. U.S. Department of Energy/Oak Ridge, Oak Ridge National Laboratory, Building
4500N, Mail Stop 6269, P.O. Box 2008, Oak Ridge, TN 37831-6269

Mary H. Rawlins


