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TUESDAY AM

11TH INTERNATIONAL SYMPOSIUM ON
EXPERIMENTAL METHODS FOR
MICROGRAVITY MATERIALS SCIENCE:

Session I

Sponsored by: ASM International: Materials Science Critical
Technology Sector, Electronic, Magnetic & Photonic Materials
Division, Structural Materials Division, Alloy Phases Committee,
Thermodynamics & Phase Equilibria Committee; NASA Microgravity
Sciences

Program Organizer: R. A. Schiffman, R.S. Research, Inc., Crystal
Lake, Barton, VT 05822 USA; C. Patuelli, Dipartimento di Fisica and
Istituto Nazionale ci Fisica per la Materia, Alma Mater Studiorum, Berti
Pichat 6/2, 40127 Bologna, Italy

Tuesday AM
March 2, 1999

Room: 15B
Location: Convention Center

Session Chair: Carlo Patuelli, Instituto Nazionale ci Fisica per la
Materia, Aima Mater Studiorum, Bolonga 40127 Italy

8:30 AM
WETTING BEHAVIOR OF BSO MELT ON PLATINUM: Yu Zheng';
A. F. Witt!; 'Massachusetts Institute of Technology, 77 Massachusetts
Ave., Cambridge, MA M.L.T. 13-4154 USA

Single crystal of Bi12Si020 (BSO) is conventionally pulled from its
melt by the Czochralski method [1-2]. To better understand the growth
process and the mechanism of formation of defects, a Vertical Bridgman
growth of BSO crystals under micro-gravity conditions has been pro-
posed [3]. The crucible has to be made of Platinum, the only known
material that is chemically stable when in contact with BSO melt. The
interaction between BSO and Pt is extremely important when concern
the thermal stresses caused by their different thermal expansion proper-
ties. In this work, the wetting behavior of BSO melt on platinum under
an ambient with various partial pressure of oxygen is studied by the
sessile drop method. The wetting angles as well as the surface tension of
BSO melt are calculated by analyzing the shape of the sessile drops [4-
5]. It is found that the BSO melt partially wets Pt at low pressure of
oxygen (~ 104 atm) with an equilibrium contact angle around 45Y. The
contact angle decreases as the pressure of oxygen goes up and approaches
to zero when it is above 10-2 atm. The surface tension of BSO is about
200 mJ/m2, which doesn’t change with the pressure of oxygen. Finally,
a design of the crucible for VB growth of BSO under micro-gravity
conditions is given based on this wetting behavior. References: [1] O.F.
Hill and J.C. Brice. The composition of crystal of bismuth silicon oxide.
Journal of Materials Sciences, 9:1252, 1974. [2] C. Lin. Crystal growth
and characterization of BSO. Doctoral Dissertation, Massachusetts In-
stitute of Technology (1994) [3] A.F. Witt. Proposal on a Vertical
Bridgman growth of BSO under Micro-gravity conditions [4] S. Harland
and R. Hartley. Axisymmetric Fluid-Liquid Interfaces (Elsevier,
Amsterdam, 1976) [5] S. Lahooti, O.1. Del Rio, A.W. Neumann, P.Cheng.
Axisymmetric Drop Shape Analysis (ADSA). Applied Surface Thermo-
dynamics (Marcel Dekker, Inc., New York, 1996), pp. 441

8:50 AM

DIRECTIONAL SOLIDIFICATION OF IMMISCIBLE ALLOYS
UNDER MICROGRAVITY CONDITIONS: J. B. Andrews'; L. J.
Hayes!; Y. Arikawa!; S. R. Coriell?; 'University of Alabama at Birming-
ham, Mats. and Mech. Eng., Birmingham, AL 35294 USA;
2Nationallnstitute of Standards and Technology, Metall. Div., Gaithersburg,
MD 20899 USA
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Findings obtained from the Coupled Growth in Hypermonotectics
experiment, which flew aboard the Life and Microgravity Spacelab mis-
sion, will be presented. During the mission, three immiscible Al-In samples
were directionally solidified using the Advanced Gradient Heating Facil-
ity. These samples consisted of one 17.3wt% In monotectic composi-
tion sample and two hypermonotectic samples containing 18.5 and
19.7wt% In. All samples were initially heated to a temperature of 1100YC
for 6 hours for homogenization and then directionally solidified at a rate
of Imm/s. X-ray analysis revealed that voids were present in some of
these samples that could lead to local variations in thermal gradient and
solidification rate. The microstructural variations in these samples will
be reported and compared with the anticipated results from this experi-
ment.

9:10 AM
STRIATION INDUCED BY UNSTEADY BRIDGMAN DIREC-
TIONAL SOLIDIFICATION: R. Guerin'; P. Haldenwang?; !'Universite
d’Aix-Marseille II, Laboratoire Matop, URA/CNRS 1530, Faculte des
Sciences et Techniques de Saint-Jerome, Case 151, Marseille Cedex 20
F-13397 France; 2Universite de Provence, IRPHE/UMR-CNRS 6594
IMT/Lajetee, Technopole de Chateau Gombert 38, Avenue Joliot-Curie,
Marsceille Cedex 20 F-13451 France

Time-dependent behaviours induced by the solutal convection ap-
pearing above a solidification front are numerically investigated. The
system under study corresponds to the upward Bridgman configuration
for the directional solidification of the Pb-30%Ti alloy. The purpose of
this work is to characterise the striations induced in the crystal when the
flow becomes unsteady. We determine the onset threshold of unsteadi-
ness as a function of confinement, and investigate the time behaviour of
a given pattern versus the Rayleigh number for two different aspect
ratios. More precisely, we estimate the magnitude of the time fluctua-
tions in solute composition that the crystal incorporates. The period of
the striations is also discussed. We indicate the flow conditions under
which both quantities are appropriate for an experimental detection: a
subcritical Hopf bifurcation is found more favourable for experimental
observation of striation than a supercritical one. Unsteadiness in 3-D
solutal convection is also considered.

9:30 AM
THE INFLUENCE OF G-JITTER ON PARTICLE INCORPORA-
TION BY AN ADVANCING SOLID/LIQUID INTERFACE: Carolyn
L. Russell'; Reginald W. Smith'; 'Queen’s University, Dept. of Mats. and
Metall. Eng., Kingston K7L 3N6 Canada

It has been observed in transparent analogues of freezing metals, that
particles existing in the melt may be pushed ahead of a macro-planar
interface or occluded (captured) depending on whether the rate at which
the solid/liquid interface is advancing is smaller or greater than some
critical value (Vc). Various attempts have been made to provide a
physical understanding of this. However, when experiment values for
Vc are obtained they often differ widely from those predicted by the
various models. In an attempt to simplify the experimental observa-
tions, a series of aluminum-based liquid metal matrix composites have
been processed on the MIR Space Station. The samples were frozen
unidirectionally using the gradient-freeze technique in the QUELD II
furnace facility. This was attached to the Canadian Microgravity Isola-
tion Mount (MIM). The MIM was used in three modes “Latched”,
“Isolating” and “Forcing”. This permitted the influence of the fluid
transport resulting from g-jitter, both “natural” and “forced”, on the
particle incorporation process to be determined. In addition, these ex-
periments attempted to assess the influence of particle shape, thermal
conductivity and volume fraction on Vc. The experiments and the
results obtained will be presented.

9:50 AM BREAK
10:10 AM

ROTATING MOLTEN METALLIC DROPS AND THEIR APPLICA-
TION TO SURFACE TENSION MEASUREMENT: Won-Kyu Rhim';



Takehiko Ishikawa?; !California Institute of Technology, Jet Propulsion
Laboratory, 4800 Oak Grove Dr., Pasadena, CA 91109 USA; 2Space
Utilization Research Center, NASDA, (On leave from the Nationals
Space Development Agency of Japan), 2-1-1 Sengen, Tsukuba, Ibaraki
305 Japan

Shapes and stability of rotating molten metal drops were experimen-
tally investigated, and the feasibility of an alternative method for sur-
face tension measurement was examined. Molten aluminum and tin
drops approximately 3 mm in diameter were suspended in a high vacuum
in a high temperature electrostatic levitator, and they were systemati-
cally rotated by applying a torque which was generated by a rotating
magnetic field along the vertical axis. As the drop angular momentum
was gradually (or step by step) increased from the static state, the drop
shape evolved first along the axi-symmetric branch until the bifurcation
point was reached at which transformation from axi-symmetric to triaxial
shape took place With the assumption of ‘effective surface tension’
which includes the effect of reduced surface tension due to the surface
charge, the results agreed quantitatively well with the Brown and Scriven’s
prediction. The normalized angular velocity at the bifurcation point
agreed with the predicted value of 0.559 within 2%. Finally, an alterna-
tive surface tension measurement technique for high viscosity liquids,
where the sample oscillation technique cannot be applied, will be pre-
sented.

10:30 AM
FINITE ELEMENT ANALYSES OF DROPLET DEFORMATION AND
OSCILLATIONS IN MICROGRAVITY: Suping Song'; Ben Q. Li';
'"Washington State University, School of Mech. and Mats. Eng., Pull-
man, WA 99163 USA

Finite element models are developed to represent the phenomena of
surface deformation, oscillation, fluid flow and heat transfer associated
with droplets positioned by either electrostatic or magnetic fields in
microgravity. Numerical results are presented and compared with ana-
lytical or asymptotic solutions and/or experimental measurements that
are available. The implications of results to the space measurements of
thermophysical properties such as viscosity and surface tension are also
discussed.

10:50 AM
DIFFUSION-LIMITED AND INTERFACE KINETIC-CONTROLLED
CRYSTAL GROWTH IN SUCCINONITRILE AND PIVALIC ACID
(PVA): Afina Lupulescu'; Martin E. Glicksman'; Mathew B. Koss!';
Jeffrey C. Lacombe!; Laura T. Tennenhouse!; Julie E. Frei!; Douglas
Corrigan'; 'Rensselaer Polytechnic Institute, Dept. of Mats. Sci. and
Eng., Troy, NY 12180 USA

Dendritic growth is generally considered to be kinetically controlled
by a diffusion-limited process. The growth of dendrites in pure melts is
controlled by the transport of latent heat from the moving boundary as
it advances in supercooled melt. However, determining the interfacial
speed at which attachment kinetics dominate the growth process and
diffusion becomes relatively important, and remains uncertain except in
broad theoretical terms. We focus here on experimental evidences of
diffusional limited transport, and interfacial kinetic effects. The data
will be presented for succinonitrile (BCC), and pivalic acid (FCC). The
Isothermal Dendritic Growth Experiment (IDGE) is a basic science ex-
periment designed to provide terrestrial and microgravity data which
measure the kinetics, morphology, and dynamics of dendritic solidifica-
tion under diffusion control. This experiment is a NASA-developed
flight experiment and has already flown three times (USMP-2 and USMP-
3 using SCN, and USMP-4 using PVA). USMP-2 and USMP-3 flight data,
when compared to terrestrial dendritic growth data demonstrate that: 1)
in the supercooling range from 0.47K to 2.1K microgravity data are
free of growth chamber boundary and convective effects; b) these data
may also be used to examine diffusion-limited, dendritic growth theo-
ries. Previous ground based experiments showed that the SCN dendritic
growth is controlled by kinetic effects only at high supercoolings (higher
than 5K). Trivedi & Mason (1991) claimed to show large kinetic effects
in a PVA sample growing with a planar interface under steady-state
conditions. The liquid-solid interface temperature, in their experiment,
deviated substantially from the PVA melting temperature. The authors
considered O highly nonlinear interface kinetic effects present during
the solidification of PVAO. The IDGE results contrast with the results
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of Trivedi & Mason. USMP-4 microgravity data indicate that PVA
dendritic growth is limited by diffusional transport. The effects of inter-
face attachment kinetics are insignificant, even for the highest velocity
observed (875 microns/sec).

11:10 AM
DIFFUSION EFFECTS ON LIQUID PHASE SINTERED Co-Cu
SAMPLES IN MICROGRAVITY: Y He'; J. Naser!; J. Chiang!'; J. E.
Smith!; 'University of Alabama in Huntsville, Chemical and Mats. Eng.,
Huntsville, AL 35899 USA

This paper discusses the diffusion controlled grain growth of Co-Cu
samples processed under microgravity. Twelve powder compact samples
with solid volume fraction ranging from 50% to 70% were processed at
1473K during liquid phase sintering (LPS) experiments aboard sounding
rockets and Space Shuttle missions. Processing time ranged from 2.5 to
66 minutes. The diffusional layer associated with processing time was
observed and the experimental results on the grain size distribution and
grain-coarsening rate are presented. The concentration distribution re-
sults based on SEM analysis are also presented. The diffusional effects
on dihedral angle and particle sphericity are also discussed. The micro-
structural characterization revealed the agglomeration and coalescence
occurred during liquid phase sintering of Co-Cu samples. The modified
grain growth model that incorporates coalescence and particle spheric-
ity (LSEM) appears to describe the observed grain growth behaviors far
better than the LSW model.

11:30 AM
QUANTITATIVE COMPUTER TOMOGRAPHY FOR DETERMIN-
ING COMPOSITION OF MICROGRAVITY AND GROUND
BASED SOLID SOLUTIONS: D. C. Gillies'; H. P. Engel?; 'NASA/
Marshall Space Flight Center, Huntsville, AL 35812; 2*Wyle Laborato-
ries, Kennedy Space Center, Cape Canaveral, FL 32899 USA
Advances in x-ray Computer Tomography (CT) have been led by the
medical profession, and by evaluation of industrial products, particularly
castings. Porosity can readily be determined as a function of the density
of a material, and CT is thus an industrially important NDE tool.  Pro-
viding high purity, 100% dense standards of pure elements and com-
pounds can be fabricated, the composition of solid solution alloys can be
determined by measuring the CT number, which is a function of the
absorption of the sample. Average densities across slices 1 mm thick
can generally be determined to better than 1 percent. With present
technology this spatial sensitivity is less than ideal, but important ben-
efits can nevertheless be obtained by using CT, particularly single crys-
tals, prior to making any destructive assault upon the sample. The
sample can in fact be examined prior to removal from the mold within
which it has been grown and, in the cases of microgravity flight samples,
before removal from the cartridge assembly. This greatly assists the
researcher in the characterization of the products, particularly as a guide
to cutting and sampling. Examples of work with germanium-silicon
alloys and mercury cadmium telluride taken with a radioactive cobalt
source will be demonstrated.

ALUMINA AND BAUXITE: Spent Bauxite

Use and Processing

Sponsored by: Light Metals Division, Aluminum Committee
Program Organizer: Joe Anjier, Kaiser Aluminum & Chemical
Corporation, P.O. Box 3370, Gramercy, LA 70052 USA

Room: 6E
Location: Convention Center

Tuesday AM
March 2, 1999

Session Chair: Kenneth W. Ryan, ALCOA, Point Comfort Works,
Point Comfort, TX USA
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8:30 AM
DRY STACKING OF BAUXITE RESIDUE: Fred S. Williams'; Dana T.
Smith!; 'ALCOA, Point Comfort, TX USA

Dry stacking of bauxite residue has been shown to be an economical
method for disposal compared to the wet lake disposal methods previ-
ously used in the alumina industry. A number of factors affect the slope
which a bauxite residue will form in a stack deposit. Relationships useful
for design and control of the slope of bauxite residue stacks will be
discussed in this paper.

9:00 AM
TRACE ELEMENT PARTITIONING AND BIOAVAILABILITY IN
RED MUD SYNTHETIC WETLAND SEDIMENT: Gerald L. Goldstein';
Robert S. Reimers!; David B. Kirkpatrick?; !Tulane University, Envi-
ronmental Health Sciences, 1501 Canal St., New Orleans, LA 70112
USA; 2Kaiser Aluminum and Chemical Corporation, Gramercy, LA USA
Over twenty-five square miles of Louisiana wetlands are lost per year
due to coastal erosion and sediment starvation. A sediment source is
needed for replenishment of the marshes, and dredged sediment is often
polluted and unsuitable for placement in the wetlands. Consequently, it
has been proposed that spent bauxite be used as an alternative to natural
sediment. However, prior to use, it is important to evaluate the poten-
tial environmental impact of red mud in the wetlands. Specifically, the
fate of red mud trace metals and the potential toxicity of red mud
amended sediments to aquatic organisms need definition. Tulane Uni-
versity, in conjunction with Kaiser Aluminum & Chemical Corp., inves-
tigated the binding, partitioning, and bioavailability of key trace metals
in synthetic blends comprised of red mud and natural sediment. Heavy
metal behavior in red mud/sediment blends was studied using extraction,
adsorption and bioaccumulation experiments. The results form these
experiments are discussed herein.

9:30 AM
RED MUD PRODUCT DEVELOPMENT: Seymour O. Brown'; David
B. Kirkpatrick!; 'Kaiser Aluminum & Chemical Corporation, P.O. Box
3370, Gramercy, LA 70052 USA

Kaiser Aluminum & Chemical Corporation has impounded spent
bauxite behind levees for over 20 years. In 1994, Kaiser embarked on a
project to de-water the mud lakes at its Gramercy Louisiana Plant and to
develop beneficial uses for the reclaimed lands and processed red mud.
The work was presented at the 1996 TMS Annual Meeting. Kaiser is
continuing its research into red mud uses. Kaiser has developed methods
to use this material to make levees. Kaiser and Colorado School of
Mines have researched the extraction of other metals from the spent
bauxite. Kaiser and Tulane University have researched the making of
synthetic soils as well as the use of red mud as a sewerage disinfectant.
The status of these projects will be discussed in this presentation.

10:00 AM BREAK

10:30 AM
WASTE FREE ALUMINA PRODUCTION FROM NON-BAUXITIC
RAW MATERIALS: G. Z. Nasyrov'; V. V. Pivovarov!; S. Y. Dantzig!; V.
A. Lipin'; 'VAMI, 86 Sredny Pr, St. Petersburg 199026 Russia

From an ecological point of view, the best system to produce alumina
results in the production of no waste streams. This can be accomplished
when processing non-bauxite materials. The joint treatment of nepheline
and alunite ores to produce alumina, potassium sulfate, cement, light
weight aggregates and other materials is such a process. This paper
covers the potential of utilzing alkaline alumosilicate and alunite raw
material and the economics of these processes. Some flowsheets of
alunite and alumosilicate processing and the techno-economic param-
eters of complete treatment are shown.

11:00 AM
UTILIZING ALUMINA PLANT WATER DISCHARGE STREAMS:
Gan GuoYao'; Wang Longzhang!; 'Pingguo Alumina Plant, Pingguo,
Guangxi China

A new technology of making use of the Contaminated water pro-
duced in the Pingguo Alumina plant was developed. After treating the
water in a processing center, the contaminated water is used to cool
precipitators and to clean the boiler smoke generated by the combustion
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of coal. By developing this technology, the productivity of the plant
was increased by 5%, and the rates of removing sulfur dioxide and dust
from the boiler smoke by 35%. This new technology gives good results,
is economical and protects the environment.

ALUMINUM REDUCTION TECHNOLOGY:

Environmental

Sponsored by: Light Metals Division, Aluminum Committee

Program Organizers: Georges J. Kipouros, Dal Tech, Dalhousie
University, NS B3J2X4 Canada; Mark P. Taylor, Comalco Aluminium,
Ltd., Brisbane, Queensland 4001 Australia

Room: 6F
Location: Convention Center

Tuesday AM
March 2, 1999

Session Chair: Reidar Huglen, Hydro Aluminium Karmoy Metallverk,
Havik N-4265 Norway

8:30 AM
THE ELECTRODE KINETICS OF PERFLUOROCARBON (PFC)
GENERATION: D. R. Sadoway'; H. Zhu'; 'Massachusetts Institute of
Technology, Dept. of Mats. Sci. and Eng., 77 Massachusetts Ave., Room
8-109, Cambridge, MA 02139-4307 USA

The generation of CF, and C,F, is being studied in a laboratory-scale
aluminum reduction cell. During electrolysis in well behaved cells and in
cells on anode effect, anode gases have been analyzed by gas chromatog-
raphy on-line. Electroanalytical techniques such as ac voltammetry and
electrochemical impedance spectroscopy are being used to determine
the values of the kinetic parameters associated with the electrochemical
reactions occurring on the anode as a function of various operating
conditions, e.g., anode composition, bath chemistry, and temperature.
The research is sponsored jointly by the Aluminum Association and the
U.S. Environmental Protection Agency.

9:05 AM
SPECTRUM ANALYSIS OF THE BUBBLING ACOUSTIC SIG-
NALS THROUGH CARBON ANODES: Jilai Xue'; Harald A. Qye?;
ISINTEF Applied Chemistry, Trondheim N-7034 Norway; 2Norwegian
University of Science and Technology, Institute of Inorganic Chemis-
try, Trondheim N-7034 Norway

The information on anode bubbling is important for cell operation
and new cell design. However, it is extremely difficult to have direct
observation on the bubbling process during cell operation due to the high
temperature and corrosive conditions. This paper will present an alter-
native approach to investigate the in situ bubbling behavior by detecting
the sound signals from the anodes. The correlation between the sound
signals and the anode bubbling was observed in both water modeling and
industrial tests. A portable computer system with on-line data acquisi-
tion and spectrum analysis functions has been developed for use in
industrial environment. The signal patterns on normal anodes in a cell
were obtained as reference. The variation in signal pattern with anode
spike was investigated.

9:35 AM
POT GAS FUME AS A SOURCE OF HF EMISSION FROM ALU-
MINIUM SMELTERS - LABORATORY AND FIELD INVESTIGA-
TIONS: A. B. Heiberg'; G. Wedde'; 'ABB Miljo AS, P.O. Box 6260
Etterstad, Oslo N-0603 Norway

HF measurements carried out in treated pot gas from aluminium
smelters equipped with dry scrubbing occasionally show higher emission
levels than expected from current HF penetration-saturation relation-
ships. The excess HF emission might be caused by a chemical reaction
between particulate fluoride compounds (fume particles) originating in
the electrolytic bath and moisture present in the pot gas. To test this
hypothesis samples of dust collected at an aluminium smelter were ex-



posed to hot, humid air in the laboratory. The HF concentration was
measured in the exit gas at frequent intervals over a time period of
several hours. Both “pure” fume, and mixtures of fume and alumina
identical to the dust that is constantly added to the filter bags used in the
scrubbers, were investigated. Samples of exposed filter bags were also
tested. With gas temperature and humidity kept at the relevant levels a
noticeable emission of HF is observed both from dust and filter, con-
firming that particulate fluorides may be a significant source of HF in
the clean gas. Mathematical models quantifying the relation between HF
concentration and temperature, humidity and F-content in the dust were
developed and applied to data collected at a smelter in the Middle East.
The plant simulations indicate that reactive fume may account for
about one third of total dry scrubber HF emissions. Both the fume-
related and the total emission is significantly affected by temperature.
Means to minimize the contribution from the fume are suggested.

10:00 AM BREAK

10:30 AM
VENTILATION OF POTROOMS IN ALUMINIUM PRODUCTION:
N. J. Holt'; N. M. Anderson?; M. Karlsen!; T. Foosnaes'; 'Hydro Alu-
minium AS, Technology Centre Ardal, P.O. Box 303, Ovre Ardal N-
5870 Norway; 2Hydro Research Centre, P.O. Box 2560, Prosgrunn 3901
Norway

Potrooms for the production of aluminium are preferably naturally
ventilated. Air flow rates may vary from 8-24 Nm?/s/pot, depending on
cell technology, building layout and location. As focus on environmen-
tal issues increases, it becomes also more important to control the
ventilation so that the best possible working atmosphere may be achieved.
This paper concentrates on the main parameters which must be kept
under control, and which may be used to control the ventilation, e.g. the
design of the cellar, the use of wind shields and the area and position of
the floor gratings. We also present measurements and numerical simula-
tions to illustrate how existing potroom buildings may be converted
from mechanical to natural ventilation. It is further important to real-
ize that climatic conditions should be considered and that these may
vary significantly among places where aluminium smelters are located.
Locations with tropical climates with average temperatures well above
30YC and often high air humidity, thus represent a different challenge
with respect to ventilation when compared to a smelter located in a
temperate climate.

11:00 AM
TREATMENT AND REUSE OF SPENT POT LINING, AN INDUS-
TRIAL APPLICATION IN A CEMENT KILN: P. B. Personnet'; 'Alu-
minium Pechiney, LRF BP114, 73303 Saint Jean De Maurienne, Cedex
France

The treatment of Spent Pot Lining (SPL) has been the occasion of
numerous studies in the world. Several processes have reached the
commercial stage in USA, Australia and Europe. Most of these processes
generate waste that need to be disposed of. Another approach is to
make total use of the SPL constituents, with no waste disposal and with
no air emission. Among several processes allowing reuse of SPL, one is
highlighted here: the addition of second cut (refractory) SPL to quarry
materials in the raw feed of a Cement Kiln. Under close supervision of
the French Environment Protection Authority, ALUMINIUM
PECHINEY has developed a partnership with CIMENTS D’ORIGNY
including an R&D programme to demonstrate the capability of a Ce-
ment Kiln to accept SPL as a raw material despite the presence of
sodium and fluoride. Since 1997, SPL is now recycled industrially in a
Cement Plant of Northern France.
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ANALYTICAL TECHNOLOGY IN THE MIN-
ERAL INDUSTRIES: Instrumental Analytical

Methods in Mineral Processing

Sponsored by: Extraction & Processing Division, Process Mineral-
ogy Committee; ASTM Subcommittee E01.02

Program Organizers: Louis J. Cabri, CANMET, Ottawa, Ontario K1A
0G1 Canada; Charles H. Bucknam, Newmont Metallurgical Services,
Englewood, CO 80112 USA; Steven L. Chryssoulis, Amtel, London,
Ontario N6G 4X8 Canada; Rebecca A. Miller, Minekeepers,

Phoenix, AZ 85014 USA; Emil Milosavljevic, Lakewood, CO 80227
USA

Room: 7A
Location: Convention Center

Tuesday AM
March 2, 1999

Session Chairs: Emil B Milosavljevic, Lakewood, CO 80227 USA;
Charles H. Bucknam, Newmont Technical Facility, Newmont
Metallurgical Services, Englewood, CO 80112 USA

8:30 AM INTRODUCTION TO SESSION
8:35 AM INVITED PAPER
EVALUATION OF ICP-MS AND GF-AAS METHODS FOR ANTI-
MONY DETERMINATION IN GROUNDWATERS: Rahul S.
Bhaduri'; Lucinda Tear?; 'Newmont Gold Company, Twin Creeks Mine,
P.O. Drawer 69, Golconda, NV 89414 USA; 2Parametrix, Inc. USA
The EPA promulgation of the Safe Drinking Water Act (SDWA)
requires that the Maximum Contaminant Level (MCL) for antimony in
ground waters not exceed 6 ppb. The selected analytical method(s)
should reliably quantify antimony near the MCL. This paper presents an
interpretation of analytical results from extensive bench and pilot scale
investigations geared towards removing antimony to below the MCL in
treated ground water. Filtered head and effluent sample splits, from daily
runs, were sent to five State certified laboratories for a total period of 25
days; two facilities employed Graphite Furnace-Atomic Absorption Spec-
trometry (GF-AAS), two others used Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) and a fifth adopted both methods. Scatter
plots, for individual laboratories, were used to visually assess the type of
relationships that existed between residual antimony and independent
process variables. As the relationships were linear, the Pearson correla-
tion coefficient was used to estimate the strength and significance of the
dependency. The correlation between process variables and residual an-
timony concentrations were more significant, and varied less between
laboratories, when the ICP-MS method was employed. The findings
indicate that ICP-MS is a more precise analytical instrument for deter-
mining low levels of antimony in treated groundwater.

9:00 AM INVITED PAPER
APPLICATION OF ICP-MS IN SOLVING PRACTICAL ANALYTI-
CALPROBLEMS IN MINE MATERIALS: Dana Mills'; Hugh deSouza!;
Paul Burgener!; !'X-Ray Assay Laboratories, 1885 Leslie St., Ontario
M3B 3J4 Canada

ICP-MS has moved from a laboratory curiosity to a functional ana-
lytical tool. This paper will discuss how ICP-MS has been used to solve
difficult analytical procedures in analyzing mine materials. Compari-
sons between analytical techniques applied to the analysis of gold and
the platinum group metals will illustrate the advantages and problems of
ICPMS when applied to trace levels of some metals in the presence of
ore grade metals. Interferences and matrix effects are compared to ICP,
AA and Neutron Activation. The necessity of selecting chemical ex-
tractions which are compatible with ICPMS are also discussed. The
ICPMS techniques explained in the examples on Au and PGE’s have
validity in analytical problems encountered in testing of trace metals in
the presence of major elements found in mine materials. Exploration
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and environmental testing are other areas which require the same ana-
lytical approach to quantify trace levels in the presence of major inter-
fering elements normally associated with mining environments.

9:25 AM INVITED PAPER
ANALYTICAL TECHNIQUES USED FOR THE RECYCLING OF
LEAD FROM FIRE ASSAY WASTES: Carl C. Nesbitt'; Sui Xue?;
'Michigan Technological University, Dept. of Metall. and Mats. Eng.,
1400 Townsend Dr., Houghton, MI 49931 USA; 2Eichrom Industries,
Inc., 8205 S. Cass Ave., Suite 107, Darien, IL 60561 USA

A project has been completed which investigated the efficacy of
recycling lead or lead monoxide from various fire assay wastes, including
crucibles, cupels and slag. The scope of the project was to determine if
hydrometallurgical treatment of the materials could be optimized so
that direct separation and recovery of lead salts was economically fea-
sible. A process was developed from the study which could use either
acetic acid or nitric acid as a leachant, followed by several precipitation
processes which could directly recover litharge (PbO) or other lead salts,
such as lead carbonate or lead sulfate. Analytical equipment such as the
atomic absorption spectrophotometer and x-ray diffractometer sup-
plied much of the information required. However, some novel analyti-
cal approaches using these instruments had to be developed to help in
the determination of leaching kinetics and process quality control. These
techniques will be presented.

9:50 AM INVITED PAPER
CHARACTERIZATION AND STABILITY OF ARSENITE AND
ARSENATE IN THE IRON-ARSENIC AND LANTHANUM-AR-
SENIC SYSTEMS: M. Misra'; A. Rawat'; J. Nanor!'; !University of
Nevada, Reno, Chem. and Metall. Eng., Mackay School of Mines, MS
170, Reno, NV 89557 USA

The precipitation vs adsorption of arsenite and arsenate species
onto iron and lanthanum compounds has been discussed. Several ana-
lytical and characterization techniques such as XRD, FTIR, Zeta Poten-
tial and AFM have been used to establish the nature of bonding. An
advanced CHEMDRAW computer program has been used to estimate
the bond strength and nature of adsorption.

10:15 AM BREAK

10:45 AM INVITED PAPER
COMBINING FTIR SPECTROSCOPY AND MULTIVARIATE
CALIBRATION TO LOCATE MINERABLE ORE DEPOSITS:
Sharon L. Eyer'; 'Alcoa of Australia, Ltd., Research and Development
Dept., P.O. Box 161, Kwinana 6167 Western Australia

FTIR spectroscopy can be a used to estimate the quality of an ore
body based on exploration samples. Furthermore it can highlight re-
gions of ore that are relatively unusual. Unusual ore can be investigated
for potential impacts on refinery processes well in advance of mining.
The technology has been successfully implemented at an alumina refin-
ery in Kwinana, Australia, for assessment of ore attributes such as avail-
able alumina, extractable organic carbon and total iron. Classical meth-
ods of analyses for these properties involve laboratory-scale digestion
of alumina ore (bauxite) or XRF analyses. Multivariate calibration is
used to generate robust models that are able to estimate classical data
from FTIR spectral data. The latter are collected from powdered
bauxite at a throughput of less than a minute per sample. The technique
is illustrated conceptually and an example application for bauxite is
presented. Challenges and difficulties are discussed. The potential to
expand the technique to process control is introduced.

11:10 AM INVITED PAPER
IN-SITU FT-IR/IRS AND MLRS EXAMINATION OF OLEATE AD-
SORPTION AT FLUORITE AND CALCITE SURFACES: Courtney
A. Young'; J. D. Miller?; 'Montana Tech of the University of Montana,
Dept. of Metall. Eng., Butte, MT 59701 USA; 2University of Utah,
Dept. of Metall. Eng., Salt Lake City, UT 84112 USA

Adsorption isotherms previously determined by in-situ Fourier trans-
form infrared/internal reflection spectroscopy (FT-IR/IRS) for oleate
adsorbed at calcite and fluorite surfaces near pH 9 and at various tem-
peratures are compared. Results indicate that, at both mineral surfaces,
chemisorption occurs at equilibrium concentrations below approximately
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1x10-5 M oleate while calcium dioleate surface precipitation occurs at
higher equilibrium oleate concentrations. The extent of chemisorption
at the calcite surface is 3 to 5 times less than that at the fluorite surface
while the extent of calcium dioleate surface precipitation on calcite is
nearly a magnitude larger than that on fluorite. However, for both
minerals, surface precipitation decreases with increasing chemisorption.
Contact angle measurements and flotation recoveries show that the
hydrophobicity of fluorite to be greater than calcite at each of the
temperatures and oleate concentrations studied. Significant differences
are noted only in the chemisorption region. Unlike calcite, the hydro-
phobicity of fluorite was sensitive to the presence of oxygen in the
system. Multichannel Laser Raman Spectroscopy (MLRS) showed this
behavior was caused by the double-bond reactivity of adjacent chemi-
sorbed oleate molecules and subsequent formation of an epoxide/polyether
complex at the fluorite surface. Such a reaction product could not be
detected at the calcite surface. These differences in adsorption density,
hydrophobicity, and polymerization behavior are discussed in terms of
the intrinsic surface properties of the minerals.

11:35 AM
CAN WE CLOSE THE “CYANIDE CYCLE”?: Emil B. Milosavijevic';
Ljiljana Solujic?; 8143 W. Eastman Place, #14-201, Lakewood, CO
80227 USA; 2University of Nevada, Reno, Dept. of Chem., MS216,
Reno, NV 89557 USA

Cyanide is exceptionally reactive, and in typical gold/silver process-
ing liquors, cyanide may be transformed into various species and forms
depending on the mineralogy of the ore and chemical make-up of the
process water. The exact speciation and relative concentrations depend
on the Eh and pH values, as well as the free CN- concentration in the
system. Very good cyanide balances can be achieved by the judicious
selection of the analytical techniques used. The choices an analyst has
to make (which analytical methods to use and which ones to avoid) in
order to gain better understanding of cyanide speciation and balances in
a particular system under investigation will be discussed. Examples of
cyanide balances obtained for the laboratory scale tests (agitated leach
and column tests) will be presented and discussed.

AUTOMOTIVE ALLOYS lil: Session Il —

Developmental Studies

Sponsored by: Light Metals Division, Aluminum Committee

Program Organizer: Subodh Das, ARCO Aluminum Company, P.O.
Box 32860, Louisville, KY 40232 USA

Tuesday AM
March 2, 1999

Room: 3
Location: Convention Center

Session Chairs: Subodh K. Das, ARCO Aluminum, Inc., Louisville,
KY 40232 USA,; J. D. Bryant, Reynolds Metal Company, Chester, VA
23836-3122 USA

8:30 AM
PREDICTION OF YIELD STRENGTH OF THE PAINTED ALUMI-
NUM AA6111 PANEL: 4. K. Gupta'; 'Alcan International, Kingston
Research and Development Center, P.O. Box 8400, Kingston, Ontario
K7L 5L9 Canada

The knowledge of the strength of the final part at the design stage is
an important parameter in determining the optimum sheet gauge for
maximum weight savings without sacrificing the desired dent resistance.
The AA6111 sheet materials is relatively soft in the forming temper
and becomes stronger from combination of work and age hardening
during forming and paint cure operations, respectively. Presently, the
strength of the painted part is determined from over-simplified experi-
ments simulating the forming and paint cure processes. In this paper,
the hardening model of AA6111 alloy is used to predict the strength
following multiple step ageing, both with and without prestrains. The



approach developed in the paper is used to predict the strengths that are
obtained from the simulation experiments and comparisons are made
with the strength and dent data measured from different locations of an
actual painted part.

8:50 AM
OPTIMIZED 6XXX ALUMINUM ALLOY SHEET FOR AUTOBODY
OUTER PANELS: Ravi A. Shahani'; Dominique Daniel'; !Pechiney,
Centre de Recherches de Voreppe, Centr’Alp, BP 27, 38340 Voreppe,
Isere France

AA6016 is the aluminum alloy typically specified in Europe for
autobody outer panels. Compared with the copper-rich alloys 6111,
6009 and 6010 often used in the US, 6016 shows better formability in
the T4 condition but lower strength after the final bake-hardening treat-
ment. As a result of the current trend towards lower paint-bake curing
temperatures, a higher strength material than standard 6016 will be
preferable for some applications in order to maximize the weight reduc-
tion offered by aluminum body panels while maintaining equivalent dent
resistance to the steel alternative. This paper describes Pechiney’s de-
velopment programme for an alloy giving higher strength after bake-
hardening than 6016, but with improved formability in stamping and
hem flanging operations compared with current high strength aluminum
automotive sheet alloys.

9:10 AM
MICROCHEMISTRY AND MICROSTRUCTURAL ASPECTS
LEADING TO STRESS CORROSION CRACKING IN AA5083:
John S. Vetrano',; M. J. Danielson!; D. R. Baer!; R. H. Jones!; 'Pacific
Northwest National Laboratory, P.O. Box 999, Richland, WA 99352
USA

The addition of Mg to Al increases its formability and strength, but
at levels greater than about 3.5 wt.% it can increase the susceptibility to
stress corrosion cracking (SCC) in salt water when exposed to moderate
temperatures for long times. This precludes the use of high-Mg alumi-
num alloys for automotive use in load-bearing components. Careful
measurements of grain boundary structure and composition in a com-
mercial Al-Mg alloy (5083) have been carried out as a function of
annealing time at 175YC using high-spatial resolution analytical elec-
tron microscopy in conjunction with Auger electron spectroscopy (AES).
These results were compared to U-bend specimens heat-treated under
the same conditions and exposed to an alternate immersion test in a
3.5% NaCl solution. It was found that the precipitation of the b-phase
(A13Mg2) was a necessary, but not sufficient, pre-requisite for SCC
susceptibility. It was noted that specimens that were susceptible had a
pronounced depletion of Mg at most grain boundaries between the b-
phase particles. Pre-notched compact tension samples were then tested
in a 3.5% NaCl solution under increasing loads until a crack was propa-
gated. These measurements confirmed the susceptibility of the differ-
ent conditions as found in the U-bend tests. The impact of these results
on the understanding of the SCC mechanisms in Al-Mg alloys will be
discussed and possible mitigation methods will be proposed.

9:30 AM
HOT DUCTILITY OF 6XXX ALUMINUM ALLOY FOR AUTO-
MOTIVE BODY SHEET: Tsutomu Itou'; Masayuki Ishikawa!; Masahisa
Otsuka!; Makoto Saga?, Masao Kikuchi?;, !Shibaura Institute of Technol-
ogy, Dept. of Mats. Sci. and Eng., 3-9-14, Shibaura, Minato-Ku, Tokyo
1088548 Japan; 2Nippon Steel Corporation, Shintomi-cho, 20-1, Futtsu,
Chiba 2930011 Japan

Recently 6XXX aluminum alloys have begun to be used for both
automotive body sheet panel and space frame in order for weight saving.
However, their application is limited to sports cars or high-glade cars.
This is partially caused by the lack of plastic workability in these alloys,
though both specific stiffness and strength are sufficiently high. In
particular, maintaining the hot workability seems to be essential for the
substitution of steel sheet with aluminum one. In this paper, the high
temperature characteristics of two kinds of 6XXX alloy rolled sheets in
T4 condition have been investigated with special reference to the appli-
cability of superplastic forming. Constant cross head speed tensile tests
are conducted at various temperature and strain rate ranging, respec-
tively, from 623 to 803K and from 3x10-5 to 1x10-1s-1. Both at 773K
and at 803K the total elongation vs. strain rate diagram has a minimum
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of 160% near the strain rate about 1x10-3s-1. It is to be noted that the
typical fracture mode changes from intergranular type in lower strain
rate range to transgranular one in higher strain rate range. Total elonga-
tion increases rapidly with decrease in strain rate resulting in superplas-
tic-like ductility more than 300%. The deformation mechanism is
discussed on the basis of microstructural observation. The mechanical
anisotropy will also be described briefly.

9:45 AM
AUTOMOTIVE ALLOYS: D. J. Lloyd'; 'Alcan International, Ltd.,
Kingston Research and Development Center, P.O. Box 8400, 945 Prin-
cess St., Kingston, Ontario K7L 5L9 Canada

The ability to form the 6000 series Al alloys into complex shapes is
important for the application of these alloys as automotive skin sheet.
The alloys therefore require a level of ductility and bendability to achieve
the degree of forming required. In this paper the work hardening, tensile
ductility and bendability of several 6000 series alloys are examined. It is
shown that the tensile ductility is predominantly controlled by the work
hardening behavior, which subsequently controls geometrical instability
and tensile failure. However, the bendability of the alloys is fracture
controlled, and is essentially independent of tensile elongation. The
bendability of the different alloys can be understood on the basis of
fracture controlled models and the different fracture strains of the al-
loys. An approximate equation, developed previously primarily for
steels, provides an adequate description of the minimum radius achieved
in bending.

10:00 AM BREAK

10:30 AM
THE EFFECT OF PRE-AGING ON ARTIFICIAL AGING RE-
SPONSE IN Al-Mg-Si-Cu ALLOY 6111: Weifang Miao'; David E.
Laughlin'; 'Carnegie Mellon University, Dept. of Mats. Sci. and Eng.,
5000 Forbes Ave., Pittsburgh, PA 15213 USA

Although heat treatable Al-Mg-Si-Cu alloys are increasingly used as
automotive body materials, the potential of these alloys is not fully
utilized due to low temperature and short duration of the automotive
paint bake cycle, during which the alloys are artificially age hardened
after stamping. Moreover, practically unavoidable natural aging pro-
cess is usually detrimental to the artificial aging response of these alloys.
In this study, the effect of various pre-aging treatments on the artificial
aging response of an aluminum alloy 6111 was investigated using hard-
ness measurements, differential scanning calorimetry and transmission
electron microscopy. It has been found that appropriate pre-aging
treatments slow down the natural aging process and significantly in-
crease the artificial aging response. The changes in artificial aging
response are closely related to the variations in size and distribution of
precipitates. Financial support from Ford Motor Company and NEDO
is gratefully acknowledged.

10:45 AM
EFFECT OF ALLOY COMPOSITION AND PROCESSING ON
THE FORMABILITY OF ALLOYS BASED ON Al-3 WT.% Mg: S.
A. Court'; 'Alcan International, Ltd., Banbury Laboratory, Southam
Rd., Banbury, Oxon OX16 7SP England

Aluminum alloys in sheet form based on Al-3 wt.%Mg(AA5754and
AAS5454) have found application in automotive structures as they offer
attractive combination of strength, formability, corrosion resistance
and weldability. However, to allow down-gauging there is a continued
need for 5xxx series alloys with increased strength as compared with the
existing alloys, which must be achieved without adversely affecting
other sheet properties. In this paper, the results of studies aimed at
understanding the effects of both alloy composition and sheet process-
ing on the strength and formability, in particular, of alloys based on Al-
3 wt%Mg, are described.

11:00 AM

INVESTIGATION OF PROCESSING-MICROSTRUCTURE-
PROPERTY RELATIONSHIPS IN Al-Mg-Mn ALLOYS: Mark C.
Carroll'; Jorg M. K. Wiezorek?; Michael J. Mills!; Glenn S. Daehn';
Brady R. Dunbar’; K. Paul Smith’; 'Ohio State University, Dept. of
Mats. Sci. & Eng., 2041 College Rd., Columbus, OH 43210 USA; 2Uni-
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versity of Pittsburgh, Dept. of Mats. Sci. and Eng., University Way,
Pittsburgh, PA 15261 USA; 3Century Aluminum Corporation,
Ravenswood Operations, Ravenswood, WV 26164 USA

The ever-increasing demand for high-strength, low-cost materials in
various applications has necessitated the development of premium qual-
ity Al-Mg-Mn (5000 Series) alloys. Progress has been made in process-
ing which can produce alloys with an optimum combination of disper-
sion and precipitation hardening, solid-solution strengthening, and fine
grain sizes. Some of the optimum characteristics of these alloys, how-
ever, are subject to the deleterious effects of grain growth and Mg
diffusion, leading to the formation of the Mg-based beta-phase along
grain boundaries. Together with a decrease in strength of the alloy due
to the loss of the Mg solid-solution strengthening, there is also concern
over the alloys susceptibility to stress corrosion due to the galvanic
reaction between the Mg-enriched areas and the Al matrix. The present
work investigates strength and corrosion characteristics of Al-Mg-Mn
alloys, with a focus on derivatives of AA5083. Observations have been
made which correlate microstructure with mechanical strength and cor-
rosion resistance in relation to established AA5083 baseline properties.
Microstructural characterization by optical microscopy and analytical
techniques of transmission electron microscopy (TEM) has been com-
bined with physical testing, which includes hardness and exfoliation
tests. The local microchemistries at grain boundaries and in the vicinity
of inhomogeneities, as well as the identity of various types of dispersoid
and precipitate phases, have been determined by energy dispersive X-
ray spectroscopy and diffraction techniques using a state-of-the-art
field-emission CM300FEG TEM. The microstructural observations are
correlated to the macroscopic property measurements. For example,
the tendency of such alloying elements as Zn to preferentially diffuse to
grain boundaries and limit the diffusion of Mg is demonstrated. On the
basis of observations and experimental results, the performance of Al-
Mg-Mn alloys with regard to microstructural characteristics is discussed.
Financial and technical support by Century Aluminum Corporation,
Ravenswood Operations, is acknowledged.

11:15 AM
A SMALL-CRACK FRACTURE MECHANICS-BASED MODEL
FOR PREDICTING THE S-N RESPONSE OF CAST ALUMINUM
ALLOYS: Michael J. Caton'; J. Wayne Jones'; John E. Allison2, 'Uni-
versity of Michigan, Mats. Sci. and Eng., 2300 Hayward, Ann Arbor, MI
48109-2136 USA; 2Ford Motor Company, Mats. Sci. Dept. - Research
Staff, MD 3182 Scientific Research Lab, 20000 Rotunda, Dearborn, MI
48121 USA

With increased use of cast aluminum alloys in demanding automotive
applications, there exists a need for a reliable method to accurately
predict an alloy’s fatigue properties. It has been speculated that the
fatigue properties of aluminum castings are dominated by the propaga-
tion of cracks which initiate from shrinkage pores ranging in size from
~ 50 to 500 pm. With this in mind, the growth of small fatigue cracks
(~15pm to 2 mm) was monitored in a 319-type aluminum, a common
Al-Si-Cu alloy used in casting engine blocks and cylinder heads. A plot of
the growth rates as a function of the stress intensity factor range, AK,
indicates the existence of a small crack effect as well as a significant
influence of the solidification rate and applied stress level on the result-
ing da/dN vs. AK curves. A crack growth relation proposed by Nisitani
and others is modified and used to correlate the small crack data. Predic-
tions of the S-N response based on this small crack model and based on
a Paris relation for long crack data are compared to experimental S-N
data.

11:30 AM
AGE HARDENING BEHAVIOR IN A COMMERCIAL 319-TYPE
ALUMINUM ALLOY: Ray Jahn'; William T. Donlon!; John E.
Allison!; !Ford Motor Company, Ford Research Laboratories, P.O. Box
2053, MD 3135, Dearborn, MI 48121 USA

Cast Al-Si-Cu alloys are utilized by the automotive industry for en-
gine blocks and cylinder heads. Detailed understanding of the ageing
characteristics of these types of alloys is important to optimize the
processing of these components to yield the desired physical and me-
chanical properties. Age hardening curves for temperatures between
100 and 305°C have been determined after a solution treatment at
495YC for 8 hours for a commercial grade 319-type Al alloy (7.08wt%
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Si, 3.26%Cu, 0.16%Mg, 0.23%Mn, 0.4%max Fe, 0.25%max Zn,
0.25%max Ti). The influence of casting solidification rate on the
subsequent ageing response was characterized by measuring the harden-
ing curves in samples solidified at 2.38YC/sec (SDAS=30ym) and 0.033°C/
sec (SDAS=110ym). The phases formed within the primary aluminum
dendrites during each stage of age hardening were characterized using a
JEOL 2000FX TEM and an OXFORD ISIS microanalysis system. The
initial stage of hardening at 100 and 150°C is believed to be due to
clustering of Cu atoms, followed by the formation of GP zones. At
longer times and higher temperatures small (5nm) lath-shaped Q
(A15Mg8Si6Cu2) precipitates and disk-shaped y* precipitates occur at
peak hardness and coarsen during overaging. The observed orientation
relationship for y‘-Al is [100]y° // [100]Al and [001]y‘ // [001]Al, and
that for Q-Al [0001]Q // [001]Al and (1120)Q // (310)Al, consistent
with the literature results. Coprecipitation of Q and y° phases were
found in as-cast material with an approximate orientation relationship
[0001]Q // [100]y“ // [100]Al. The size, spacing and density of y*
precipitates have been determined as a function of ageing temperature
and time.

11:45 AM
A PROCESS MODEL FOR THE AGE HARDENING OF A 319-
TYPE ALUMINUM ALLOYS: P. M. Reeber'; 'University of Michi-
gan, Dept. of Mats. Sci. & Eng., Ann Arbor, MI USA

The age hardening response of a 319-type aluminum alloy was studied
by examining the variation of yield strength and proportional limit with
aging time and temperature. Aging curves were constructed for cast
materials produced by two different solidification rates. Aging tempera-
tures ranged from 130-305YC for periods up to 1000 hours. The aging
curves follow conventional diffusion controlled precipitation hardening
behavior. Using this data, a process model was developed that is based on
an approach suggested by Shercliff and Ashby [H. R. Shercliff and M. F.
Ashby, Acta metall. mater. 38, 1789 (1990)]. The process model pre-
dicts the changes in yield strength and proportional limit that result
from isothermal aging. The components of the model are outlined, and
the deviation of measured behavior from that predicted by the modified
Shercliff-Ashby model is discussed for both solidification rates. The
results show that the aging process of 319 Al can be reasonably predicted
by the age-hardening process model. A variant of the model describing
the effects of thermal exposure on aging behavior will also be discussed.

CARBON TECHNOLOGY: Anode Plant
Retrofitting & Operation

Sponsored by: Light Metals Division, Aluminum Committee
Program Organizer: C. Dreyer, Aluminium Pechiney, St Jean De
Maurienne 73303 France

Room: 6D
Location: Convention Center

Tuesday AM
March 2, 1999

Session Chair: Doug Parrish, Tomago Aluminium, Raymond
Terrace, NSW, 2324, Australia

8:30 AM SESSION CHAIRMAN INTRODUCTION

8:35 AM
ADVANCES IN FORMING: Werner K. Fischer'; Markus W. Meier!;
IR&D Carbon, Ltd., P.O. Box 362, Sierre CH-3960 Switzerland
Anodes of any size can be vibrated or pressed. Various reasons have
led to the introduction of vibrators in the late seventies, mainly: -
Increasing anode size - Higher investment cost for large presses - Press-
ing capacity limited by the mixing throughput - Unsatisfactory paste
cooling. These reasons have become irrelevant due to the technical
development in the recent years. Presses actually have some distinct
advantages compared to vibrators: lower investment cost for anode



cooling, lower maintenance, higher availability, lower noise level and
lower PAH emissions. The resulting anode quality is similar for both
pressed and vibrated anodes. It is therefore believed that the anode press
will experience a renaissance in the near future.

9:00 AM
COOLING OF GREEN ANODES AFTER FORMING: Werner K.
Fischer'; Markus W. Meier!; Mauriz Lustenberger'; 'R&D Carbon, Ltd.,
P.O. Box 362, Sierre CH-3960 Switzerland

The cooling process is limited by the temperature conductivity of
the green anode. Experimental work and simulations indicate, that only
a small outer crust is cooled down during the main cooling process, while
the inner part of the anode body remains hot. This may result in frozen
stresses, which can be reduced if the anodes are cooled with a higher
temperature level of the cooling medium. No significant loss of cooling
performance is observed. A lower forming temperature drastically re-
duces the heat flow from the inner part to the outside of the anode. The
anodes can then be cooled by forced air convection in a wind tunnel
during the transport to the anode storage. Therefore, anode cooling by
water spraying or immersion in a water bath can be avoided. The
requirement of lowering the forming temperature emphasizes the instal-
lation of an anode press.

9:25 AM
CONTROL OF PAH AND CTPV’S FOR ANODE MANUFACTUR-
ING PROCESS BY REGENERATIVE THERMAL OXIDATION:
Gerard Gosselin'; Guy Drouin!; !'Biothermica International, 3333 Boul.
Cavendish, Suite 440, Montreal, Quebec H4B 2M5 Canada
Regenerative thermal oxidation process was applied to an anode
paste plant. This plant has a non standard mixing configuration. Ko-
kneader and intensive mixers operate in series. This configuration al-
lows to increase petroleum coke and binder pitch temperatures prior to
the first mixing stage with the Ko-kneader mixer. Then, the hot paste is
sent to an intensive mixer that is operated as a mixer-cooler. By using
water to cool down the paste, PAH (polycyclic aromatic hydrocarbons)
and CTPV’s (coal tar pitch volatiles) emissions increased to a level
higher than usual, requiring a more efficient control. RTO (regenerative
thermal oxidation) was selected as the more interesting scrubbing pro-
cess. PAH and CTPV’s emissions measurements after installation of the
new equipment show a reduction of 99.9%.

9:50 AM BREAK

10:10 AM
EXHAUSTION AND SCRUBBING OF PITCH FUMES, AN ENVI-
RONMENTAL PROBLEM AT ALBRAS: Paulo Douglas Vasconcelos';
Andre Mesquita?; Joao Quaresma?; Daniel Cruz?; 'Albras Aluminiol
Brasileiro, ROD.PA483 KM21, Barcarena, PA 68447-000 Brasil;
2Universidade Federal do Para, Centro Tecnologico, Av. Bernardo Sayao,
s/n, Belem Brasil

Albras operates two anode plants with a capacity of approximately
280,000 mtpy using 40,500 mtpy of pencil pitch, which is used as a dry
aggregate (coke) binder. In the green paste production, a fraction of
pitch volatiles results in form of vapor (70ppm) that is released from
the mixers, belt conveyor and anode vibrocompactor. These volatiles
contain polyciclic aromatic hydrocarbons (PAH) that in certain con-
centrations are harmful to the health. Therefore the exhaustion and the
treatment of these volatiles are strictly necessary to improve the work-
place environment. The paper shows how the original inefficient wet
scrubber was successfully substituted by a dry scrubber, designed in coop-
eration with the local Federal University. A mathematical model was
developed to study the adsoption of fumes by ultrafine coke particles
from the ball mill bag filter.

10:35 AM
CONVERSION OF A CLOSED FURNACE TO THE OPEN TYPE
TECHNOLOGY AT ALUMINIUM BAHRAIN: Jean-Claude Tho-
mas'; Jaffar G. Ameeri?; Philippe Breme'; Jean-Christophe Rotger!; 'Alu-
minium Pechiney, Aluval, B.P.7, Voreppe F-38340 France; 2Aluminium
Bahrain, B.S.C. (C), P.O. Box 570, Manama Bahrain

As part of an expansion program of its smelter in Bahrain, Alba
signed in 1995 a contract with Pechiney for the reconstruction of one
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of its closed furnaces in an open type one, inside the existing concrete
casing. The furnace was stopped in May 1996 and restarted six months
later after complete transformation. Further to production which has
been increased by 34% at a low capital cost, this conversion has much
improved the consistency and homogeneity of the baking parameters.
The transformation required some modifications of the casing, in par-
ticular the construction of a central air cooled wall to separate the two
bays. The new fluewall characterized by an unusual rectangular shape was
optimized in detail thanks to an improved modelization of the internal
gas flow.

11:00 AM
METHODS TO PREDICT FLUE LIFE AND FLUE FAILURE RATES
IN ANODE BAKING FURNACES: Gerald F. Chovanec'; 'Century
Aluminum of West Virginia, Primary Products, P.O. Box 98, Ravenswood,
WV 26164 USA

Methods to predict flue life/failure rates in anode baking furnaces
have been developed. One method incorporates extrapolation of cumu-
lative percent failure graphs using linear regression; the second method
is based on a correlation between flue condition (“flue severity”) and
flue age. Failure patterns were analyzed for flue groups installed over a
period of about eight years. Cumulative percent flue failure curves for
groups ranging in size from 11 to 322 flues displayed “near normal”
failure distributions. By “backtracking” failure data, it was deduced that
flue life/failure rate would have been satisfactorily predictable after about
25 - 30% failure; below this level, predictions would have been erratic.
To provide an alternative method of flue failure predictions for groups
in which an insufficient number, or no failures have occurred, a relation-
ship between “flue severity” and flue age was developed and provides a
satisfactory first approximation of flue failure rates.

11:25 AM
FLUE GAS MANAGEMENT: W. Leisenberg'; 'Innovatherm, GmbH +
Company, Butzbach D-35510 Germany

Because of environmental demands In the last time flue gas analysis
and control became more important. Contradicting goals as are: a minium
of flue gas volume, sufficient heat transfer to the preheating zone,
maximum fuel efficiency and perfect volatile combustion ask for better
knowledge of the process and for advanced strategy of the flue gas
control and the fuel injection, especially for furnaces with narrow flues.
Furthermore the implications of CO and NOx content in the flue and
the way of fuel injection as are short or long pulses and the addition of
primary combustion air have to be taken in account and ask for a
control strategy, which regards all those parameters and should be called
a flue gas management rather than a control. In the last year investiga-
tions have been done on this objective and the results will be presented
on the session.

CAST SHOP TECHNOLOGY: DC Casting/
Modeling |

Sponsored by: Light Metals Division, Aluminum Committee
Program Organizers: Y. Sahai, The Ohio State University, Dept. of
Mats. Sci. and Eng., Columbus, OH 43210-1179 USA; James
O’Donnell, Commonwealth Aluminum, Dept. of Eng., Louisville, KY
40202 USA

Tuesday AM
March 2, 1999

Room: 6C
Location: Convention Center

Session Chair: Dr. Yogesh Sahai, Ohio State University, Columbus,
OH43210-1179 USA

8:30 AM
INTERPRETATION OF THE BLEED OUT PHENOMENON OF EX-
TRUSION INGOT CASTING APPLYING THE MATHEMATICAL
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MODEL ALSIM: Bjorn Rune Henriksen'; Einar K. Jensen!; Dag
Mortensen?; 'Elkem ASA Research, P.O. Box 8040 Vaagsbygd, 4602
Kristiansand, Vest-Agder Norway; 2Institute for Energy Technology,
P.O. Box 40, 2007 Kjeller, Lillestrem Norway

The DC-casting process has been continuously improved with re-
spect to ingot quality and recovery since its invention. The main chal-
lenge at the Elkem Lista cast house was to reduce the scrap rate due to
billet bleed out in the start-up phase. The aim of this investigation was
to understand the mechanism of bleed out and to find actions to avoid
this phenomenon. Based on experimental casting trials and correspond-
ing mathematical modeling a mechanism for billet bleed out is proposed.
The results from ALSIM and experimental observations (micographs,
temperature measurements) show that one of the most important
factors affecting the bleed out is the filling of the mold table. The effect
of starting block geometry/material, casting speed/temperature, starting
block position and hot top design is studied as well.

8:55 AM
DETERMINATION OF THE THERMAL BOUNDARY CONDITIONS
DURING ALUMINUM DC CASTING FROM EXPERIMENTAL DATA
USING INVERSE MODELING: 1.J. Opstelten!; J.M. Rabenberg!;
'Koninklijke Hoogovens N.V.; P.O. Box 10000, 1970 CA IJmuiden,
The Netherlands

The work described in this contribution is part of the EMPACT
project. In this project several European partners (both from industry
and university) have joined to develop tools for improving the casting
of aluminum ingots. It involves the use and development of mathemati-
cal models which describe the micro- and macro segregation, the fluid
flow and the thermo-mechanical behavior of the ingots. An accurate
description of the thermal boundary conditions is of paramount impor-
tance for the correct prediction of the casting processes. Moreover,
these boundary conditions serve also as an important control parameter
in practice. Until now the heat transfer data obtained from immersion
quenching experiments or semi-empirical relations are frequently used
in the numerical models. The conditions during actual casts can differ
substantially though, from the conditions for which this heat transfer
data was obtained. Recently inverse modeling techniques have been used
to obtain the thermal boundary conditions from thermocouple measure-
ments during an actual cast. Although this seems the best way to obtain
thermal boundary conditions for actual casting conditions, it is rather
impractical when the influence of a number of parameters is to be
established. In the present study the influence of several practical
parameters on the thermal boundary conditions are experimentally de-
termined. To this end the temperature-time history is measured at sev-
eral locations inside an aluminum test block during steady-state waterfilm
quenching. These measurements are input to an inverse model, which
finds the thermal boundary conditions. The influence of casting speed,
aluminum alloy type, cooling waterflow rate and water temperature,
surface structure and waterfilm generator type is thus investigated. Sev-
eral results of these measurements and the inverse modeling process will
be shown.

9:20 AM
MECHANISMS OF SURFACE FORMATION DURING DIRECT
CHILL (DC) CASTING: Steinar J. Benum!; Arild Hékonsen!; !'Hydro
Aluminium A.S., R&D Materials Technology, P.O. Box 219,
Sunndalsoera, Sunndal N-6600 Norway

The mechanisms of surface zone formation during DC casting were
summarised by K. Buxmann in 1974 (Metall). After his overview, changes
have been utilized both in casting technology as well as knowledge of the
solidification process. The present paper is and review of the mecha-
nisms explained by Buxmann put in light of new casting technology.
The paper emphasises the major change in casting technology that
occurred when the air/gas-slip technology was developed by Showa early
in the 1980’s. The most characteristic of this process is the large menis-
cus constructed by detgas pocket between the metal and the mould.
There are two segregation phenomena connected to the meniscus; a)
meniscus segregation and b) change in meniscus shape. The first phe-
nomenon is a metallostatic driven segregation that occurs when the
pressure in the metal becomes larger than the additive pressures from
the surrounding atmosphere, i.e., air pressure and meniscus strength.
This segregation mechanism is similar to that often associated with
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Bergmann zones (Bergmann, J. of Metals (1973)). The second segrega-
tion phenomenon is given by the fluctuations of the meniscus itself.
The size of the meniscus makes it susceptible to pertubations caused by
changes in metal level and gas pressure. The resulting movements affect
both the segregation pattern as well as the surface topography.

9:45 AM
COUPLED STRESS, THERMAL AND FLUID FLOW MODELLING
OF THE START-UP PHASE OF ALUMINIUM SHEET INGOT CAST-
ING: Hallvard G. Fjer'; Dag Mortensen!; Arild Hakonsen?; Einar A.
Serheim!; !'Institute for Energy Technology, Mats. and Corrosion Tech-
nology Dept., P.O. Box 40, Kjeller N-2007 Norway; *Hydro Aluminium,
R&D Materials Technology, P.O. Box 219, Sunndalsera N-6601 Nor-
way

The start-up of the DC-casting process of aluminium sheet ingots is
a complex process where the development of temperatures, melt flow
and deformations and stresses in the solid are essentially coupled phe-
nomena. This work focuses on the influence of thermally induced defor-
mations on the heat transfer at the ingot surfaces, which in particular
involves development of an air gap between the ingot and the starting
block as well as water intrusion into this gap. It also involves develop-
ment of air gaps at the mould surface. These mechanisms are discussed
and investigated by transient 3D simulations involving coupled stress,
thermal and fluid flow modelling. This coupling has been implemented
by communication between submodels which may run on different CPUs
in a heterogeneous computer network. The coupled model have been
applied on the casting of commercial size sheet ingots. Calculated results
are compared with temperature measurements.

10:10 AM
EFFECT OF AS-CAST MICROSTRUCTURE AND SUBSEQUENT
PROCESSING ON BANDING IN ROLLED AI-SHEETS: Trond
Furu'; Hans Erik Vatne'; 'Hydro Aluminium A.S., R&D Mats. Tech.,
P.O. Box 219, Sunndalsera, Sunndal N-6600 Norway

Typical casting defects of rolling ingots of AA1IXXX series alloys
have been investigated. The effect of alloy chemistry (focused on 1050
and 1200 type alloys), grain refinement practice and casting conditions
have been investigated and discussed. The most common defects are fir-
tree structures and feathery crystals, which both may lead to streaks
after rolling and etching/anodising. The fir-tree structures are influenced
by cooling rate, grain refinement procedure and Fe:Si ratio (and amount).
Feathery crystals are also influenced by grain refinement practice and
melt temperature. In addition, another type of rolling defect was inves-
tigated; edge cracks. This rolling defect is not directly linked to a casting
defect, but certainly to the quality and microstructure of the rolling
ingot.
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8:30 AM INTERMETALLICS

8:30 AM INVITED PAPER
MECHANISMS OF PRIMARY AND SECONDARY CREEP IN
NEAR-GAMMA TiAl ALLOYS: Thomas R. Bieler'; Dong Yi Seo!;
'Michigan State University, Mats. Sci. and Mech., 3536 Eng. Bldg., East
Lansing, MI 48824-1226 USA

Primary and secondary creep has been measured in a number of near-
gamma TiAl alloys and in a polysynthetically twinned (PST) crystal
(representing a single unit of lamellar microstructure). The PST crys-
tals exhibit activation energies from temperature change tests between
130 and 190 kJ/mol, which are about half of the activation energies
commonly measured in polycrystal specimens. Normal transients after
temperature or stress changes are observed in both PST and polycrystal
specimens. In polycrystals, two stages of primary creep deformation
are evident in measured data, an early and rapid process that is exhausted
in the first 0.2-0.5% strain, and a different process that dominates the
deformation up through the minimum creep rate. From interrupted
creep tests, the early process causes lamellar refinement, (i.e. a reduc-
tion in lamellar spacing), which correlates closely with the PST crystal
deformation, and the second process does not affect the lamellar spac-
ing significantly, but it has deformation para meters similar to secondary
creep. The effects of differing heat treatment and alloy composition on
the primary creep deformation processes indicate that primary creep
resistance can be improved in some alloys by as much as 3 times with
heat treatments, whereas addition of refractory elements, interstitials,
and elements that stimulate formation of fine precipitates can increase
the creep resistance by an order of magnitude. Analysis of deformation
parameters indicate that the mechanisms of creep deformation are not
effectively described with theory developed for metals and alloys.

8:55 AM INVITED PAPER
MECHANISMS OF CREEP DEFORMATION IN TITANIUM AL-
LOYS: Michael John Mills'; 'The Ohio State University, Dept. of
Mats. Sci. and Eng., 477 Watts Hall, 2041 College Rd., Columbus, OH
43210 USA

Due to their attractive strength and low density, conventional alpha-
beta titanium alloys such as Ti-6242 are utilized extensively in rotating
components in gas turbine engines. Relatively new TiAl alloys with
slightly sub-stoichiometric compositions, are comprised of a lamellar
microstructure consisting of fine laths of the intermetallic gamma and
alpha-2 phases. These “gamma” alloys are presently under develop-
ment for application in higher temperature, reciprocating components.
In these applications, creep deformation is often a limiting material
property in these two important titanium alloy systems. In this presen-
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tation, the microstructural origins of creep deformation and the sources
of creep strength will be discussed for both alpha-beta titanium alloys at
ambient and intermediate temperatures, as well as for gamma-TiAl at
higher temperatures. Our understanding of the modes of deformation
and important dislocation/interface interactions as revealed by TEM
investigation will be presented. Attempts t o model these deformation
modes in light of this microstructural information will also be described.
Funding for this work has been provided by the Air Force Office of
Scientific Research and by the National Science Foundation.

9:20 AM
CREEP AND MICROSTRUCTURE OF NEAR TI'-TiAl INTERME-
TALLICS: A. DiouhQ'; K. Kucharova!; T. Horkel'; !Institute of Physics
of Materials, Academy of Sciences of the Czech Republic, Zizkova 22,
Brno 616 62 Czech Republic

Creep and microstructure of pure y-phase and two-phase y/ o ,
intermetallic TiAl alloys are investigated. The basic creep data obtained
in tension and compression in the temperature range 923-1100K and
for applied stresses between 50 and 400MPa are presented. It is shown
that, while the pure g-phase Ti-52at%Al alloy is brittle in tensile creep
at 1100K and for applied stresses above 150MPa, the two-phase y/ a ,
fully lamellar Ti-48Al-2Cr-2Nb-1B (in at%) alloy exhibits a remarkable
ductility at considerably lower temperatures. A conventional light mi-
croscopy, SEM and TEM were used to quantify the microstructure of the
alloys before and after creep. A systematic study of the grain size re-
vealed that a grain growth occurs during creep of Ti-52at%Al alloy
while a grain refinement due to recrystallization is observed after creep
in Ti-48Al-2Cr-2Nb-1B alloy. The difference in the creep behaviour of
the investigated alloys is attributed to the different intensity of dislo
cation glide, twinning and recrystallization, the microstructural pro-
cesses which operate in the range of external conditions studied.

9:40 AM
CREEP/FATIGUE DEFORMATION AND CRACK GROWTH IN A
[-TITANIUM ALUMINIDE TURBINE BLADE MATERIAL: Kamran
Nikbin'; 'Imperial College, Mech. Eng. Dept., Exhibition Rd., London
SW7 2BX UK

In order to improve the performance of gas turbines there is a trend
towards the use of higher strength to weight and stiffness to weight ratio
materials. In this investigation the intermetallic, y-titanium aluminide
(y-TiAl), which is a candidate material for blade and disc applications, is
examined. The intermetallic g-TiAl is a candidate material for high
strength to weight applications in advanced gas turbines. However it
exhibits limited creep ductility at temperatures up to about 650YC and
there is a need to establish it’s tolerance to the types of stress state
generated at stress concentrations. Different batches of the material
were tested. Most high temperature gas turbine components experience
multiaxial stress states during operation at sites of stress concentration
caused by thermal gradients, holes and sharp changes in section. In order
to determine the useful lifetimes of these components at elevated tem-
peratures data from uniaxial bar, notched bar and fracture mechanics
specimens are analysed taking into account the effects of multiaxial
states of stress which are present for the different geometries. Subse-
quently metallographic examination was carried out on failed speci-
mens. Significant results have been achieved in the experimental and the
modelling aspects of failure of materials under a tri-axial state of stress.
From notch rupture tests, fatigue crack growth tests at 700YC and sup-
porting microstructural evidence it has been found that the alloy has
good notch strengthening properties. However it has also been shown
that it has unpredictable crack initiation and growth properties. In addi-
tion the radical variation of properties from batch to batch which ap-
parently have the same nominal composition and heat treatment sug-
gests that further work is needed to determine the suitability of this alloy
for turbine blade applications.

10:00 AM
A NEW SUGGESTION OF CREEP DEFORMATION MECHANISM
OF TiAl: Soo Woo Nam'; Han Seo Cho!; 'Korea Advanced Institute of
Science and Technology, Dept. of Sci. and Eng., 373-1 Kusong-dong
Yusong-gu, Taejon, ChungNam 305-701 Korea

It is well known that the steady-state creep deformation mechanism
of pure metals and certain solid solution alloys is controlled by the
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dislocation climb process with the help of self-diffusion. Therefore, the
creep deformation activation energy in the steady-state is measured and
known to be that of self-diffusion. However, in the primary stage, the
dislocation density is increasing with primary strain and the activation
energy in this stage is measure to be lower than that of steady-state. This
is because of the fact that the higher effective stress (since the disloca-
tion density is lower) in the primary stage is responsible in lowering the
apparent activation energy, Qapp = Qo oeV, where Qapp is the apparent
activation energy, Q, is the self-diffusion activation energy, o, is the
effective stress and V is the activation volume. In case of lamella TiAl,
same as in metals the normal primary creep stage is observed. However,
as the primary strain increases, it is found that the dislocation density is
decreasing but the primary creep activation energy is increasing from
the value of the activation energy of self-diffusion of Ti in TiAl (300kJ/
mol) to the value of about 400kJ/mol which is measured to be the creep
activation energy of TiAl obtained using the steady state creep rate.
This decreasing dislocation density in primary creep stage is the oppo-
site phenomenon to that of common metals and the higher activation
energy than that of self-diffusion is also different from the cases of
metals. Small amount of prestrain is found to be responsible for the
reduction of the initial dislocation density and this prestrained specimen
shows significantly reduced primary creep strain and the creep activa-
tion energy in the primary stage is also measured to be about 400kJ/mol.
During creep deformation of lamella TiAl, as the initial dislocation
density is decreasing, 0, phase is found to be transforming to y phase to
generate new dislocations which contribute creep deformation. In other
words, this phase transformation is the source of the dislocation genera-
tion for the continuous creep deformation. Therefore, the phase trans-
formation is suggested to be one of the rate controlling processes whose
activation energy is thought to be higher than that of self-diffusion, i.e.,
about 400kJ/mol.

10:20 AM INVITED PAPER
CREEP DEFORMATION IN DAMAGE TOLERANT NIOBIUM
ALUMINIDE INTERMETALLICS: R. W. Hayes"; F. Ye; W. O. Soboyejo?;
'Metals Technology, Inc., 19801 Nordhoff St., Northridge, CA 91324
USA; 2The Ohio State University, Dept. of Mats. Sci. and Eng., 2041
College Rd., Columbus, OH 43210 USA

The micromechanisms of creep deformation will be elucidated for a
new class of damage tolerant niobium aluminide (Nb3Al-xTi-yMo-zCr)
intermetallics with partially ordered two phase (B2 + orthorhombic)
crystal structures. These alloys have been shown to have attractive
combinations of room temperature ductility (5-30%), fracture tough-
ness (40-100 MPa m-'?) and fatigue resistance. However, there have
been no published reports of the elevated-temperature creep behavior of
niobium aluminides. Primary and secondary creep rate data will be
presented for the temperature range (between 650 and 750°C) in which
uncoated alloys have been shown to have the potential for structural
applications. Activation energies and creep exponents obtained from
stabilized orthorhombic + B2 microstructures will also be compared with
previously reported data for B2 and orthorhombic intermetallics. The
implications of the results will be discussed for potential intermediate-
temperature structural applications of niobium aluminide intermetallics.

10:45 AM BREAK
10:50 AM THRESHOLD STRESS

10:50 AM INVITED PAPER
INTERPRETATION OF THRESHOLD STRESSES AND OBSTACLE
STRENGTHS IN CREEP OF PARTICILE STRENGTHENED MATE-
RIALS: Jeffery C. Gibeling'; 'University of California, Dept. of Chem.
Eng. and Mats. Sci., One Shields Ave., Davis, CA 95616 USA
Virtually all descriptions of creep deformation in particle-strength-
ened materials rely on the introduction of some empirical quantity with
units of stress. These are variously known as threshold stresses, obstacle
glide resistances, detachment stresses and athermal stresses. The pur-
pose of these terms is to appropriately scale the data so that parameters
such as stress exponents and activation energies conform to expected
values based on an assumed deformation mechanism. However, the
theoretical justification and physical interpretation of these stress terms
is often limited, and the experimental methods for deriving the values of

90

these quantities is usually indirect. Advances in the application of new
materials will require a more thorough fundamental understanding creep
in these advanced materials coupled with appropriate models of defor-
mation. The different interpretations of threshold stresses and obstacle
strength parameters for dispersion-strengthened metals and metal ma-
trix composites are reviewed. The experimental evidence in support of
the various approaches to describing creep in particle strengthened ma-
terials and the methods for determining parameter values are examined.
Particular attention is given to the assumption of constant structure
creep behavior in identifying an appropriate stress exponent and the
need to use a value of 8 with caution. The importance of considering
mobile dislocation density and the interactions of multiple dislocations
with particles is discussed. The limitations of using similar approaches
for dispersion strengthened metals and metal matrix composites, which
have very different particle size scales, are explored. Finally, the need
to properly account for evidence of creep transients is emphasized.

11:15 AM INVITED PAPER
MICROSTRUCTURAL THRESHOLD EVENTS, BACK STRESSES
AND MINIMUM CREEP RATES - A NEW WAY OF INTERPRET-
ING CREEP IN ADVANCED ENGINEERING MATERIALS: Gunther
Eggeler'; 'Institut fiir Werkstoffe-Werkstoffwissenschaft, Ruhr-
Universitidt, Bochum

Traditional approaches to rationalize creep of materials use mini-
mum creep rate data in an attempt to study and understand their depen-
dence on stress and temperature. Steady state creep, power law creep and
the back stress approach are famous concepts which have been used to
describe creep deformation mechanisms of materials over the last three
decades. While these concepts have not lost any of their power in
helping to analyze creep behavior there are cases where more is required
to understand what actually controls creep. Thus microstructural thresh-
old events on different size scales are important in creep of many
advanced materials like (i) detachment of dislocations from oxide dis-
persoids in ODS alloys, (ii) breakage of fibres in short fiber reinforced
MMCs, (iii) cutting of gamma prime particles in superalloy single crys-
tals and (iv) the onset of dynamic recrystallization during creep in near
gamma titanium aluminides. Creep is generally the result of the coupling
of a number of interconnected microstructural processes and often mi-
crostructural threshold events play a key role. As deformation proceeds
macroscopic (classical) back stresses build up and counteract the applied
stress. But back stresses have a microstructural origin, they are not
constant throughout the creep process and what microstructural and
mechanical consequences this has is a first important point which will
be discussed in the present paper. In the light of microstructural thresh-
old events macroscopic back stresses which counteract the applied stress
represent the driving forces which trigger the onset of threshold events.
This is a second important point which will be highlighted in the paper.
And finally, microstructural threshold events can result in microstruc-
tural changes which influence the creep process. In addition to a general
analysis of how microstructural threshold events can be integrated into
creep models two examples of advanced engineering alloys where mi-
crostructural threshold events are important are presented in more de-
tail, (i) creep in short fiber reinforced aluminium alloys and (ii) creep of
gamma prime strengthened super alloy single crystals. One important
general conclusion is that progress in the understanding of creep mecha-
nisms in advanced engineering alloys must be guided by state of the art
microstructural analysis. Merely fitting data to classical concepts does
not help to progress the field of creep of advanced engineering alloys.
State of the art creep models for advanced engineering materials should
reflect all important elementary microstructural processes including
threshold events and not only rationalize the stress and temperature
dependence of the minimum creep rate but also describe the shape of
individual creep curves.

11:40 AM INVITED PAPER
THRESHOLD STRESSES IN HIGH TEMPERATURE YIELDING
AND CREEP: A CRITICAL REVIEW: M. Heilmaier'; B. Reppich?;
'University of Western Australia, Dept. of Mech. & Mats. Eng., Nedlands
6907 Australia; 2University of Erlangen-Niirnberg, Institute of Mats.
Sci., Erlangen D-91058 Germany

At low temperatures incoherent oxide particles introduce a yield
strength increment for dislocation glide due to Orowan bypassing, called



threshold stress 0. However, at high temperatures such a true threshold
does not exist. In contrast, the material deforms even under the lowest
stress applied. Therefore, the Orowan process has lost its predominating
microstructural significance. Instead, models for climb threshold devel-
oped in the past with respect to different particle shapes and climb
geometries will be discussed by introducing a universal parameter called
climb resistance R. An essential result for most oxide dispersion strength-
ened (ODS) alloys is that the detachment of the partially relaxed dislo-
cation from the particle-matrix interface controls the creep kinetics.
As a consequence, our concept tackles creep thresholds in two steps:
first, we associate 0, with the apparent particle hardening contribution
0, to realize a creep rate in the particle-strengthened alloy equivalent to
that of the corresponding single-phase matrix. Second, the course of 0,
with respect to strain rate is modelled by applying the above mentioned
particle hardening mechanisms. We exemplify and verify our approach
with selected ODS platinum-, nickel- and iron-based alloys. 'Permanent
address: Institute of Solid State and Materials Research Dresden, D-
01069 Dresden, Germany
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Metallurgy & Ceramics, Trondheim, NTH N-7034 Norway; David G.
Robertson, University of Missouri-Rolla, Dept. of Metall. Eng., Rolla,
MO 65409-1460 USA; Vaughan Voller, University of Minnesota, Saint
Anthony Falls Lab., Minneapolis, MN 55414-2196 USA
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Room: 2
Location: Convention Center

Session Chairs: James W. Evans, University of California, Dept. of
Mats. and Min. Eng., Berkeley, CA 94720 USA; Achilles Vassillcos,
US Steel Technical Center, Monroeville, PA 15146 USA

8:30 AM
COMPUTATIONAL FLUID DYNAMICS MODELLING OF
TUNDISHES AND CONTINUOUS CASTING MOULDS: Ian
Hamill'; Tracy Lucas?; 'CFX International, AEA Technology, 8.19
Harwell, Oxon OX11 ORA England; 2Kvaerner Metals Continuous Cast-
ing, Prince of Wales Rd., Sheffield, Yorks S9 4EX England

Issues of importance in the area of continuous casting centre around
product quality. This can be affected by particle inclusions transported
into the mould from upstream processes and by draw-down of particles
from the meniscus. Turbulence of the meniscus can increase the latter,
and is also detrimental to product surface quality. Suitably validated
Computational Fluid Dynamics (CFD) modelling can provide the opera-
tor with an efficient tool with which to investigate the effects of changes
to the design and operation of the caster and associated plant. In this
paper, examples will be presented of the use of the CFD software, CFX,
to simulate: inclusion motion and removal in tundishes and continuous
casting moulds using an algebraic slip model; free-surface shape and
turbulence in the mould using deforming meshes; solidification in the
mould using a fixed-grid, source-based method; argon gas injection through
a submerged entry nozzle using a full multiphase model. The CFD simu-
lations are complemented by detailed Particle Image Velocimetry mea-
surements performed on a full-size water model of a thin-slab mould and
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upper strand. Close agreement is demonstrated between the predictions
and experiments.

8:50 AM
SIMULATIONS OF GAS ENTRAINMENT IN A CONTINUOUS
CASTING TUNDISH: D. Morton'; S. Louhenkilpi'; 'Helsinki Univer-
sity of Technology, Dept. of Mats. Sci. and Rock Eng., P.O. Box 6200,
Hut 02015 Finland

In continuous casting operations, metal is transferred from a ladle to
the tundish via a submerged shrouding tube. When changing the ladle,
blockage of the outlet is a common problem. In clearing such blockages,
the nozzle must be removed from the ladle outlet so that an oxygen
lance can be applied. Until the nozzle can be replaced, the outlet stream
becomes a free jet that impacts the surface of the molten material
contained in the tundish. Such impacts are undesirable since reoxidation
of the metal increases the number of inclusions found in the cast prod-
uct. This effect is significant enough that it often results in several tons
of low-grade steel. In this paper, we shall present the results of numerical
study of gas entrainment due to a continuous stream. CFD simulations
have been performed using a “finite volume” approach that includes
improved techniques for modell in extreme free surface deformation
and the effect of surface tension. The numerical results clarify the
mechanism by which a continuous stream carries an annular film of gas
beneath the surface of the receiving fluid. Furthermore, the simulations
predict the growth of instabilities on the surface of this film and subse-
quent break up to form air bubbles. Finally, the results of the study are
used to make estimates of the bubble sizes entrained in the tundish when
feed from a ladle occurs as a continuous open stream.

9:10 AM
ELECTROMAGNETIC METHODS TO REDUCE CLOGGING IN
TUNDISH NOZZLES: Laszlo Kadar?;, J. D. Lavers'; 'University of
Toronto, Dept. of Elect. & Computer Eng., Toronto, Ontario M5S 3E4
Canada; 2Hatch Associates, 2800 Speakman Dr., Mississauga, Ontario
L5K 2R7 Canada

This paper discusses the potential of electromagnetic forces to re-
duce, and for certain situations to eliminate, the stagnation regions that
lead to clogging of tundish nozzles. In the continuous casting of alumi-
num killed steel the tundish nozzle often experiences clogging problems.
Water model studies have shown that the clogging problem is dependent
on the flow pattern in the nozzle entry region. In particular, the flow
can separate at the entrance to the nozzle which leads to the develop-
ment of a recirculation region. Although a nozzle can be designed such
that no recirculation develops, even a small misalignment from the
vertical positioning of the nozzle may render the design ineffective. To
reduce the possibility of nozzle clogging, the recirculation zone must be
reduced or eliminated. This may be achieved by moving the fluid down-
wards or raising the turbulence level in the separation region. In aerody-
namics, this is achieved by blowing or introducing suction in the stagna-
tion zone. In the case of a tundish nozzle, a similar effect can be
achieved by using electromagnetic forces. To generate the required elec-
tromagnetic force, two systems are considered. The first is based on
injecting a DC current; the second by using electromagnetic induction.
Both methods are described in this paper. Order of magnitude calcula-
tions are provided to illustrate that both methods are essentially fea-
sible. The performance of each method in terms of modifying the
turbulent flow characteristics in the nozzle entry region is then exam-
ined using a numerical model. It is shown that both methods can greatly
reduce the recirculation zone. A cylindrical nozzle was chosen for the
model studies since it represents a worst case situation. However, the
widely used radius entry nozzle was also considered. On the basis of the
model studies, it was concluded that whereas both of the proposed meth-
ods have the potential to reduce the troublesome recirculation zone, the
induction method appears to be simpler in terms of practical implemen-
tation.

9:30 AM

RECENT RESULTS OF MODELING OF METAL DELIVERY SYS-
TEMS USED IN EM AND DC CASTING OF ALUMINUM: W. Kinzy
Jones!; Dong Xu!; J. W. Evans'; 'University of California, Dept. of Mats.
Sci. & Mineral Eng., 585 Evans Hall #1760, Berkeley, CA 94720 USA
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It is well understood that the flow of liquid metal in the mold region
of the ingot can have a notable effect on the overall solidification
behavior. Previously our group has characterized the flow in this region
in a water model using particle imaging velocimetry. The flow is signifi-
cantly effected by the specifics of the metal delivery system, i.e. size,
geometry, used during the cast. Recently, a time-averaged 3-D numeri-
cal model of the nozzle, combo bag and sump region has been developed
and its validity has been tested against the experimental data. A deform-
able free surface was built into the numerical model to better represent
the actual surface of the physical sump. Cases were compared for
different sized combo bags as well as bags that have blocked. The results
show good agreement between the physical and mathematical models.

9:50 AM
MATHEMATICAL AND PHYSICAL MODELLING OF STEEL
FLOW IN TWIN ROLL/HORIZONTAL BELT CASTERS: R. I L.
Guthrie'; R. P. Taveres!; P. Q. Netto!; 'McGill University, McGill Metals
Processing Center, M.H.Wong Eng. Bldg., Montreal H3A 2B2 Canada
Near net shape casting technology is one of the most important
areas for research and development in the iron and steel industry today.
Two of the key elements in the successful design and operation of thin
strip casting machines are metal delivery systems and productivity.
Productivity, in turn, is related to the rate and net amount of heat that
can be extracted by a particular machine. This work demonstrates the
complex interactions that take place between metal flow and solidifica-
tion, depending on the nozzle delivery system, the rate of heat extrac-
tion, and the physical configuration of the caster.

10:10 AM BREAK

10:30 AM
DESIGNING OF SUBMERGED ENTRY NOZZLE FOR SLAB CON-
TINUOUS CASTER WITH FLOW AND SOLIDIFICATION
ANALYSIS: Masafumi Morishita'; Hirofumi Tai!; Toshiya Miyake!;
'Kobe Steel, Ltd., 2222-1 Ikeda, Onoe-cho, Kakogawa, Hyogo 675
Japan

The shape of the Submerged Entry Nozzle for Kakogawa No. 4-2
slab continuous caster was optimized in order to prevent corner cracking
while high through-put casting. Numerical simulations about the flow
and solidification in the mold was successfully applied for the optimiza-
tion.

10:50 AM
TWO PHASE FLOW NUMERICAL SIMULATION OF MOLTEN
STEEL AND ARGON GAS IN CONTINUOUS CASTER MOLD:
Noriko Kubo'; Jun Kubota!; 'NKK Corporation, Materials & Processing
Research Center, Steelmaking Laboratory, Kokan-cho Fukuyama,
Hiroshima 721-8510 Japan

For steel continuous castings, it is important to control molten steel
velocity at meniscus, since it is closely related to surface defects of the
resultant products. Argon gas is injected into the mold with the molten
steel to prevent clogging of the submerged entry nozzle. To investigate
the influence of argon gas on molten steel flow in the mold, numerical
simulations have been carried out by using a two phase CFD model.
Simulation results indicate a strong impact of argo gas on the molten
steel flow. As argon gas bubbles ascend near the nozzle by buoyancy,
they entrench molten steel upward to the meniscus. As a result, the
molten steel flows outward to the narrow face of the mold at meniscus.
This flow direction is opposite to the case without argon gas, in which
the molten steel flows inward from the narrow face of the mold at
meniscus.

11:10 AM
NUMERICAL SIMULATION OF FLUID MOTION IN CONTINU-
OUS CASTING PROCESS WITH LINEAR MOTORS: Ch. Strohm';
Y. Couvat Du Terrail!'; S. A. Rotelec!; M. C. Nove!; 'EPM MADYLAM,
ENSHMG, BP 95, 38402 Saint Martin d’Herdes, Cedex France

A specialized software has been developed for the numerical simula-
tion of the liquid metal flow control in the particular case of the con-
tinuous casting processes. The device includes linear motors placed at
the upper level of the ingot in order to control the metal speed and
direction. Electromagnetic forces are calculated in three dimensions
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with a finite element program based on A, A-V formulation. Hydrody-
namic in the ingot is solved in two dimensions using a finite different
scheme using w-Y formulation. The weak coupling between electromag-
netic and hydrodynamic is realized by interpolating the Laplacian forces
on the nodes of the hydrodynamic grid: firstly as a mean efficient value
on each node and secondly as a time dependant vector pulsating at low
frequency. Then, a strong coupling is implemented by adding to the
weak coupling two alternate models. In the first one, the induced cur-
rents are computed again in the hydrodynamic scheme, assuming no
changes in the magnetic field. In the second approach all the electro-
magnetic variables are calculated again in the finite element program.
The electromagnetic results have been compared to experimental trials
with an empty ingot. Numerical comparisons with 3D fluent calcula-
tions have been done for the fluid flow validation.

11:30 AM
MODELING OF ELECTROMAGNETIC STIRRING IN CONTINU-
OUS CASTING OF STEEL: Thinium T. Natarajan'; Nagy El-Kaddah?;
1U.S. Steel, Technical Center, 4000 Technical Center Dr., Monroeville,
PA 15146 USA; 2The University of Alabama, Dept. of Metall. Eng.,
Box 870202, Tuscaloosa, AL 35487-0202 USA

Electromagnetic stirring is widely used in continuous casting of steel
as a means to improve homogeneity of cast billets and strands. The
degree of mixing in the molten pool strongly depends on the stirrer
design and dimensions. This paper describes a new general formulation
for modeling electromagnetically driven flow in three-dimensional in-
duction systems, and its application to modeling electromagnetic and
flow phenomena in sub-mold rotary stirring of square billets. This model
is based upon finite element solution of current and magnetic scalar
potential equations for computing the electromagnetic field and Navier-
Stokes equations together with the k-e turbulent model for velocity and
turbulent parameter calculations. The computed force field in the billet
revealed that the billet corners are the source of vorticity of the force
field, which drives the flow in the bulk. Effective mixing was found to be
confined to the region surrounded by the stirrer, and the mixing inten-
sity diminishes rapidly beyond the edges of the stirrer. The significance
of these findings on the effectiveness of rotary stirring on melt homog-
enization and inclusion removal will be discussed.

GENERAL ABSTRACTS: Session 4 - Fa-

tigue, Corrosion Fatigue and Wear
Sponsored by: TMS

Program Organizers: Garry W. Warren, University of Alabama,
Dept. of Metals and Mats. Eng., Tuscaloosa, AL 35487-0202 USA,
Ray D. Peterson, IMCO Recycling Inc., Irving, TX 75039 USA;
Robert D. Shull, NIST, Bldg. 223 Rm. B152, Gaithersburg, MD
20899 USA

Tuesday AM
March 2, 1999

Room: 12
Location: Convention Center

Session Chairs: Indranath Dutta, 93943 Naval Postgraduate School,
Monterey, CA 93943 USA; Eric M. Taleff, The University of Texas,
ASE/EM CO600, Austin, TX 78712-1063 USA

8:30 AM

THE EFFECTS OF RESIDUAL STRESSES ON FATIGUE CRACK
INITIATION: Jonathan D. Almer?; Jerome B. Cohen'; Brian Moran3;
'Northwestern University, Robert R. McCormick School of Engineering
and Applied Science, 2225 North Campus Dr., MLSB/Room 2036,
Evanston, IL 60208-3108 USA; 2Linkoping University, Konstruktions
Material, IKP (Mech. Eng. Dept.), Linkoping S-581 83 Sweden; *North-
western University, Dept. of Civil Eng., Technological Institute, Room
A332, 2145 Sheridan Rd., Evanston, IL 60208-3109 USA



X-ray diffraction and Finite Element (FE) analysis have been used to
study crack initiation in the presence of residual stresses. Residual
stresses were introduced into polished double-edge notched (DEN) 1080
steel specimens by prestraining and press-fit operations, and initiation
was monitored during high-cycle fatigue tests using surface replicas. The
local stress-strain behavior in the vicinity of the initiation sites was
tracked using FE analysis. Microbeam x-ray diffraction measurements
were also made in each phase of the steel to determine both residual
macrostresses, which were compared with the FE computations, and
microstresses. Microstresses were observed to fade rapidly during fa-
tigue, while macrostresses relaxed less rapidly and were observed to
strongly affect crack initiation behavior. This fatigue behavior was then
correlated with the observed stresses using a traditional stress-life rela-
tionship which includes mean stress effects. This research was funded in
part by the Office of Naval Research, Grant No. N00014-90-J-1374.

8:50 AM
FATIGUE OF A FORMULA I TITANIUM CONNECTING ROD:
Gregor K. Mori'; Karl L. Maurer!; !'Dept. of Failure Analysis, Franz-
Josef-Str., Leoben 18 A-8700 Austria

During training for the Italian Formula I Grand Prix in Monza 1997
one of the racing cars had an engine defect. Investigations of the broken
parts showed a fatigue failure of one of the titanium connecting rods.
The crack was situated after one third of the shaft length near to the
small eye at the piston. The fracture plane progressed perpendicular to
the shaft axis indicating some bending or tensile stresses. However the
fracture origin was at the inner edge of one of the flanges of the H-
formed shaft of the connecting rod. Additionally there the fracture
plane was under 45 ° to the shaft axis which indicated the presence of
torsion stresses. A small crack of 150 pm length and app. 200 pm depth
had to be opened to prove a torsion fatigue fracture. A failure analysis is
given and the reasons for the appearance of torsion cracks in a connect-
ing rod are presented.

9:10 AM
CORROSION-FATIGUE CRACK INITIATION MECHANISMS IN
ALUMINUM ALLOYS: P S. Pao'; S. J. Gill; C. R. Feng!; !Naval
Research Laboratory, Code 6312, 4555 Overlook Ave., SW, Washing-
ton, D.C. 20375 USA

The mechanisms of corrosion-fatigue crack initiation by pitting in
high-strength 7000-series aluminum alloys were studied. The alloys
used in this investigation were 7075-T7351 and 7050-T7451. Corro-
sion pits were formed in 3.5% NaCl solution by the electrochemical
reaction between the constituent particles and the surrounding matrix.
Depending on whether these particles were cathodic or anodic relative
to the alloy matrix, the pits formed as a consequence of matrix (around
cathodic particles) or particle (for anodic particles) dissolution. Because
these particles tend to cluster parallel to the rolling plane in the rolling
direction, significant pit growth from pit coalescence was observed fol-
lowing prolonged exposure in a salt water environment. The effect of
pre-existing corrosion pits on fatigue crack initiation was investigated
using blunt-notched fracture mechanics specimens (oriented in the short-
transverse direction) to simulate rivet holes. Results to date indicate
that the presence of corrosion pits can significantly shorten the fatigue
crack initiation life and decrease the threshold stress intensity of the
alloy by as much as 50 percent. Post initiation fractographic analyses
further confirmed that, when corrosion pits were present, fatigue cracks
always initiated from these pits. In the absence of pits, fatigue cracks
initiated from large inclusions. The identification of the constituent
particles, the mechanism of pit formation and growth, and the analyses
of fatigue crack initiation kinetics are discussed.

9:30 AM
CORROSIVE WEAR BEHAVIOR OF 7075 ALUMINUM ALLOY
USING SCRATCH TECHNIQUE: Gustavo Vasquez'; Shailendra K.
Varma'; 'The University of Texas at El Paso, Dept. of Metall. and Mats.
Eng., El Paso, TX 79968-05620 USA

The corrosive wear behavior of 7075 aluminum alloy has been inves-
tigated using scratch test. Samples immersed in an electrolyte have been
subjected to impact by a stylus containing a diamond Vickers indenter at
its tip. The transient current developed due to the creation of a new bare
surface exposed to the corrosive environment has been determined as a
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function of solutionizing time. The details of scratches produced by
impact and continuous loading have been compared. SEM observations
have been correlated to the transient current generated and grain size
developed as a result of varying solutionizing time during the corrosive
wear process. Results on 7075 aluminum alloys will be compared with
those previously reported for 6061 and 2014 aluminum alloys under
identical set of experimental conditions.

9:50 AM BREAK

10:00 AM
THE SLIDING WEAR MECHANISMS OF PTFE COMPOSITES:
Jaydeep P. Khedkar'; 'Louisiana State University, Dept. of Mats. Sci.
and Eng. Program, Dept. of Mech. Eng., 2508, CEBA, Baton Rouge, LA
70803 USA

The tribological performance of polytetrafluroethylene (PTFE) and
PTFE composites under fixed operating conditions has been examined.
The role of individual filler material influencing the friction and the
wear properties of PTFE is critically evaluated. The wear tests are
carried out on a laboratory pin on disc type apparatus and these results
are compared with those conducted on a mechanical seal test rig simulat-
ing industrial conditions. A detailed microstructural examination is car-
ried out using SEM so as to detect the possible modes of failures. DTA
analysis of the materials is also presented to study the relative heat
absorbing capacity and thermal stability of the various composites. An
attempt is made at correlating the DTA results with the tribological
performance of the composites. Finally, the main objective here is to
propose the dominant interactive wear mechanisms during sliding of
PTFE and its composites.

10:20 AM
HOT ISOSTATIC PRESSING OF TUNGSTEN CARBIDE TO STAIN-
LESS STEEL FOR USE IN HIGH ABRASION/CORROSION RE-
SISTANT APPLICATIONS: Adele Crystal Boone'; 'MIT Student,
Dept. of Mats. Sci. and Eng., 77 Massachusetts Ave., Cambridge, MA
02139 USA

To successfully Hot Isostatic Press (HIP) tungsten carbide (94-WC,
6%Co) to 17-4 precipitation hardened stainless steel for the application
of high abrasion/corrosion resistant separator blades through the use of
interlayers. Investigated interlayers include nickel-, silver-, molybde-
num-, and copper-based foils. Metal-ceramet matrices and the tiling of
carbides were also explored. Hip is of great interest because it produces a
superior bond to the current technique of vacuum furnace nickel-based
brazing. HIPping enhances fatigue strength and tensile ductility, reduces
the scatter in creep life, and reduces the foundry scrap and inspection
costs.

10:40 AM
THERMAL SPRAY AND MECHANICAL PROPERTIES OF
NANOSTRUCTURED OXIDE COATINGS: Leon L. Shaw'; Ruiming
Ren'; Daniel Goberman'; Maurice Gell!; 'University of Connecticut,
Dept.of Metall. and Mats. Eng., 97 N. Eagleville Rd., U-136, Institute
of Mats. Sci., Storrs, CT 06269 USA

Nanostructured coatings can provide significant improvements in
wear and erosion resistance deriving from enhanced hardness and tough-
ness. In this paper, Al1203 - 13 wt.% TiO2 coatings formed via thermal
spray approach using reconstituted nanosized Al203 and TiO2 powder
feeds are described. The microstructure, microhardness, indentation
toughness, grain size and wear resistance of the coatings from the recon-
stituted nano-powder feeds have been characterized and compared to
those obtained from commercial coating counterparts. The properties
of the coatings obtained from reconstituted nano-powder feeds are dis-
cussed and related to thermalspray conditions.

11:00 AM
STRUCTURE AND PROPERTIES OF PVD-COATINGS BY MEANS
OF IMPACT TESTER: E. Lugscheider'; O. Knotek!; Christian Wolff';
Stephen Barwulf'; !'University of Technology, RWTH-Aachen,
Augustinebach 4-22, Aachen 52062 Germany

Machine parts like rolling bearings or gears are stressed during opera-
tion in a changing mechanical strain. This causes wear by impacts and
wear by rolling which is marked by the so called surface ruin. The
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appearance of surface fatigue is based upon structural transformation,
cracking and cracking-growth processes and ends with the separation of
debris particles caused by the above mentioned permanent changing
strain. The final stage, which is equivalent to the component failure, is
the so called pitting on the technical surface, which is characteristically
named surface fatigue. The impact tester is used for detailed research
about failure mechanisms of thin films. Statements about the adherence
of hard material coatings under dynamic compressive stress can be made
using this test method, due to the possibility to simulate some effects of
rolling strain. Therefore a hard metal ball strikes with a frequency of up
to 50 Hz onto the surface. The altitude stress can be varied to get a
detailed evaluation of fatigue strength under reversal strain. Selected
hard material coatings were analyzed after testing with the described
method applying an impact force of 300 N, 500 N and 700 N. In the
framework of this presentation MSIP (Magnetron-Sputter-lon-Plating)
coatings on titanium- and chromium basis were used. The fatigue defects
and the results of this study will be discussed depending on structure and
morphology of thin films.

11:20 AM
DIFFUSION-BASED MICROALLOYING OF ALUMINUM VIA
REACTION SINTERING: Paul D. Bishop'; M.C. Chaturvedi?; Georges
J. Kipouros!; William F. Caley'; 'DalTech-Dalhousie University, Mining
and Metlalurgical Engineering; 1360 Barrington St., Halifax, Nova Scotia
B3J 2X4 Canada; 2University of Manitoba, Mechanical and Industrial
Engineering, 15 Gillson St., Winnipeg, Manitoba R3T 5V6 Canada

In an effort to improve the properties of aluminum-based alloys,
microalloying with selected elements has proven to be a viable method.
Despite the broad range of alloys and microalloying additions possible
considered, most rely on traditional ingot metallurgy practices. In this
study an alternative technique using powder metallurgy principles and a
diffusion/reaction sintering procedure is described. The basis of the
method is the pressing of an outer shell of material containing the
source microalloying element, in mineral form, about an aluminum pre-
pressed core. Subsequent super-solidus liquid phase sintering liberated the
cationic species of interest and promoted diffusion into the core mate-
rial. Samples of a ternary Al-Cu-Mg alloy, as well as Al-2014 were
successfully microalloyed with Sn and Ag. The resulting materials were
age hardened and examined for hardness and tensile properties. As well,
the microstructures were evaluated using scanning electron microscopy
and X-ray diffraction, and selected samples were subjected to wear test-
ing. Results were comparable to those obtained using ingot metallurgy
techniques, yet the method offered the processing flexibility associated
with powder metallurgy processes. Thus, the technique is an attractive
alternative when a controlled level, composition and location of
microalloying is of importance.

GENERAL ABSTRACTS: Session 5 - Physi-
cal Metallurgy: Thermodynamics, Inter-

faces & Diffusion

Sponsored by: TMS

Program Organizers: Garry W. Warren, University of Alabama,
Dept. of Metals and Mats. Eng., Tuscaloosa, AL 35487-0202 USA,
Ray D. Peterson, IMCO Recycling Inc., Irving, TX 75039 USA,;
Robert D. Shull, NIST, Bldg. 223 Rm. B152, Gaithersburg, MD
20899 USA

Tuesday AM
March 2, 1999

Room: 13
Location: Convention Center

Session Chairs: Saskia Duyvesteyn, University of Utah, Dept. of
Metall. Eng., Salt Lake City, UT 84112 USA; Dennis D. Keiser,
Argonne National Laboratory, Nuclear Technology, Idaho Falls, ID
83403-2528 USA
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8:30 AM
CHEMICAL AND STRUCTURAL ENERGY OF B1 TYPE COM-
POUND/AUSTENITE INTERFACE: Zhi-Gang Yang'; Masato
Enomoto!; !Ibaraki University, Dept. of Mats. Sci., Nakanarusawa 4-
12-1, Hitachi, Ibaraki 316-8511 Japan

Various inclusions in steel are Bl type compounds, cube-on-cube
orientated with austenite. The interfacial energy between B1 compound
and austenite may play an important role in controlling the nucleation
of ferrite on inclusions. The semi-coherent interfacial energy is known
as having both chemical component and structural component. The
chemical energy is calculated by nearest neighbor broken bond method
following Lee and Aaronson, and the structural energy is computed
based on the misfit dislocation model following Spanos. The result indi-
cates that both chemical component and structural component contrib-
ute significantly to the total interfacial energy, although the latter is
larger. Especially, the anisotropy of chemical energy is much stronger
than that of structural energy, consequently it dominates the wulff con-
struction and corresponding equilibrium shape of Bl compound in auste-
nite. The temperature dependence of the interfacial energy and the
concentration profile across the interface are also studied in this work.

8:50 AM
VIBRATIONAL ENTROPY DIFFERENCES BETWEEN AUSTEN-
ITIC AND MARTENSITIC NiTi BY LOW TEMPERATURE INELAS-
TIC NEUTRON SCATTERING: P. D. Bogdanoff'; B. Fultz!; S.
Rosenkranz?; 'California Institute of Technology, Engineering and Ap-
plied Sciences, 138-78, Pasadena, CA 91125 USA; 2Argonne National
Laboratory, Mats. Sci. Div., Argonne, IL 60439 USA

We report our measurements for the difference in vibrational en-
tropy between the low temperature martensite and high temperature
austenite phases of NiTi, as measured by low temperature inelastic neu-
tron scattering. The low temperature phase exhibits significant
anharmonicity in the temperature range 0 to 200K, as measured by the
phonon density of states (DOS). The austenite DOS shows little change
between room temperature and 580 K, which is consistent with previous
work. Earlier work done at Caltech measured the vibrational entropy
difference between austenitic and martensitic NiTi at 0.4+0.1 kB/atom
using low temperature calorimetry, a result in agreement with literature
values. Work supported by U.S. DOE DE-FG03-96ER45572 and US
DOE, BES-MS, contract W-31-109-ENG-38

9:10 AM
ENTHALPY OF FORMATION IN BINARY LAVES PHASES:
Jiahong Zhu'; C. T. Liu'; L. M. Pike!; P. K. Liaw?; !'Oak Ridge National
Lab., Metals and Ceramics Division, P.O. Box 2008 , MS 6115, Oak
Ridge, TN 37831-6115 USA; 2University of Tennessee, Dept. of Mats.
Sci. and Eng., Dougherty Eng. Bldg., Knoxville, TN 37996 USA
Enthalpies of formation of Laves phases have been critically sur-
veyed and reviewed. It was found that the bond characteristics in Laves
phases are not necessarily metallic in nature for both non-transition
metal Laves phases and Laves phases containing transition metals. There
are metallic, covalent and ionic bonds, or a mixed metallic-covalent-
ionic bond. A thermodynamic interpretation is offered to explain the
size ratio limits for Laves phase formation. As the deviation from the
ideal size ratio increases, the maximum negative enthalpy of formation
decreases linearly, which is assumed to be due to the elastic strain energy
expended in compressing the atoms. At RA/RB =1.03 and 1.65, the
enthalpy of formation reaches zero. Further deviation in the RA/RB
ratio will lead to the enthalpy of formation positive. Thus, the free
energy of formation becomes positive, due to the negligible entropy of
formation term. Therefore, Laves phases can only be stabilized in cer-
tain atomic size, RA/RB, ratios. The enthalpies of formation calculated
by the semiempirical Miedema model is in good agreement with the
available experimental data for transition-metal and Al lanthanide Laves
phases. This means that Miedema’s theory can be used to predict quan-
titatively, at least qualitatively, the enthalpies of formation of transi-
tion-metal and Al lanthanide Laves phase systems.

9:30 AM

INFLUENCE OF COHERENCY STRAIN ON INTERFACE MIGRA-
TION: Jong K. Lee'; 'Michigan Technological University, Dept. of
Metall. Eng., 1400 Townsend Dr., Houghton, MI 49931 USA



For a long time, coherency strain is known to play a crucial role in
interface migration and thus microstructural evolution during alloy pro-
cessing, but its understanding has been frustrated with the mathematical
complexity associated with elasticity. This work presents some fasci-
nating results of the Discrete Atom Method, which is predicated upon
the combination of statistical mechanics and linear elasticity. It is found
that coherency strain induces interfacial waves whose dynamic activi-
ties drive a coherent interface to migrate. The wavelength of these
waves is proportional to the ratio of the interfacial energy to the strain
energy, but strongly depends on elastic constants, interface geometry,
and diffusion temperature. The waves also act as a source for the intro-
duction of fresh ledges necessary in a ledge growth mechanism, and also
responsible for the formation of pits, huts, and domes encountered in
epitaxially-grown thin films. In an anisotropic system, stress concen-
trations are built at the regions o f elastically hard directions. In such a
case, the interface is found initially to move toward the elastically-hard
phase. If it is in a highly non-equilibrium state, coherency-induced wave
interactions can create deep grooves on the interface, eventually split-
ting precipitates into smaller particles. Role of coherency strain in
ordering and segregation phenomena will be also discussed.

9:50 AM BREAK

10:00 AM
TIME-DEPENDENT DIFFUSION PATHS ASSOCIATED WITH
TRANSIENT PHASES IN TERNARY SYSTEMS: Carelyn E.
Campbell'; William J. Boettinger'; 'National Institute of Standards and
Technology, Metallurgy, Bldg. 223 A153, Gaithersburg, MD 20899 USA
Unlike the time-independent composition paths associated with in-
finite diffusion couples, the composition paths of semi-infinite and
finite diffusion couples can be time-dependent. This time dependence
can result in the formation and/or dissolution of transient phases in
multicomponent systems. The ability to predict the presence of tran-
sient phases during the diffusion process is important for many indus-
trial processes, including transient liquid phase bonding. Numerical
simulations of semi-infinite diffusion couples are compared to simula-
tions of infinite diffusion couples for ternary systems with three species
having equivalent diffusivities and ternary systems having one fast dif-
fusing specie. For the Ni-Al-B system, diffusion paths through single-
phase (y-FCC), two-phase (liquid + y-FCC) and three-phase (liquid + Y-
FCC + intermetallic Ni,,Al;B ,,) regions are analyzed.

10:20 AM
AN INTERDIFFUSION MICROSTRUCTURE MAP FOR GAMMA/
GAMMA+BETA DIFFUSION COUPLES IN THE Al-Cr-Ni SYS-
TEM: Huimin Amy Chen'; John Eric Morral'; 'University of Connecti-
cut, Dept. of Metall. and Mats. Eng., 97 North Eagleville Rd., U-136,
Storrs, CT 06269 USA

ABSTRACT NOT AVAILABLE

10:40 AM
HIGHER ORDER BOUNDARIES IN MULTIPHASE DIFFUSION
COUPLES: John Eric Morral'; Huimin Amy Chen'; !'University of
Connecticut, Dept. of Metall. and Mats. Eng., 97 North Eagleville Rd.,
U-136, Storrs, CT 06269 USA

ABSTRACT NOT AVAILABLE

11:00 AM
RAPID PREDICTION OF TIME-TEMPERATURE-TRANSFORMA-
TION DIAGRAMS OF LOW AND MEDIUM CARBON MULTI-
COMPONENT ALLOY STEELS BY A COMPUTER EXPERT SYS-
TEM: Zhenbo Zhao'; Derek O. Northwood?; Cheng Liu?;, Yunxu Liu3;
Qihui Zhu?; 'University of Windsor, Mech. & Mats. Eng., 401 Sunset
Ave., Windsor, Ontario N9B 3P4 Canada; 2Ryerson Polytechnic Uni-
versity, Eng. & Applied Sci., 350 Victoria St., Toronto, Ontario M5B
2K3 Canada; 3Jilin Institute of Technology, Mats. Eng., 76 Yanan Dalu,
Changchun, Jilin 130012 PR China

A computer expert system for the rapid prediction of time-tempera-
ture-transformation (TTT) diagrams of low and medium carbon multi-
component alloy steels was established. The principle and methodology
for the rapid prediction of TTT diagrams were described. Some critical
points of transformation used to model the time-temperature-transfor-
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mation diagrams of muticomponent alloy steels were represented as
functions of alloy chemistry. The bay between the two C-curves (pearl-
ite and bainite), as a function of alloy chemistry, can be predicted accu-
rately in terms of the precise calculation of Bs temperature (a new
equation of Bs temperature has been proposed). It is believed that the
reasonable prediction can be achieved in much larger concentration
ranges. The limitations of alloy chemistry in most of other models can
be avoided effectively because a relatively larger range of alloy chemis-
try (Ni, Mn, W, Mo, Cr, Si, V, Co, Cu) were considered in most equations.
The commercial application potential in the design of new multicom-
ponent alloy steels was discussed also.

11:20 AM
THE EFFECT OF CU ON PHASE TRANSFORMATIONS IN LOW
CARBON STEELS: Shaun Dilney!; Matthias Militzer!; 'The Centre
for Metallurgical Process Engineering, University of British Columbia,
Vancouver, BC, V6T 1Z4 Canada

Increases in the level of residual Cu in steel scrap is forcing electric
arc furnace steelmakers to process steel containing higher levels of Cu.
Although Cu can be detrimental during processing, causing hot short-
ness, it can also be a beneficial alloying element, improving mechanical
properties through precipitation hardening and grain size refinement.
The aim of this work is to investigate the effect of Cu on the phase
transformation kinetics of low carbon steels, containing 0.05wt% to
0.8wt%Cu. The austenite decomposition kinetics has been investigated
with continuous cooling tests using a dilatometer and a Gleeble 1500
thermo-mechanical simulator. The study emphasizes the cooling condi-
tions of a hot strip mill run-out table. Based on the experimental results,
a model is proposed which accounts for the effects of composition,
cooling rate, and austenite grain size on the austenite-to-ferrite trans-
formation kinetics, the resulting ferrite grain size and the mechanical
properties.

HIGH-TEMPERATURE SUPERCONDUC-
TORS: SYNTHESIS, FABRICATION AND
APPLICATION: Applications & Tape Fabri-

cation

Sponsored by: Electronic, Magnetic & Photonic Materials Division,
Structural Materials Division, Superconducting Materials Committee
Program Organizers: U.Balu Balachandran, Argonne National
Laboratory, 9700 S. Cass Ave. Bldg. 212, Argonne, IL 60439 USA;
Pradeep Haldar, Intermagnetics General Corporation, 450 Old
Niskayuna Rd., Latham, NY 12110 USA; Chandra Pande, Naval
Research Lab, Mats. Sci. & Tech. Div., Washington, D.C. 20375-
5000 USA

Tuesday AM
March 2, 1999

Room: 18
Location: Convention Center

Session Chairs: Judith MacManus-Driscoll, Imperial College of
Science & Technology, Centre for High Temperature Superconduc-
tivity, London, England SW7 2BZ UK; H. W. Neumuller, Siemens AG,
Corporate R & D, Erlangen Germany

8:30 AM INVITED PAPER
HIGH TEMPERATURE SUPERCONDUCTIVITY: PROSPECT FOR
ELECTRONIC APPLICATIONS: Donald U. Gubser'; 'Naval Re-
search Laboratory, Mats. Sci. & Tech., Code 6300, 4555 Overlook
Ave., SW, Washington, D.C. 20375-5343 USA

High temperature superconducting (HTS) films are of sufficient qual-
ity and size to permit system demonstrations of superconductivity for a
variety of electronic applications. The most prominent device struc-
tures are the high Q filters. These filters are used in base stations for
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cellular communications where range and signal quality are important;
in radar systems where high levels of discrimination are important; and
in communication systems where weak signals are received. Another
electronic application area for HTS materials is in Superconducting
Quantum Interference Devices (SQUID) that are used for detection of
weak magnetic anomalies and in low noise signal amplifiers. A descrip-
tion of superconducting materials and system requirements will be given
for these applications. Important to the introduction of these materials
is the development of low cost refrigeration systems. Status and specifi-
cations of refrigeration systems for these applications will also be pre-
sented.

8:50 AM INVITED PAPER
DESIGN OF SUPERCONDUCTING POWER CABLES: Rainer
Wesche'; Alexander Anghel'; Bruno Jakob'; Gabriel Pasztor!; Georg
Vécsey!; 'EPFL, CRPP, c/o Paul Scherrer Institute, WMHA C31, Villigen
PSI, AG CH-5232 Switzerland

Superconducting power cables are expected to be one of the most
promising energy applications of high-temperature superconductors.
The main sources of losses in superconducting cables are ac, dielectric
and thermal losses. The interplay of cable geometry, operating current
and resulting losses is considered. The design studies indicate that for Ag/
Bi-2223 cables with warm dielectric an operating temperature well be-
low 77 K is favourable. The superconductor properties required for the
cable application are briefly discussed. Finally, the design concept for a
superconducting single-phase transmission cable with a power of 112.5
MW is presented. In 1999 a gas-cooled prototype cable of 5 m length
will be constructed and tested in collaboration with Kabelwerke Brugg.
Work financially supported by the Swiss Federal Office of Energy and
PSEL.

9:10 AM INVITED PAPER
HIGH-T. SUPERCONDUCTIVITY FOR POWER ENGINEERING
- ACTIVITIES AT SIEMENS: H.-W. Neumiiller'; 'Siemens AG, Corpo-
rate Research & Development, P.O. Box 3220, Erlangen, D-91050
Germany

The introduction of superconductivity into electrical power equip-
ment leads to an improvement of existing components i.e. cables, trans-
formers, with respect to smaller size, larger power per unit and better
efficiency. Novel components like fault current limiters promise more
economic solutions for the distribution and control of power. A very
important key role for a successful realisation of HTS-products is played
by long-term and secured materials development. Vacuumschmelze
Hanau, currently manufactures 2223 BSCCO tape in lengths of 400-600
m having current densities between 22 and 24 KA/cm? for use in cables,
transformers and magnet windings. Large-area YBCO plate conductors
(up to 20x20 cm?; J= 1.5 - 3 MA/cm?) are under production for the
planned 1 MVA Model within our HTS fault current limiter program.
Significant progress has been achieved in the field of HTS power cables:
a 10 m machine-stranded cable conductor has been successfully tested
under A C and DC conditions and a 50 m flexible 100 kV single phase
cable is already under construction.

9:30 AM INVITED PAPER
PROGRESS IN Bi-2212 HIGH FIELD INSERT COILS: Kenneth R.
Marken'; Weiming Dai'; Huub Weijers?; Qingyu Hu?; Yusuf Hascicek?;
Justin Schwartz?; 'Oxford Instruments, 600 Milik St., Carteret, NJ 07008-
0429 USA; 2National High Magnetic Field Lab, 1800 E. Paul Dirac Dr.,
Tallahassee, FL 32310 USA

Progress has been made toward a goal of adding 3 Tesla in a 20 Tesla
background using coils of BiSrCaCuO-2212 tape conductor. The con-
ductor used is a 19 filament tape which has demonstrated short sample
current density exceeding 100 kA/cm2 at 4.2 K, 20 T. Double pancake
coils were wound in 3 sizes and stacked into concentric sections. A
strengthened alloy conductor matrix was used in the outer sections in
order to control strains in the higher stress regions of the stack. Indi-
vidual coil sections, as well as the stacked magnet, will be tested in a 20
T large bore resistive magnet at the NHMFL. Test results and design
details will be presented.
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9:50 AM INVITED PAPER
RECENT DEVELOPMENT OF HIGH JC Bi-2212/Ag TAPES AND
WIRES: Hitoshi Kitaguchi'; Hanping Miao!; Hiroaki Kumakural;
Kazumasa Togano!; Takayo Hasegawa?; Michiya Okada?®; Jun-ichi Sato?;
National Research Institute for Metals, 1st Group, 1-2-1 Sengen, Tsukuba,
Ibaraki 305-0047 Japan; 2Showa Electric Wire & Cable Co., Ltd., 2-1-1
Odasakae, Kawasaki, Kanagawa 210-0843 Japan; 3Hitachi, Ltd., 7-1-1
Ohmika, Hitachi, Ibaraki 319-1292 Japan; “Hitachi Cable, Ltd., 3550
Kidamari, Tsuchiura, Ibaraki 300 Japan

Remarkable progress on Bi-2212/Ag conductor fabrication has been
achieved recently. Two of newly developed process that enables to
obtain high Jc Bi-2212/Ag conductors for practical applications are
reported. PAIR process is the combination of pre-annealing (PA) and
subsequent intermediate rolling (IR) processes and is performed prior to
melt-solidification process. By performing PAIR process, Bi-2212 grain
alignment and intergrain connectivity are much improved and a large Jc
enhancement can be expected. PAIR processed samples have transport
Jc-oxide (4.2 K, 10 T) > 500,000 A/cm2, which corresponds to Jc-
conductor of 900 A/mm2 and twice higher than that for the samples
melt-solidified without PAIR process. ROSAT (Rotation-Symmetric
Arranged Tape-in-tube) wire has been developed. Round wire with small
Jc anisotropy can be fabricated with this method. ROSAT wire of 1.6
mm in diameter carries >900 A (4.2K, 0T) which corresponds to Jc-
oxide of 250,000 A/cm2 and Jc-conductor of 440 A/mm2.

10:10 AM BREAK

10:20 AM INVITED PAPER
IMPROVEMENT OF FLUX PINNING CENTRES IN MELT PRO-
CESSED Bi-2212/Ag TAPE: Judith MacManus-Driscoll'; Alice
Crossley!; David Caplin'; 'Imperial College of Science Technology and
Medicine, Centre for High Temperature Superconductivity, Prince Con-
sort Rd., London, England SW7 2BZ UK

In the Bi-Sr-Ca-Cu-O superconductors there has been considerable
success in overcoming weak link problems, and at high temperatures
intra-grain flux motion is thought to be the dominant dissipation mecha-
nism. The microstructural and electrical homogeneity of Bi,Sr,CaCu,Oy,
tape (Bi-2212/Ag) provides a good basis to study the effects of doping
and secondary phase precipitates on flux pinning in a polycrystalline
melt-processed system. In this study the complex Bi-2212 phase dia-
gram has been used to quantitatively introduce secondary phase precipi-
tates and magnetisation measurements taken in order to assess their
effects on pinning within the grains of the Bi-2212. In addition to this,
the effect of doping on flux pinning within the grains has been investi-
gated.

10:40 AM INVITED PAPER
MATERIALS ASPECTS REGARDING TO PROCESSING OF
BSCCO TAPES: Peter Majewski'; Andre Aubele!; Fritz Aldinger!; 'Max-
Planck-Institut fiir Metallforschung, PML, Heisenbergstr. 5, Stuttgart
70569 Germany

The results of detailed studies of the materials of BSCCO will be
presented and discussed in terms of the optimization of the processing.
The Ag sheath material of the tapes has been found to dissolve up to
0.3% Cu. This aspect is of great importance for the stoichiometry of
the ceramic material, because during processing the Cu content of the
ceramic decreases due to diffusion of Cu into the sheath material. The
Pb solubility of (Bi,Pb)2+xSr2Ca2Cu3010+d [(Bi,Pb)2223] has been
found to vary significantly with temperature, oxygen partial pressure
and presence of silver. This aspect is of great importance for the cooling
of the tapes.

11:00 AM INVITED PAPER
HIGH QUALITY HTSC NANOPOWDERS: FABRICATION AND
SCALE-UP: Andrei A. Zagorodni'; Lingna Wang'; Yu Zhang'; Kenneth
Billgvist?; K. Venkat Rao!'; Mamoun Muhammed'; 'Royal Institute of
Technology, Mats. Chem. Div., Teknikringen 30, Stockholm 100 44
Sweden; 2NANOCHEM AB., Stockholm 100 44 Sweden

Since the discovery of HTSC materials, a number of bulk applica-
tions have been developed based on their novel properties. Currently,
several prototype components and systems are being tested. A major
challenge is the availability of high quality powder in large quantities.



The basic requirements of the high quality powders are homogeneity,
precise chemical composition, and high reactivity to allow solid-state
reactions at short time scales. We report on the development and scale-
up of a co-precipitation method for the fabrication of several classes of
HTSC nanopowders with exact composition. Large-scale computer-
controlled production facility has been constructed. Batches of 3-5 kg
powder precursor have been achieved. These nanopowders have been
used for the fabrication of Ag-clad tapes with high Jc at very short
processing time.

11:20 AM INVITED PAPER
FORECASTING TAPE PERFORMANCE FROM MICROSTRUC-
TURAL STUDIES IN Ag-CLAD Bi-2223 COMPOSITE CONDUC-
TORS: Nazarali N. Merchant!; Victor A. Maroni'; Albert K. Fischer!;
Gilbert N. Riley?; Ron D. Parrella?; 'Argonne National Laboratory,
CMT, 9700 S. Cass Ave., Argonne, IL 60626 USA; 2American Super-
conductor, Two Technology Dr., Westborough, MA 01581-1727 USA
Microstructural studies on transverse sections of mono- and multi-
filament silver-clad Bi-2223 composite conductors after first stage an-
nealing under optimum conditions have been performed on a variety of
wires and tapes over the past several years. We have found a consistent
correlation between the microstructures observed by scanning electron
microscopy on short anneal samples (quenced in oil) and the final Jc
measurements performed on fully processed tapes. Tapes that have
microstructures with controlled secondary phase growth and good tex-
ture evolution of the layered phase in the early stages of annealing,
eventually exhibit high Jes (50-70 kA/cm2) at 77K and zero field.
Conversely, tapes that show extensive secondary phase growth and
rapid conversion of the precursor powder to Bi-2223, tend to exhibit
poor Jc performance (5-15 kA/cm2). We have also observed that tapes
with reproducible conversion kinetics (via XRD), exhibit superior super-
conducting properties after full processing.

11:40 AM INVITED PAPER
FABRICATION AND CHARACTERISATION OF SUPERCON-
DUCTING Bi-2223/Ag TAPES WITH HIGH CRITICAL CURRENT
DENSITIES IN KM LENGTHS : Per Vase'; 'Nordic Superconductor
Technologies, Priorparken 878, Broendby, Copenhagen 2605 Denmark
High critical current density, long length Bi-2223/Ag tapes are needed
for large scale applications. In this paper we describe our recent result
reaching critical current densities of 23 kA/sq.cm and engineering criti-
cal current densities of 5.2 kA/sq.cm at 77K over the whole length of
the 1250 meters long Bi-2223/Ag tapes. To our knowledge this is the
highest critical current density reported for Bi-2223/Ag tapes longer
than 1 km. Detailed measurements of the critical current over the 1250
m long tape both by conventional four-probe method and by a specially
developed continuous measurement of the remanent field by Hall probes
will be reported. Various Ag alloy sheathed Bi-2223 tapes have been
made by our standard production line. The approach for improving the
homogeneity and the considerations of processing and handling the long
length tape will be presented. Electrical, mechanical and thermal prop-
erties of our Ag alloy sheathed tapes, including Ag-Au alloy sheathed,
will also be described.
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HIGH TEMPERATURE COATINGS lil: Over-

lay Coatings for Engine Applications
Sponsored by: Materials Processing and Manufacturing Division,
Surface Engineering Committee; Jt. ASM International: Materials
Science Critical Technology Sector/TMS Structural Materials Division,
Corrosion and Environmental Effects Committee

Program Organizers: Janet Hampikian, Georgia Tech, School of
Mats. Sci. & Eng., Atlanta, GA 30332-0245 USA; Narendra B.
Dahotre, University of Tennessee Space Institute, Center for Laser
Applications, Tullahoma, TN 37388 USA

Tuesday AM
March 2, 1999

Room: 19
Location: Convention Center

Session Chairs: John E. Morral, University of Connecticut, Institute of
Mats. Sci., Storrs, CT 06268-3136 USA,; Christoph Leyens, Oak
Ridge National Laboratory, Metals & Ceramics Div., Oak Ridge, TN
37831-6156 USA

8:30 AM INVITED PAPER
SIGNIFICANCE OF BOND COAT OXIDATION FOR THERMAL
BARRIER COATING LIFE: W.J. Quadakkers'; W. Stamm?; D. Clemens';
L. Singheiser!; !'Forschungszentrum Julich, IWV-2, Julich 52425 FRG;
2Siemens Power Generation, Mulheim FRG

In modern industrial gas turbines metallic construction materials are
protected against the high combustion gas temperatures by yttria stabi-
lized thermal barrier coatings (TBC’s). The long term performance of
these ceramic coatings requires excellent oxidation properties of the
substrate material, because high growth rates and poor adherence of the
oxide layers forming during service would lead to early failure of the
ceramic TBC. Therefore the high temperature components are pro-
tected by an oxidation resistant coating, commonly of the NiCoCrAlY-
type prior to applying the TBC. The choice of an optimum NiCoCrAlY
bond coat for TBC’s not only requires the definition of a suitable
NiCoCrAlY composition but also consideration of the multiphase char-
acter of the coatings. Changes in phase distribution, determined by
coating manufacturing parameters and heat treatment can significantly
affect the oxidation properties of the NiCoCrAlY bond coats and con-
sequently TBC life.

8:55 AM
DIFFUSION BARRIERS TO INCREASE THE OXIDATIVE LIFE OF
OVERLAY COATINGS: James A. Nesbitt'; Jih-Fen Lei?; 'NASA
Lewis Research Center, Mats. Div., MS 106-1, 21000 Brookpark Rd.,
Cleveland, OH 44135 USA; 2Army Research Center, NASA Lewis Re-
search Center, MS 77-1, 21000 Brookpark Rd., Cleveland, OH 44135
USA

Currently, most blades and vanes in the hottest section of aero gas
turbine engines require some type of coating for oxidation protection.
Newly developed single crystal superalloys have the mechanical poten-
tial to operate at even higher component temperatures. However, at
these elevated temperatures, coating/substrate interdiffusion can shorten
the protective life of the coating. Diffusion barriers between the coat-
ing and substrate are being examined to extend the protective life of the
coating. A finite-difference diffusion model has been developed to
predict the life enhancement due to use of total or partial diffusion
barriers. This model simulates Al diffusion to the growing oxide scale as
well as into the substrate. Coating failure is predicted when the Al
concentration in the coating drops to a critical level. The diffusion
model takes into account the reduced interdiffusion between the coating
and substrate when a diffusion barrier is present. The diffusion model
has been used to predict the effectiveness of diffusion barriers in extend-
ing the protective life of a NiAl overlay coating undergoing cyclic
oxidation as well as that of a bond coat beneath a ceramic layer (i.e., a
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TBC). Experimental results for alumina thin films deposited as diffu-
sion barriers on superalloy substrates will also be presented.

9:15 AM
MICROSTRUCTURES RESULTING FROM COATING/SUPERAL-
LOY INTERDIFFUSION: Fred Meisenkothen!; John E. Morral'; 'Uni-
versity of Connecticut, Metall. and Mats. Eng., 97 N. Eagleville Rd.,
Storrs, CT 06269-3136 USA

When coatings and superalloys interdiffuse, there are a variety of
microstructures that can form. An example will be given in which small
changes in composition of an MCrAlY type coating on a Ni-Cr-Al
superalloy can produce the formation of five different microstructures.
The microstructures were discovered by combining experimental obser-
vations with computer simulations to form an “Interdiffusion Micro-
structure Map.” Such maps can be used in coating design and to predict
microstructural changes that will occur during coating service.

9:35 AM
KINETIC CONSIDERATIONS FOR MANUFACTURING A DIFFU-
SION NiAl COATING UNIFORMLY DOPED WITH A REACTIVE
ELEMENT BY CHEMICAL VAPOR DEPOSITION: W. Y. Lee'; L.
He!'; J. D. Meyer'; G. Y. Kim!; 'Stevens Institute of Technology, Dept.
of Mats. Sci. and Eng., Castle Point on Hudson, Hoboken, NJ 07030
USA

Recent manufacturing advances in aluminizing by chemical vapor
deposition (CVD) offer new processing opportunities to further im-
prove the performance of diffusion NiAl and (Ni,Pt)Al coatings for
advanced thermal barrier coating applications. In particular, the dy-
namic versatility of the CVD aluminzing process provides a potent
avenue of uniformly incorporating a reactive element such as Hf in the
NiAl coating matrix via proactive control of the concentration of the
dopant’s precursor in the gas phase. However, with the apparent lack of
meaningful experimental data, considerable uncertainties exist to prop-
erly project the viability of the doping approach. In this presentation,
the critical research issues associated with the doping concept will be
discussed with emphasis on generating reliable and reproducible kinetic
data and analyzing the kinetics of the doping process.

9:55 AM
ALUMINA/YSZ COMPOSITE COATINGS: D. W. Stollberg!; W. B.
Carter'; J. M. Hampikian'; 'Georgia Institute of Technology, School of
Mats. Sci. and Eng., 778 Atlantic Dr., Atlanta, GA 30332-0245 USA
Multi component coatings of alumina and yttria stabilized zirconia
(YSZ) containing from zero percent alumina up to the eutectic compo-
sition have been deposited via liquid fuel combustion chemical vapor
deposition (CVD) onto single crystal sapphire substrates. Aluminum
acetylacetonate, and 2-ethylhexanoates of yttrium and zirconia were
used as chemical coating precursors dissolved in toluene. The coatings
will be incorporated into thermal barrier coatings (TBCs) as an interlayer
between the metallic bond coat and the ceramic top coat in an effort to
strengthen the bond coat/ceramic interface as measured by thermal
fatigue testing. Nanoindentation measurements of the hardness and
fracture toughness of the alumina/YSZ coatings will be reported.

10:15 AM BREAK

10:35 AM INVITED PAPER
HIGH ASPECT RATIO MICROSTRUCTURE- SUPPORTED
SHROUD FOR A TURBINE BLADE: K. W. Kelly'; 'Louisianna State
University, Mech. Eng. Dept., 2502 CEBA, Baton Rouge, LA 70803
USA

A major component in the development of advanced gas turbine
engines is the increase of turbine inlet temperatures. Associated with
this drive for higher turbine inlet temperatures is the need for more
effective blade cooling strategies. Current cooling technology relies
primarily on a combination of internal cooling through serpentine ribbed-
coolant passages that are integrally cast in the blades or film cooling
where a coolant jet is injected through a series of coolant holes on the
blade surfaces. In the proposed research, a new concept of significantly
increasing turbine-blade heat transfer is proposed, and is based on elec-
trodepositing a moderately dense array of microstructures (nickel or
nickel-alloy) directly on the blade surface with a nickel-alloy shroud on
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top. Preliminary results, resulting from an ongoing research program at
LSU funded by the Defense Advanced Research Project Agency (DARPA),
have already demonstrated the feasibility of this approach. The manu-
facturing process to build this shroud will be described and the results
from heat transfer tests which quantify its performance will be provided.

11:00 AM
EFFECTS OF PLATINUM ADDITIONS AND SULFUR CONTENT
ON THE ADHESION OF ALUMINA SCALES TO CVD
ALUMINIDE BOND COATS: J. Allen Haynes'; Ying Zhang?;, Woo Y.
Lee?; Bruce A. Pint'; Ian G. Wright!; Peter K. Liaw?; !Oak Ridge Na-
tional Laboratory, P.O. Box 2008, M.S. 6063, Oak Ridge, TN 37831-
6063 USA; 2University of Tennessee, School of Eng., Knoxville, TN
USA,; 3Stevens Institute of Technology, Castle Point on Hudson, Hoboken,
NJ USA

The adhesion of alumina scales to aluminide bond coats is the life-
limiting factor for some advanced thermal barrier coating systems. It
has been demonstrated that scale adhesion on superalloys can be sub-
stantially improved by reducing S impurities; and scale adhesion on
aluminide coatings is enhanced by Pt additions. This work investigated
the effects of aluminide bond coat sulfur and platinum contents on
alumina scale adhesion. Low-sulfur NiAl and NiPtAl bond coats were
fabricated by aluminizing de-sulfurized René N5 using a unique low-sulfur
chemical vapor deposition (CVD) process. Scale adhesion was investi-
gated by isothermal and cyclic oxidation testing at 1150°C. Lowering
the sulfur content of CVD NiAl significantly improved scale adhesion,
but scale spallation eventually initiated along coating grain boundaries.
Significant improvements in scale adhesion along bond coat grain bound-
aries were obtained after Pt additions, although sulfur levels were higher
in CVD NiPtAl due to impurities in the electroplated Pt. The observed
influences of Pt additions included (1) considerable reductions in scale-
metal void growth, and (2) reductions in Ta-rich oxides in the scales
above the bond coat grain boundaries. The influence of bond coat
microstructure on scale adhesion will also be discussed.

11:20 AM
THERMOMECHANICAL FATIGUE OF A SINGLE CRYSTAL SU-
PERALLOY: INFLUENCE OF A PROTECTIVE COATING:
Alejandro Sanz'; L. Llanes?; J.-P. Bernadou?; M. Anglada’; 'Danieli
Research and Development, Mats. Development, Via Nazionale 41,
Buttrio 33042 Italy; 2E.N.S.A.E., Laboratoire de Metallurgie, 10 Av. E.
Belin, Toulouse, Cedex 31055 France; 3U.P.C., ETSII, Depto. de Ciencia
de Los Materiales y Metalurgia Av, Diagonal 647, Barcelona, 08028
Spain

The improvement of the gas turbine engine efficiency requires to
have the highest possible Turbine Inlet Temperature (T.I.T.). Turbine’s
turbine blades and nozzle vanes are commonly protected against high
temperature degradation with NiCoCrAlYTa coatings. A careful selec-
tion of the coating which offers sufficient chemical compatibility with
the substrate and a low interdiffusivity is necessary for these high tem-
perature systems. AM-3 single-crystals, [001] oriented, coated with a
Low Pressure Plasma Spray (LPPS) NiCoArAlYTa coating were submit-
ted to thermomechanical fatigue conditions until fracture. The
thermomechanical fatigue test consisted of strain controlled cycle hav-
ing four slopes and a duration of 180 seconds. The temperature range
extended from 923YK (650YC) to 1373YK (1100YC). Two strain ranges
of Ag . /2=0.5% and Ag,, /2=0.25% were chosen for this study. This
cycle schematically reproduces the strain evolution of the leading edge,
blade’s critical element in a civil turbine engine under normal working
conditions. Using the data obtained from Energy Dispersive micro-
probe Spectroscopy (EDS) the diffusional phenomena between the coating
and the substrate is characterised and correlated with the stress gradient
and test temperature. Scanning Electron Microscopy (SEM) analysis
were performed at each condition to establish the fracture mechanisms
and the microstructural evolution, correlationing them to the presence
of a NiCoCrAlYTa protective coating.

11:40 AM

REACTIVE PROCESSING OF A DENSE FUNCTIONALLY-
GRADED INTERMETALLIC MATRIX COMPOSITE COATING:
Hexiang Zhu'; Reza Abbaschian'; 'University of Florida, Dept. of Mats.
Sci. and Eng., 224 MAE, P.O.Box 116400, Gainesville, FL 32611 USA



A dense functionally-graded intermetallic matrix composite (FGIMC)
coating on NiAl substrate has been successfully fabricated by reactive
hot compaction technique. The FGIMC coating consisted of four NiAl/
Al,0, composite layers with alumina content varying from less than 3
vol.% to about 36 vol.%, with thickness of about 900pum. The micro-
structures of the coating and microhardness profiles across its thickness
were characterized and compared to those of a one-layer NiAl -36
vol%AL0, composite coating on NiAl substrate. The comparison indi-
cated that the bonding between FGIMC coating and NiAl substrate was
stronger than that between single NiAl-36 vol.%Al,0, composite coat-
ing and NiAl substrate. This is attributed to the reduction in residual
stresses resulting from the more gradual composition transition in FGIMC
coating.

HUME ROTHERY SYMPOSIUM TO HONOR
M. HILLERT; ALLOY EFFECTS ON MIGRAT-
ING INTERFACES: Session I

Sponsored by: Jt. Electronic, Magnetic & Photonic Materials
Division/Structural Materials Division, Alloy Phases Committee; ASM
International: Materials Science Critical Technology

Sector, Thermodynamic Activities & Phase Equilibria Committee
Program Organizers: Y. Austin Chang, University of Wisconsin,
Dept. of Mats. Sci. and Eng., Madison, WI 53706-1595 USA; Ray Y.
Lin, University of Cincinnati, Dept. of Mats. Sci. & Eng., Cincinnati, OH
45221-0012 USA

Room: 14A
Location: Convention Center

Tuesday AM
March 2, 1999

Session Chairs: W. J. Boettinger, NIST Metallurgy Division,
Gaithersburg, MD 20899 USA; R. Y. Lin, University of Cincinnati,
Dept. of Mats. Sci. and Eng., Cincinnati, OH 45221-0012 USA

8:30 AM INVITED PAPER
MOTION BY CURVATURE AND IMPURITY DRAG: J. W. Cahn';
Amy Novick-Cohn?; 'NIST, Mats. Sci. and Eng. Laboratory, Gaithersburg,
MD 20899 USA; 2Technion-IIT, Dept. of Mathematics, Haifa 32000
Israel

Diffuse interfaces between ordered domains (APB) provide a good
testing ground for ideas about the interactions of solutes with moving
interfaces. The free energy, thickness, and amount of adsorption can be
manipulated experimentally over many orders of magnitude near criti-
cal temperatures for order-disorder transitions. Motion of such inter-
faces is by atomic diffusion on a common lattice, and does not require
long range diffusion. We present a system of equations to model this
diffusive motion and obtain a single equation for the predicted velocity
that contains many factors. Interface motion is by curvature, and the
velocity of motion is linear in surface free energy. However, this surface
free energy factor is canceled by a term in the mobility in the limit of no
adsorption, and the velocity of motion is approximately independent of
the interfacial free energy and reduces to the result of Allen and Cahn.
Adsorption lowers the velocity by a term that mimics what is expected
for impurity drag. Near wetting transition with thick wetting layers the
velocity becomes inversely proportional to their thickness. We exam-
ine the predictions near the tricritical point, and compare the results
with experiments.

9:10 AM INVITED PAPER
THE THERMODYNAMICS OF INTERFACES FAR FROM EQUI-
LIBRIUM: Peter W. Voorhees'; 'Northwestern University, Dept. of
Mats. Sci. and Eng., 2225 N. Campus Dr., Evanston, IL 60208 USA

A general thermodynamical description of an evolving interface
appropriate to situations far from equilibrium is developed. The theory
represents a departure from theories based on classical nonequilibrium
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thermodynamics as we do not assume a linear relation between fluxes
and forces, and we do not limit our theory to small departures from
equilibrium. Two examples of this approach will be presented. The first
deals with the effects of diffusion in the bulk phases, solute drag and
interfacial diffusion on the thermodynamics of the interface. In the
second the conditions setting the velocity of the facets that compose a
fully faceted interface in an elastically stressed solid are derived. We
find, for example, that the singularities in the elastic stress induced by
the presence of corners do not influence the velocity of a facet.

9:50 AM BREAK

10:00 AM INVITED PAPER
PHASE FIELD MODELING OF ALLOY SOLIDIFICATION: James
A. Warren'; William J. Boettinger'; 'NIST, Metall. Division, Bldg 223/
B164, Gaithersburg, MD 20899 USA

The phase field method has been used with considerable success over
the past five years to model solidification phenomena. This method
starts from thermodynamic principles employing gradient energies and
adds reasonable kinetic postulates to yield differential equations that
govern the evolution of the solidification microstructure, without ex-
plicitly tracking the interface position. These equations can, under ap-
propriate initial conditions, describe processes such as solute trapping,
solute drag, Mullins-Sekerka instabilities, cellular/dendritic growth, and
dendrite sidearm coarsening, fragmentation and bridging. The
microsegregation patterns associated with these phenomena can be pre-
dicted and characterized. Both two and three dimensional simulations
will be discussed. A recent modification of the approach permits the
modeling of the solidification of grains with different orientations.

10:40 AM INVITED PAPER
SOLUTE DRAG IN ALLOY SOLIDIFICATION: Michael J. Aziz';
'Harvard University, Div. Eng. & Applied Sci., 29 Oxford St., Cam-
bridge, MA 02138 USA

Several models for the kinetics of interface motion in binary alloys
are based on the pioneering work of Hillert and Sundman. Some find a
solute drag effect, as suggested by Hillert and Sundman for the migration
of interphase boundaries, whereas others have not. Some of these
models have been applied to binary alloy solidification and tested ex-
perimentally. The implications of the experimental results for kinetic
models of interface motion will be discussed.

TUESDAY AM

INTERCONNECTPACK; INTERCONNEC-
TIONS FOR ELECTRONICS PACKAGING:

Interfacial Reaction

Sponsored by: Electronic, Magnetic & Photonic Materials Division,
Electronic Packaging & Interconnection Materials Committee

Program Organizers: Gautam Ghosh, Northwestern University,
Dept. of Mats. Sci., Evanston, IL 60208-3108 USA; Sung Kang, IBM,
TJ Watson Research Center, Yorktown Heights, NY 10598 USA; Rao
Mahidhara, Cypress Semiconductor Corp, San Jose, CA 95134
USA; Ephraim Suhir, Bell Labs., Murray Hill, NJ 07974 USA

Tuesday AM
March 2, 1999

Room: 17A
Location: Convention Center

Session Chairs: K. N. Tu, University of California, Dept. of Mats. Sci.
and Eng., Los Angeles, CA 90095, USA; K. N. Subramanian,
Michigan State University, Dept. of Mats. Sci. and Mech., East
Lansing, M1 48824-1226 USA

8:30 AM INVITED PAPER
AN IMPROVED NUMERICAL METHOD FOR PREDICTING IN-
TERMETALLIC LAYER THICKNESS DEVELOPED DURING THE
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FORMATION OF SOLDER JOINTS ON Cu SUBSTRATES: S.
Chada'; R. 4. Fournelle'; D. Shangguan?, 'Marquette University, Mats.
Sci. Program, P.O. Box 1881, Milwaukee, WI 53201-1881 USA; 2Ford
Motor Company, Visteon Automotive Systems, 17000 Rotunda Drive,
Dearborn, MI 48121 USA

An improved numerical method has been developed for calculating
the thickness of intermetallic layers formed between Cu substrates and
solders during the soldering process. The improved method takes into
account intermetallic dissolution during heating and intermetallic pre-
cipitation during cooling and requires as input (1) the temperature-time
profile for the soldering process, (2) the experimentally determined
isothermal growth parameters for the growth of the intermetallic layer
into Cu saturated molten solder, (3) the experimentally determined
Nernst-Brunner parameters for the dissolution of Cu into molten solder,
(4) the experimentally determined solubility of Cu in molten solder and
(5) assumptions about the thickness of the boundary layer in the liquid
ahead of the growing intermetallic. Calculations show that the im-
proved method predicts intermetallic growth between Cu substrates and
96.5Sn-3.5Ag and 62Sn-36Pb-2Ag solders during reflow soldering better
than a previously developed method, which did not take into account
dissolution during heating and precipitation during cooling. Calculations
further show that dissolution has a significant effect on intermetallic
growth, while precipitation does not.

8:55 AM INVITED PAPER
INTERFACIAL REACTIONS IN THE Ag-Sn/Cu COUPLES: Yee-
wen Chen!; Sinn-wen Chen'; 'National Tsing-Hua University, Dept. of
Chem. Eng., Kuang-Fu Rd., Hsinchu 30043 Taiwan

Two types of diffusion couples, Sn-3.5 wt.%Ag/Cu and Sn-25.0
wt.%Ag/Cu, have been studied. The phases formed at the interfaces and
their thickness have been examined. The reaction temperatures were at
240°C and 450°C, and the reaction time varied from 5 minutes to 72
hours. At 240°C, only Cu,Sn and CugSny phases are formed. At 450°C,
Cu,Sn, Cu,Sn, and Cu,Sn; phases formed in the Sn-3.5 wt.%Ag/Cu couple;
while Cu,Sn, Cu,Sn, Cu,Sn,, and Ag,Sn phases formed in the Sn-25
wt.%Ag/Cu couple. The interfaces between the molten solder and the
solid intermetallic phases had a wavy morphology; while those between
the solid intermetallic phases and the solid Cu substrate were relatively
planar. The isothermal sections of the Ag-Sn-Cu system at 240°C and
450°C have been assessed. The interfacial reaction paths are proposed.
It is concluded that the Cu,Sng and Ag,Sn phases formed during solidifi-
cation not by interfacial reactions.

9:20 AM
INTERFACIAL REACTION BETWEEN Ni, Pd and Sn-Bi AND Sn-
Ag EUTECTIC SOLDERS: G. Ghosh'; 'Northwestern University,
Dept. of Mats. Sci. and Eng., 2225 N. Campus Dr., Evanston, IL 60208-
3108 USA

Metallization schemes using Ni and Pd are becoming increasingly
popular in electronic packaging. Both two-layer and four-layer Ni-Pd
coatings are being used for soldering of various components using Pb-Sn
solders. However, there is a growing interest in the use Pb-free solders.
This paper deals with a systematic study of interfacial reaction between
bulk Ni and Pd substrates and Sn-Bi and Sn-Ag eutectic solders. The
evolution of interfacial microstructures due to both liquid- and solid-
state reactions will be presented. The products of interfacial reaction
are characterized by SEM, TEM and AEM. The microstructural evolu-
tion at the interface and the diffusion path will be discussed in terms of
the calculated isothermal sections of the corresponding ternary system
at the experimental temperature of interest.

9:40 AM
CHARACTERIZATION OF THE GROWTH OF INTERMETALLIC
INTERFACIAL LAYERS OF Sn-Ag and Sn-Pb EUTECTIC SOL-
DERS AND THEIR COMPOSITE SOLDERS ON Cu SUBSTRATE
DURING ISOTHERMAL LONG-TERM AGING: S. Choi'; T. R.
Bieler!; K. N. Subramanian!; !Michigan State University, Mats. Sci. &
Mech., Eng. Bldg. # 3536, East Lansing, MI 48824-1226 USA

The intermetallic layer formation between solder and substrate indi-
cates a firm bonding of solder material with substrate. However, the solid
state growth of intermetallic interfacial layers have been known to
adversely affect the mechanical properties and reliability of solder joints,

leading to fracture at or near the interfacial layer. Single shear lap joints
were made with four different solders, Sn-Pb and Sn-Ag eutectic solders,
and their composites containing about 20 vol% in-situ CuSny interme-
tallic phases about 3-8 micrometers in diameter. Two sets of experi-
ments were performed: First, all of the above four solder joints were aged
at 150°C for periods ranging to 4000 hours and the intermetallic growth
was monitored periodically. Second, each of the above four solder joints
was aged at five different temperatures for 4000 hours. The interfacial
layers between solders and the Cu substrate were examined using optical
microscopy and scanning electron microscopy. The kinetics of growth
of intermetallic interfacial layers formed between solders and Cu sub-
strate was characterized. Effects of in-situ Cu Sny intermetallic phases
on the growth rate were also characterized. The intermetallic layers
grew much slower in the composite solders for the first 350 hours for the
Sn-Pb composite and for the first 1200 hours for the Sn-Ag composite
as compared to the corresponding non-composite solders. Thereafter,
the growth rates were more similar, and the thickness became nominally
similar in the 150YC specimen after about 4000 hours, when the rein-
forcements were also quite large.

10:00 AM INVITED PAPER
Pb-FREE SURFACE-FINISH ON ELECTRONIC COMPONENT
TERMINALS FOR Pb-FREE SOLDER ASSEMBLY: H. Tanaka'; M.
Tanimoto!; A. Matsuda'; S. Shiga'; 'Furukawa Electric Co., Ltd., R&D
Division, Metal Research Center, 500 Kiyotaki, Nikko 321-0942 Japan
Terminals of electronic components such as IC’s, connectors and
condensors are presently surface-finished with Sn-Pb alloys in general in
order to keep solderability without Sn-whisker occurrence. NCMS’s Pb-
free Solder Project reports that Sn-Pb alloys have some disastrous ef-
fects on the melting behaviors in case of Pb-free solder assembly, some
of which are due to the formation of low melting phases that may
generate when Pb-free solders with Bi and/or In are mixed with Sn-Pb
coatings. In the final report published in Aug. 1997, written is that the
much larger topic of eliminating Pb from solderable surface finishes will
need to be addressed before Pb-free alloys are implemented. In Japan,
developed were two types of Pb-free solderable finishes, one of which is
simple Ni/Pd double layer mostly IC lead frames, while Au-flash can be
top-coated in order to enhance solderability. Although showing a vari-
ety of benefits, both technical and economical, this system have some
retarding aspects of Pd’s supply and price situation along with hazardous
corrosion characteristics in case of its application to ferrous base metals
such as Fe-Ni alloys. Different from the precious metal system, the
second system consists of two layers, thicker Sn underlayer and thin Sn-
Bi alloy over layer, which are electroplated in succession. In compari-
son with the monolayer of Sn-Bi which reacts hazardously with base
metals such as copper, this double layer system shows superior perfor-
mances similar to the conventional Sn-Pb with regard to wetting time
and temperature, shelf life of solderability, whisker occurrence and so
on. This is due to the surface localization of a small amount of Bi.
Along with diffusion rates and metallographies, some practical usages
and related data will be presented.

10:25 AM BREAK

10:40 AM INVITED PAPER
INTERACTION BETWEEN COPPER AND AN EUTECTIC Pb-Sn/
HIGH Pb COMPOSITE SOLDER FOR MICROELECTRONIC
PACKAGING : A4. S. Zuruzi'; C. Chiu'; K. M. Chua?; W. T. Chen!; S. K.
Lahiri'; 'National University of Singapore, Microelectronics Materials,
Processes and Packaging Programme, Blk S7, Level 3 119 260 Singapore;
2Gintic Institute of Manufacturing Technology, 71 Nanyang Dr. Singapore
Use of composite solders comprising eutectic Pb-Sn and higher lead
solders is an option for joining chips to substrates at lower temperatures.
In this work the reaction between such composite solders and copper,
which results in Cu-Sn intermetallic compound formation, during solder
reflow processes was investigated for both flip chip and BGA types of
applications. The thickness of the intermetallic compound was found to
increase with the square root of the number of reflows, which suggests
that the compound growth is dominated by a diffusion controlled mecha-
nism. This result is similar to observations made in constant tempera-
ture annealing studies. The similarity leads to a simple method to assess
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how the compound growth rate is affected by the temperature-time
profile.

11:05 AM
DISSOLUTION AND REACTION KINETICS OF THE SOLDER-
BALL PADS IN BGA DURING REFLOW SOLDERING: C. R.
Kao'; J. A. Ho!'; 'National Central University, Dept. of Chem. Eng.,
Chungli Taiwan

The solder-ball pads in a Ball-Grid-Array (BGA) package are made up
of several metal layers. The Au/Ni/Cu tri-layer structure is the most
common pad metallization. In this structure, the first layer which is to
be in direct contact with solder is the Au layer, which has a thickness of
about 1 micron. Below this Au layer is the Ni layer, whose thickness is
about 3 microns. The Cu layer is part of the internal wiring within the
BGA package, and its thickness is often greater than 20 microns. During
reflow soldering, the Au layer dissolves into the solder rather quickly,
and the Ni layer is then exposed to the solder. In this study, we report the
dissolution kinetics of the Au layer and the reaction kinetics of Ni layer
with solder in commercial BGA substrates. The spatial distribution of
the dissolved Au atoms in solder is also determined. These information
are helpful in determining the optimal reflow temperature profile.

11:25 AM
INTERFACIAL MICROSTRUCTURE EVOLUTION OF Pb-Sn
SOLDER JOINTS ON Ni/Pd/Cu METALLIZATIONS: G. Ghosh';
'Northwestern University, Dept. Mats. Sci. and Eng., 2225 N.Campus
Dr., Evanston, IL USA 60208-3108

This paper will examine the interfacial microstructure of the Pb-Sn
solder joints on Ni/Pd/Cu metallizations. Both liquid-state and solid-
state reactions have been investigated using the eutectic (62Sn38Pb)
and a high-lead (95Pb5Sn) solders. A two-layer (Pd/Ni) and a four-layer
(Pd/Ni/ni-Pd/Ni) metallization schemes on Cu are used as substrates.
The interfacial microstructures have been characterized using a variety
of electron microscopy techniques, such as SEM, TEM and AEM. The
formation of voids at interface and the complex interfacial microstruc-
tures due to interdiffusion and phase transformation will be discussed in
detail.

11:45 AM
ANALYSIS OF THE UPPER PEAK OF WETTING FORCE-TIME
CURVE USING Sn-37Pb, Sn-3.5Ag SOLDERS: Jae Yong Park'; Jae
Pil Jung? Choon Sik Kang'; !Seoul National University, Dept. of Mats.
Sci. and Eng., San 56-1, Shillim-dong, Kwanak-Ku, Seoul 151-742 Ko-
rea; 2University of Seoul, Dept. of Mats. Sci. and Eng., 90, Jeonnong-
dong, Dondaemun-Ku, Seoul 130-743 Korea

The meniscograph/wetting curve is a very useful tool for quantifying
the wettability of solder, but its meaning and mechanism have not been
fully developed yet, especially the upper peak of the wetting curve
which can be shown when Cu plate is detached from solder bath. To
evaluate this peak, two kinds of experiments were performed: 1) Cu
plates from which two adjacent corners are cut out in various sizes of
squares were used to compare with the regular rectangular Cu plate; 2)
the immersion depth of the regular rectangular Cu plate to be dipped
into solder bath varied from 0.5mm to 9.5mm. Sn-37Pb and Sn-3.5Ag
solders were used for both experiments. In the case of the first experi-
ment using cut out plates, the upper peak of the wetting curve changed
to a rather round shape and a very short horizontal segment appeared
after the peak, followed by a downfall. This horizontal segment repre-
sents the point of transition where the sliding solder reached the edge of
the cut out Cu plate. According to the second experiment, the amount
of time needed for the curve to reach the peak increases in proportion
to the immersion depth of Cu plate while the span of time taken for the
drop of the curve remained independent of the depth. The force value
on the horizontally steady line of the wetting curve was inversely pro-
portional to the immersion depth while the force value on the pinnacle
of the upper peak remained constant. This means that the latter is
influenced by the buoyancy force while the former is not. It can be
concluded from the results that: (1) ascending segment of the upper
peak represents the sliding of solder on Cu plate; (2) the pinnacle of the
upper peak stands for the state in which the sliding solder meets the edge
of the Cu plate.

INTERNATIONAL SYMPOSIUM ON AD-
VANCES IN TWINNING: Twinning in Elec-

tronic Materials

Sponsored by: Structural Materials Division, Physical Metallurgy
Committee

Program Organizers: S. Ankem, University of Maryland, Dept. of
Mat. & Nuclear Eng., College Park, MD 20742-2115 USA; Chandra
Pande, Naval Research Lab, Mats. Sci. & Tech. Div., Washington,
D.C. 20375-5000 USA

Tuesday AM
March 2, 1999

Room: 17B
Location: Convention Center

Session Chairs: Bhakta B. Rath, Naval Research Laboratory, MS &
CT Directorate, Washington, D.C. 20375-5320 USA; David O.
Welch, Brookhaven National Laboratory, Mats. Sci. Div., P.O. Box
5000, NY 11973-5000 USA

8:30 AM INVITED PAPER
STACKING FAULTS AND TWIN GENERATED ANTI PHASE DO-
MAINS IN SEMICONDUCTOR HETEROSTRUCTURES: Aristos
Christou'; 'University of Maryland, Dept. of Mats. and Nuclear Eng.,
Bldg. 090, Room 2135, Stadium Dr., College Park, MD 20742-2115
USA

The formation of antiphase domains may be ideally investigated
through the growth of a polar on non-polar semiconductor such as GaAs
on silicon. Such investigations have been carried out and we now have a
clear model on the generation of APD as a function of interfacial strain
at the interfaces of such semiconductors. Through transmission elec-
tron microscopy, initial misfit strain is usually accommodated through
the generated or initiated at stacking faults or twins which proceed to
enlarge as the growth process continues. The APB boundary is there-
fore a twinned of SF boundary leading to eventual three dimensional
growth. We have isolated single SF randomly distributed and not at all
affected by the distribution of misfit dislocations. These SF grow into
twin boundaries as the growth process continues and are affected directly
by the specific growth conditions. Electrically, film mobility is greatly
reduced due to the presence of APDs, and the degree of reduction de-
pends on compensating impurities. Twins in lattice matched hetero-
systems are also presented. In such samples, twins are always initiated at
growth abnormalities close to the interfaces of systems such as the
InGaAs/InP configuration. The twin density may be affected again by
growth kinetics.

9:05 AM INVITED PAPER
THE PHENOMENOLOGY AND THERMODYNAMICS OF THE
STRUCTURE OF TWINS AND TWIN BOUNDARIES IN
YBa,Cu,0, SUPERCONDUCTORS*: David O. Welch'; 'Brookhaven
National Laboratory, Mats. Sci. Division, Bldg. 480, P.O. Box 5000,
Upton, NY 11973-5000 USA

Twins and twin boundaries play some important roles in the high-T,
superconductor YBa,Cu,O,. Among other things, twin boundaries serve
as pinning centers for magnetic flux and as diffusion paths for oxygen.
The organization of the twin structure serves to relieve elastic strain in
confined microstructures such as in superconducting films on substrates
and in composite conductors. In this paper, I will review what is known
about the local atomic structure and composition of twin boundaries and
their dependence on oxygen content and alloying additions, together
with the systematics of the dependence of twin density on grain size,
oxygen content, and alloying additions. I will then discuss thermody-
namic and atomistic models which can be used to describe the composi-
tional and strain distributions near twin boundaries, as well as their effect
on the density of electronic holes, which plays a vital role in several
superconducting properties. *This research was supported by the U.S.
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Department of Energy, Division of Materials Sciences, Office of Basic
Energy Sciences under Contract No. DE-AC02-98CH10886.

9:40 AM INVITED PAPER
TWINNING IN YBa,Cu,0, SUPERCONDUCTORS: Yimei Zhu';
'Brookhaven National Laboratory, Dept. of Applied Sci., Bldg. 480,
Upton, NY 11790 USA

The most prominent structural defects in YBa2Cu307-x (x<0.5) are
twins. Below about 750YC, YBa2Cu307-x undergoes a tetragonal-to-
orthorhombic structural phase transition, resulting in twinning on the
{110} planes. Twins are formed to reduce strain energy due to the
change in shape and volume resulting from the phase transformation.
The spacing of the twin lamella is determined by minimizing the total
energy associated with the strain energy at the grain boundaries where
the twins terminate and the interfacial energy of the twin boundary.
High-resolution electron microscopy and electron energy-loss spectros-
copy studies suggest that there are two types of twin boundaries in
YBa2Cu307-x: one with a lattice translation (~d110) along the bound-
ary for fully oxygenated samples (x~0.0), and the other, without a
lattice translation, for oxygen-deficient ones. Electron diffraction and
fringe analysis of the twin boundaries show that the former is an alpha-
delta interface, while the latter is a pure delta-inter face. In-situ experi-
ments indicate that the structure of the twin boundaries can change from
one type to the other. This structural transition was analyzed using the
observed twinning dislocations and steps within the framework of a
modified coincidence-site-lattice model. Work supported by the U.S.
DOE DE-AC02-98CH10886.

10:15 AM BREAK

10:25 AM INVITED PAPER
DOMAINS IN FERROELECTRIC THIN FILMS AND HETERO-
STRUCTURES: Ramamoorthy Ramesh'; 'University of Maryland,
Dept. of Mats. and Nuclear Eng., Bldg. 090, Rm. 2135, Stadium Dr.,
College Park, MD 20742-2115 USA

Ferroelectric materials undergo a phase transition from the paraelectric
(high temperature) to the ferroelectric (low temperature) phase, ac-
companied by a change in crystal structure and symmetry. The strain
accompanying these structural and electric phase transformations is
generally accommodated by the formation of domains, that are sepa-
rated by domain walls. Due to the fact that the anisotropy in these
materials is rather high and the exchange interaction rather weak, these
domain walls are very thin (of the order of a few atomic spacings). A
typical case is that of the cubic-tetragonal transformation in the lead
zirconate titanate (PZT) system, accompanied by the formation of 90
degree domains. Domain wall in ferroelectrics can move under the
influence of electric or stress fields (ferroelastic). Since these domain
walls can exist in thin films of ferroelectric materials, that are likely to
be used in non-volitale memories, piezoelectric actuators and pyroelec-
tric sensors, it is important to understand the statics and dynamics of
domain evolution in them. In these presentation, I will review some of
the work on-going in our program that is aimed at establishing the
structure-property-processing interrelationships relevant to domain
formation in ferroelectric thin films.

11:00 AM
RELAXATION OF COHERENCY STRAIN VIA TWINNING IN Ge-
C AND Ge-Si-C EPITAXIAL THIN FILMS: Mohan Krishnamurthy';
Bi-Ke Yang?; Jong K. Lee'; 'Michigan Technological University, Metall.
and Mats. Eng., 1400 Townsend Dr., Houghton, MI 49931 USA; 2IRF,
Inc., Temecula, CA USA

In thin films, plastic relaxation of coherency strain due to a lattice
mismatch is accommodated typically by misfitting and/or threading
dislocations. There is, however, a strong indication that coherency
strain is also relaxed through twinning in Gel-xCx and Ge0.8-xSi0.2Cx
(nominal x < 0.1) films grown epitaxially on Si(100) subatrates. Low
temperature (~200YC) molecular beam epitaxy can engineer the immis-
cible Ge-C system to form a dilute binary with substitutional C fractions
typically ~ 1-2 atomic%. X-ray and transmission electron microscopy
analyses of such epitaxial films indicates that the presence of C dimin-
ishes the role of dislocations and increases the tendency for the forma-
tion of stacking faults and twins. The density of twins increases with
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increasing C concentrations and, in the case of GeSiC films, increasing Si
fractions. Details of the experimental results as well as a theoretical
model based on the discrete atom method will be discussed for the role of
twinning in such epitaxial thin films.

INTERNATIONAL SYMPOSIUM ON GAMMA
TITANIUM ALUMINIDES: TiAl Alloys: Alloys

and Properties

Sponsored by: Structural Materials Division, Titanium Committee,
Structural Materials Committee; ASM International: Materials Science
Critical Technology Sector, Materials Synthesis & Processing
Program Organizers: Young-Won Kim, UES, Inc., Mats. & Proc. Div,
Dayton, OH 45432-1805 USA; Dennis M. Dimiduk, Wright-Patterson
AFB, WL/MD, WPAFB, OH 45433 USA; Michael H. Loretto,
University of Birmingham, IRC, Birmingham B152TT UK

Tuesday AM
March 2, 1999

Room: 8
Location: Convention Center

Session Chairs: Michael H. Loretto, The University of Birmingham,
IRC, Birmingahm, West Midlands B15 2TT UK; Donald L. Anton,
United Technologies Research Center, MS-129-22, 411 Silver Lane,
East Hartford CT 06108 USA

8:30 AM INVITED PAPER
ALLOY AND PROCESS IMPROVEMENTS FOR CAST GAMMA
TIAL ALLOY APPLICATIONS: Paul A. McQuay'; 'Howmet Re-
search Corporation, Advanced Technology, 1500 South Warner St.,
Whitehall, MI 49461-1895 USA

Recent cast alloy development efforts have focused on the improve-
ment of creep resistance through alloying and micro-alloying additions.
Specifically, micro-alloying additions of carbon have been shown to
reduce the time to 0.2% primary creep strain by up to an order of
magnitude, while only slightly reducing the room temperature ductility.
Additionally, the Howmet Corporation has developed several net or
near-net shape casting processes which produce components which meet
industry requirements for metallurgical integrity and performance. Us-
ing these processes, component development efforts have focused on
diesel engine turbocharger wheels, and small structural and airfoil com-
ponents for turbine engines. The status of these manufacturing tech-
nologies, microstructure and property relationships of selected alloys,
and examples of near-term production opportunities will be reviewed
and discussed.

9:00 AM
STUDY OF MICROSTRUCTURE TO IMPROVE CREEP PROP-
ERTIES OF CAST TiAl-Fe-V-B ALLOY: Sadao Nishikiori'; Kenji
Matsuda!; !'Ishikawajima-Harima Heavy Industries Co., Ltd., Mat. Tech.
Dept., 3-1-15, Kotou-ku, Tokyo 135 Japan

A gamma titanium aluminide, Ti-46.7Al-Fe-V-B with duplex struc-
ture, has been developed as a casting material for high temperature
structural use in aero-engines. This alloy is characterized by the addition
of Fe and V which improve castability. In order to apply this alloy to
various rotating parts operated at temperatures up to 750YC, further
improvements of creep strength will be required. In general, it is widely
known that lamella structure, coarse grains and/or increase of degree of
serration at grain boundaries have the advantage of improving the creep
strength. So, viewed in these metallographical behavior, the possibility
of modifying microstructure in TiAl-Fe-V-B system was investigated.
Then, as compared with creep properties results, effects of alloying
elements and heat treatment process were estimated with metallografic
characterization.



9:20 AM
MECHANISMS OF LAMELLAR REFINEMENT DURING PRIMARY
CREEP OF NEAR - GAMMA DUPLEX TiAl: Thomas R. Bieler';
Dong Yi Seo!; 'Michigan State University, Dept. of Mats. Sci. and Eng.,
3536 Eng. Bldg., East Lansing, MI 48824-1226 USA

Primary creep has been measured in a number of near-gamma TiAl
alloys with duplex microstructures. Two stages of primary creep defor-
mation occur, an early and rapid process that exhausts itself after about
0.2-0.5% strain, and a different process that dominates the deformation
up through the minimum creep rate. When creep data are fit to func-
tions that are complex enough to accurately represent the measured
strain-time data, these two stages are easily observed in a strain-rate vs.
strain (or time) plot. From interrupted creep tests, the early process
causes lamellar refinement, i.e. a reduction in lamellar spacing, and the
second process does not alter the lamellar spacing significantly. The
primary creep resistance is dominated by the rate at which the early
process is exhausted. Since lamellar refinement is a metric of this early
process, simulations of the refinement process have been made to ex-
amine possible mechanisms that could account for the observed refine-
ment. The simulation is made by starting with a set of lamellar spacings
that represent the undeformed lamellar spacing frequency distribution.
The thickest lamellae are subdivided in a manner that changes the fre-
quency distribution to match the deformed distribution by assuming that
twins and/or strain induced gamma-alpha2 phase transformations occur
parallel to lamellar planes. The effects of lamellar spacing bin size, and
the relative fractions of twinning or gamma-alpha2 shear transforma-
tions are examined to consider how different deformation histories
affect the resulting deformed distribution, and the resulting local strains
in the lamellar microstructure are computed.

9:40 AM
MICROSTRUCTURAL EFFECTS ON THE CREEP, LOW CYCLE
FATIGUE AND CRACK PROPAGATION BEHAVIORS OF Ti-47Al-
2W-0.5Si: Valentino Lupinc'; Massimo Marchionni!; Mohamed
Nazmy?; Giovanni Onofrio'; Mark Staubli2; 'CNR-TEMPE, Via Cozzi
53, Milan 20125 Italy; 2ABB Power Generation, KWTM.D, Baden, CH-
5401 Switzerland

In the present investigation, the effect of microstructure on the
tensile, creep, low cycle fatigue and fatigue crack properties is studied in
the cast and HIP’ed Ti~47A1-2W-0.5Si alloy. Two heat treatment sched-
ules were applied to produce two different types of microstructures, i.e.
the duplex (globular gamma and lamellar alfa2/gamma) and the nearly
lamellar types. The tensile strength and creep behaviour of this alloy, in
the temperature range of 700-850YC, have been determined and corre-
lated to the corresponding microstructures. In addition, the low cycle
fatigue and fatigue crack propagation behaviours in this alloy have been
studied at different temperatures. The results on the creep behaviour
showed that the alloy with lamellar microstructure has an improved
creep strength as compared with that of the duplex microstructure. The
static and dynamic mechanical properties of this alloy were also com-
pared with those of nickel base superalloys.

10:00 AM
K5 WROUGHT TiAl ALLOYS: DESIGN, PROCESSING, AND
PROPERTIES: Young-Won (Y-W.) Kim'; 'UES, 4401 Dayton-Xenia
Rd., Dayton, OH 45431 USA

Significant improvements in tensile properties in wrought gamma
TiAl K5 alloys have been made through controlling lamellar grain-size
(GS) and spacing (LS) and grain-boundary (GB) morphology. GS refine-
ment has been achieved by several methods, including: small boron
additions, novel processing routes, two-phase-field heat treatments, and
the combinations. LS was varied by controlling cooling-rate and scheme
which are often chemistry- or processing-specific. The microstructural
refinements were found to also enhance creep-resistance, fatigue-strength
and damage-tolerance at temperatures below BDTT; however, at a cer-
tain expense of higher-temperature deformation/fracture resistance. LS
refinement tends to reduce GB serration thereby lowering RT ductility
and fracture resistance. Recently, progresses have been made in reduc-
ing the refinement-induced deficiencies through chemistry modification
and/or microalloying and process/heat-treatment control. This progress
report: 1) discusses designing K5 alloys based on the experimental find-
ings and fundamental knowledge; 2) evaluates KS5-series alloys with

specific property data set; and 3) assesses the issues for further improve-
ments.

10:30 AM INVITED PAPER
EFFECTS OF MINOR ALLOYING ADDITIONS ON MIRO-
STRUCTURES AND MECHANICAL PROPERTIES OF LAMEL-
LAR TiAl ALLOYS: C. T Liu'; P. J. Maziasz'; D. J. Larson!; !'Oak
Ridge National Laboratory, Metals and Ceramics Division, P.O. Box
2008, Oak Ridge, TN 37831-6115 USA

This paper provides a comprehensive review of our recent work on
the effects of minor alloying additions on lamellar structures and me-
chanical properties of dual-phase TiAl alloys. The base alloy Ti-47Al-
2Cr-2Nb (at. %) was alloyed with equal and less 1% of B, W, Mo, and/or
Ta, and all the alloys were prepared by powder and ingot metallurgy.
The microstructural features were controlled by hot-extrusion tempera-
ture, and mechanical properties were evaluated by tensile testing at
temperatures to 1000YC. Microstructural features, including colony size,
interlamellar spacing, interfacial segregation and particle composition,
were characterized by optical microscopy, electron microprobe analy-
ses, transmission electron microscopy, and atom probe field ion analy-
ses. The Hall-Petch equations are found to be applicable to both the
yield strength and tensile ductility at room and elevated temperatures.
Colony size is a major parameter controlling the tensile ductility, and
the yield strength is solely controlled by interlamellar spacing. The
strengthening effect of minor alloying additions essentially comes from
their refinement of lamellar spacing, rather than from a classic solute
hardening effect.

11:00 AM
THE EFFECT OF COMPOSITION ON THE STABILITY AT 700°C
AND ON THE MECHANICAL PROPERTIES OF GAMMA TITA-
NIUM ALUMINIDES: Richard Raymond Botten'; Alastair Bryan
Godfrey!; Michael H. Loretto!; 'University of Birmingham, IRC in
Materials for High Performance Applications, Edgbaston, Birmingham,
West Midlands B15 2TT UK

Recent research has shown that the fully lamellar microstructure is
not thermally stable at its predicted use temperature (700YC). Decom-
position of the alpha-2 laths occurs, along with the formation of pre-
cipitates rich in alloying elements. The current research concentrates
on two alloys one based on the Ti-47at.%Al system with low alloying
additions, 1-2at.% of each individual alloying element, and on the Ti-
44at.%Al system with higher alloying additions, 4-8at.% of each indi-
vidual alloying element. Both alloys have been heat treated to produce
the fully lamellar microstructure and then, exposed in air at 700YC for
3000h. Microstructural changes have been investigated using scanning
and transmission electron microscopy. Mechanical properties have been
assessed in terms of room temperature tensile properties and creep rates
at 700YC under a stress of 200MPa.

11:20 AM
CREEP OF GAMMA TITANIUM ALUMINIDES: ENGINEERING
OBSERVATIONS AND REQUIREMENTS FOR COMPONENTS:
Ian J. Perrin'; 'Mechanical Engineering Centre, GEC ALSTHOM, Cam-
bridge Rd., Whetstone, Keicester Le8 6LH UK

Alloys based on the gamma titanium aluminide intermetallic com-
pound have a combination of properties which offer many benefits for
low pressure turbine blades of industrial gas turbines. These benefits are
discussed and it is identified that creep strength is particularly important
for such components which are required to operate at high loads for long
periods of time. These creep strength requirements are assessed using
simple models. This enables absolute strength requirements to be de-
fined and identifies the most crucial aspects of the creep response. This
information should help to guide future alloy development. In addition,
the creep response of gamma-TiAl alloys is reviewed from an engineer-
ing perspective. Features discussed include basic behaviour (under both
uniaxial and multiaxial states of stress), creep models and life assessment
methods. The various concepts and methods are illustrated with typical
data for a gamma-TiAl alloy.

11:40 AM
IMPROVEMENT OF METALLURGICAL PROCESSING PARAM-
ETERS FOR EPM TiAl-1.4Mn-2Mo ALLOY: J. K. Kim'; Sun-Keun
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Hwang'; S. W. Nam?; N. J. Kim?; !Inha University, Metall. Eng., 253
Yonghyeon-Dong, Nam-Gu, Incheon 402-751 Korea; 2KAIST, 373-1
GuSeong-Dong, Daejeon, ChungNam 305-701 Korea; POSTECH, Mt.
31, HyoJa-Dong, Pohang, GyungBug 709-784 Korea

Laboratory alloy TiAl-1.4Mn-2Mo was synthesized by elemental
powder Metallurgy (EPM) and the tensile properties and the creep
resistance were evaluated. The mechanical properties were comparable
to or better than other gamma alloys made by ingot metallurgy. In the
EPM processing of the laboratory alloy, it was important to select a fine
Mo powder and to conduct a proper pre-hot extrusion treatment in
order to ensure minimal porosity and uniform microstructure. Control-
ling the Mo powder size was necessary because of concerns on Kirkendall
porosity and ¥a-phase formation. Pre-hot extrusion treatment was
required to stabilize intermediate phases such as Ti2MoAl and TiAl3.
Various post-extrusion heat treatments were devised to refine the final
lamellar microstructure to a range of 30§< in packet size. Overall the
present work supports the viability of the PM approach in developing
gamma alloys.

12:00 PM
PROPERTIES OF FORGED GAMMA-TiAl COMPRESSOR
BLADES: Thomas Haubold'; Dan Fagaraseanu'; 'BMW Rolls-Royce
GmbH, Mats. Tech., Hohemarkstr. 60-70, Oberursel, Hessen 61440
Germany

TiAl compressor blades and vanes in aeroengines would offer a po-
tential for weight saving and increased work temperature above superal-
loys commonly used for this application (Inco718). Extrusion and iso-
thermal forging has been investigated as processing routes for manufac-
turing. The blade life depend mainly on material fatigue behaviour, the
static and dynamic stress fields in the blade, the load history and envi-
ronment. Hence main properties for component design such as fatigue
behaviour (HCF/LCF), crack growth, tensile and creep properties have
been tested for different processing routes for temperatures up to 700YC.
The fracture surface and microstructure were characterised by light and
scanning electron microscope analysis. Component vibrations test are
planned to prove the blade resonant mode behaviour and correlate the
results with material test data. This research has been supported by
BMBF (MaTech) 03N 3025
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Leaching
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ing Committee, Copper, Nickel, Cobalt Committee

Program Organizers: Akram Alfantazi, Falconbridge, Ltd.,
Falconbridge Technology Centre, Falconbridge, Ontario POM 1S0
Canada; Arash Kasaaian, Elkem Metals Company, Marietta, OH
45750 USA; Alexandre J. Monteiro, Indosuez Capital Emerging
Markets, Sao Paulo, SP 01311-902 Brazil
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Location: Convention Center
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Session Chairs: Dr. A. Alfantazi, Falconbridge, Ltd Falconbridge
Technology Centre, Falconbridge, Ontario POM 1S0 Canada.; Dr. G.
Demopoulos, McGill University

8:30 AM
AMMONIA LEACHING OF COPPER CONCENTRATES - COM-
MERCIAL APPLICATION: Nathaniel Arbiter'; 'Nathaniel Arbiter
Associates, Inc., 6300 S. Upper Valley Rd., Vail, AZ 85641 USA

First commercial plants for ammonia leaching (Alaska-copper car-
bonate ores; Michigan-native copper tailings) were followed later by
development of flowsheets for sulphide concentrate leaching. Two of

these resulted in full scale plants. 1) Annconda’s Arbor Plant started up
in 1974 with a design capacity of 35,000 tons/year of cathodes, produce
by ammonia leaching (AL) with oxygen, followed by solvent extraction
(SX) and electrowinning (EW). This shut down in 1977 after experienc-
ing operating problems due to sulphate disposal as gypsum. 2) BHP’s
Coloso plant in Chile leached part of Eacondida’s concentrates, using
AL/SX/EW but with O,, from air to avoid mulphate production. Starting
up in late 1994, it shut down in mid-1998, after failing to reach design
capacity and experiencing problems with its technology. This paper will
review the flowsheets, suggesting changes to improve metallurgy. Dis-
posal of ammonium sulphate produced by sulphide oxidation was and is
critical. Alternatives are to find markers for it; or to use line for
precipitating CaSo,, and recovering ammonia, other alternatives will
also be discussed.

8:50 AM
COMPUTATION OF AQUEOUS SPECIES AND ACTIVITIES AND
SOLUTION EQUILIBRIA IN HEAP LEACHING OF A LOW-
GRADE SULPHURIC COPPER ORES: Tero Kolhinen'; Heikki
Jalkanen'; 'Helsinki University of Technology, Laboratory of Metal-
lurgy, Vuorimiehentie 2, Espoo, P.O. Box 6200, Espoo FIN-02015 Fin-
land

The aim of the study was to establish a thermodynamically consis-
tent route for heap leaching of sulphide ore of copper using ferric iron as
a leaching agent. The computer program, CHEMSAGE, was used for
predicting the equilibrium behaviour of the leach solution. Pitzer’s model
was included to account for the expected non-ideal model. This model is
a virial coefficient expansion of the Debye-Hiickel equation and is con-
sidered suitable for the high ionic strengths chracterestic of heap solu-
tions. The leach solution was modelled using heat capacity functions for
aqueous species. Pitzer model parameters were taken from the literature
or estimated from solubility data for sulphates. Gradual dissolution of
copper sulphide minerals and precipitation ranges for metal sulphates
have been calculated within a temperature region of 0 to 75°C. These
results have been used to provide a basis for investigating the thermody-
namic stability of various routes for the heap leaching process.

9:10 AM
RESULTS OF LABORATORY AND PILOT TESTWORK: LEACH-
ING AND PROCESSING OF COMPLEX CONCENTRATES CON-
TAINING ZINC, LEAD AND COPPER: L. Filip'; T. Velsa A. Mezei3;
ICeronef S.A. Buin, Maro Romania; 2TAMN S.A., Bucarest, Romania;
3Lakefield Research, Ltd., Canada

The roast leach electra-recovery process for zinc was modified to
treat two typical complex concentrates containing zinc, lead, copper,
gold and silver. Laboratory testwork results indicated that the optimum
roasting temperature ranged from 700 to 800YC in order to produce
acceptable residual sulphur levels. The calcined concentrate wa