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Materials Technology at Argonne National Laboratory

Paul Betten

Abstract

Argonne is actively involved in the research and development of new materials
research and development (R&D). Five new materials technologies have been identified
for commercial potential and are presented in this paper as follows: 1) nanophase
materials, 2) nuclear magnetic resonance (NMR) imaging of ceramics,
3) superconductivity developments and technology transfer mechanisms, and
4) COMMIX computer code modeling for metal castings, and 5) tribology using ion-
assisted deposition (1AB).

1.0 Introduction

Argonne National Laboratory is a nonprofit, multipurpose laboratory focusing on
basic research in the physical, biological, and environmental sciences, and on technolcgy-
directed research in fission, fossil, and fusion energy as well as conservation and
renewable energy. The main facilities are located on a 1700-acre site 25 miles southwest
of Chicago, Illinois. A second 500-acre site, located at the Idaho National Engineering
Laboratory 40 miles west of Idaho Falls, Idaho, is devoted mainly to fission reactor
technology. Argonne is a government-owned, contractor-operated facility managed by
the University of Chicago for the U. S. Department of Energy (DOE). Argonne employs
about 3,800 people and has an annual operation budget of about $280 million.
Approximately 80% of the laboratory's budget is funded by DOE; the other 20% is funded
by other federal agencies and the private sector.

Federally mandated laws, especially the Stevenson-Wydler Technology Innovation
Act of 1980 and the Federal Technology Transfer Act of 1986, along with other Acts and
Executive Orders, have made it easier for national laboratories to transfer federal
technology to the marketplace. In response to these laws, Argonne created a Technology
Transfer Center to identify and evaluate inventions with commercial potential; along
with the formation in October 1986 of the nonprofit ARCH Development Corporation
(created by Argonne and the University of Chicago) whose charter is to commercialize
inventions via start-up companies, joint ventures and licensing. Income from ARCH will
be used to move inventions from research to the stage where industry can assume the full
financial risk of further development. To date, ARCH has been involved in four start-up
companies, and licensed about 16 patents for a total of about $300,000 in up-front
payments, not including down-stream royalty payments. ARCH presently has a portfolio
of about 50 Argonne patents, with another 40 inventions under evaluation.

Not all of Argonne's inventions are ready for the market place. As a rule-of-
thumb, about 90% of new inventions commercialized are the result of a market pull
(market seeking inventions), with the other 10% resulting from a technology push
(technology seeking a market); Argonne inventions are generally in the technology push
category. This paper discusses five materials, technology push programs which appear to
have a great commercial potential but still need further development funding. Five new
materials technologies have been identified for commercial potential and are presented
in this paper as follows: 1) nanophase materials, 2) nuclear magnetic resonance (NMR)
imaging of ceramics, 3) superconductivity developments and technology transfer



mechanisms, and 4) COMMIX computer code modeling for metal castings, and
i») tribology using ion-assisted deposition (IAB). More information can be obtained by
calling the Technology Transfer Center at (312) 972-4929.

2.0 Nanophase Materials

Nanophase materials are those consisting of nanometer-scale mini-grains or
clusters on the order of 2-20 nm (10 m) in stee. Bulk materials on the other hand have
grain sizes on the order of a micron (10 m) or larger. One property that makes
nanophase materials particularly interesting is the large proportion of atoms at the
boundry surface. For a 5 nm average grain size, about 50% of the atoms will be at the
surface, for a 10 nm grain it will be about 30%, and for a 100 nm grain, it is about 3%.
Thus, the surface characteristics, in addition to the purity of the material, play an
important role in determining the bulk properties, such as ductility and strength, of these
materials.

Other advantages nanophase materials offer are in the forming of alloys or
compounds by reacting two or more materials. Starting with a very homogeneous
material and due to the small particle size, enhanced sintering is possible because of the
short diffusion distances and the relatively large surface area. Further, the surfaces can
be modified by doping or the synthesis process, and new engineered materials, from the
molecular level up, can be created. Argonne is the only national laboratory at the
present time actively investigating these materials, with much of the effort being
directed towards the ceramic oxides TiO2, AI2O3, and MgO. >z

apparatus for making nanophase ceramics is comprised of an ultrahigh-vacuum
(UHV) system fitted with evaporation sources, a cold finger and scraper assembly, an in
situ compaction devices for consolidating the powders produced and collected in the
chamber, and is schematically shown in Fig. 1. Nanophase ceramics are produced by the
gas-condensation method which involves evaporating materials inside a vacuum chamber
which is first pumped to a vacuum better than 10~5 Pascals (Pa) and then backfilled with
a controlled high-purity gas atmosphere. This gas atmosphere is typically a few hundred
Pa of an inert gas such as He. If the condensed particles are to be subsequently reacted
to form ceramic clusters, then an appropriate reactive gas or gas mixture is used.
Because the atoms or molecules being evaporated collide with the gas ato.rs inside the
chamber, small discrete gas-borne particles are formed rather than the continuous films
which are commonly produced by evaporating materials in a vacuum onto a substrate.
The small ceramic clusters produced are then collected and consolidated in-situ in order
to produce a bulk ceramic.

Each of the nanophase oxides requires a different procedure for production. TiO«
which has been studied in the most detail, is produced in a two-step process. First, Ti
metal is evaporated in about 300 Pa of He to form ultrafine Ti particles, and then these
particles are oxidized to the T5O2 rutile phase by the rapid introduction of pure oxygen
into the vacuum chamber at room temperature. The chamber is then evacuated again so
that the oxide powders can be collected and consolidated under vacuum conditions,
resulting in a nanophase compact with around 12 nm average sized grains. This
particular technique is not successful for producing AUOQ or MgO because exposure to
oxygen does not transform the metal clusters to the desired crystalline oxide and the
material remains largely untransformed.



To produce A^O?, Al metal clusters are made and then annealed in air at 1000°C,
resulting in their transformation to the stable a-phase of AI2O3 with very little increase
in particle size. Subsequent room temperature consolidation of these powders produces
nanophase a-Al-Og with a grain size of approximately 18 nm. Ultrafine grain size MgO
(5 nm diameter) has been produced by direct heating of MgO in the vacuum chamber in a
few hundred Pa of He. Most oxides, including MgO, have very high melting points, and
because of this, are not good candidates for evaporation by resistive heating. MgO is
special, however, in that it has a very high vapor pressure at temperatures well below its
melting point. This makes it possible to sublime sufficient MgO to make nanophase
samples by simply heating it in 200 Pa of He to temperatures of around 1600°C (MgO
melts at 2852 C). The material which sublimes is oxygen deficient, but is fully
converted to stoiehiometric MgO by subsequent exposure to oxygen introduced into the
vacuum chamber. The properties of nanophase ceramics that have been measured are
different and usually improved in comparison with those of conventional ceramics. For
example, the synthesis of nanophase T1O2 (rutile) has considerable improvements in both
the sinterability and resulting mechanical properties of this material relative to
conventionally synthesized rutile.

First, Fig. 2 illustrates that the grain-size distributions are relatively unaffected by
rection with gases, as in the oxidation process, or the consolidation process itself, and
remain relatively stable to elevated temperatures. Figure 2 also shows that the 12 nm
initial average grain diameter of an as-compacted TiO2 sample is unchanged after 1/2-h
sintering at 500°C, and only rises to about 20 nm after subsequent sintering to 700°C,
grain growth to larger than 100 nm occurs only above 800°C.

Figure 3 illustrates that the resulting hardness and fracture characteristics of
nanophase TiO, is better than those for normal TiO2, and that the nanophase T1O2
sinters about £i)0-600oC lower than conventionally prepared material. The nanophase
ceramic processing is performed without the need for the compacting and sintering aid
polyvinyl alcohol (pva). On the other hand, without pva the commercial TiO2 does not
sinter. It is expected that nanophase ceramics in general, with their high grain-boundary
purity and ultrafine grain sizes, will sinter at much lower temperatures than conventional
ceramics and will exhibit generally superior properties as well. For example, the lack of
impurity-induced brittle phase formation at their interfaces and their small grain sizes
may lead to more efficient deformation mechanisms and more effective crack dissipation
in nanophase ceramics.

For more information on nanophase materials, the point of contact is Robert Siegel
at(312) 972-4963.

3.0 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) imaging, also called magnetic resonance
imaging (MRI), can provide sectional (planar) images from three-dimensional objects.
Planar images taken in series can be summed to produce a three-dimensional image of
the object. However, unlike most X-ray computed tomography machines, in which
moving parts are used, MRI has no moving parts. It operates by rapid electronic
switching of magnetic coils and pulsed radio frequency (rf) transceiver coils. Because of
the superior sensitivity of hydrogen atoms to NMR, these nuclei are often studied.

The use of NMR to produce tomographic images of objects was reported in 1973.
The development of NMR imaging for medical diagnosis is now proceeding at a rapid
pace. However, efforts to apply NMR imaging in the materials sciences have begun only



recently. NMR imaging clearly holds potential for aiding in the development of ceramics
processing. It is a particularly promising technique for investigating *.>» spatial
distribution of organic binders/plasticizers (B/Ps). In addition, the amount and spatial
distribution of porosity can be measured by introducing suitable filler fluids that contain
nuclei from which an NMR signal can be obtained. Since NMR is noncontacting, it could
be used on delicate green-state and partially densified ceramics without damage to the
material.

In particular, the injection molding process is of interest because the poor
distribution of organic B/P has been identified as a potential cause of several types of
defects. Cost-effective nondestructive examination (NDE) methods to measure the
distribution of the organic, the degree of dewaxing (complete removal of the organics),
and the distribution of the open (surface connected) porosity left after dewaxing would
greatly aid the development of injection molding technology, and of ceramics processing
in general.

Prior to the present project, no work had been reported on the use of NMR imaging
for ceramic applications. One problem with direct imaging of the organic B/P is that it
is a "soft-solid," NMR measurements in solids generally require more specialized
experimental techniques and place greater demands upon instrumentation than NMR
measurements in fluids.

For example, with standard imaging equipment used for medical purposes, the
shortest spin-spin relaxation times (To) that can be obtained are in the range of 12-17
msec. Because the T«s of polymeric B/Ps tend to be on the order of 1 msec or less, it is
impossible to obtain images of the organic B/Ps with conventional room temperature
NMR imaging techniques. However, the development of a special NMR probe and special
pulsing sequences made it possible to image the B/P directly at room temperature.

The Argonne NMR system includes a state-of-the-art 1.5-Tesla (T) medical imager
(Siemens Magnetom) 10-cm standard eye coil and is shown in Fig. 4. A special NMR
probe for a 2-T, small-bore (~15 em) superconducting magnet system was designed and
built with field gradients of -10 gauss/cm and has the ability to image material with
T2 < 2 msec by means of spin-echo phase-encoding techniques. SUN4, SiC, and AI9O3
specimens, up to 25 mm in diam and about 50 mm long, and containing various
concentrations of B/P (2.5-15.5 wt.%), were imaged with a spatial resolution of about 0.3
microns. It was demonstrated that MNR imaging has the potential to map the
distribution of organic B/Ps. The initial results show that a medical system may not be
able to detect B/Ps unless elevated temperatures are used, whereas experimental small-
bore systems with higher field gradients and shorter switching times detect B/P
distribution quite well.

For more information on NMR, the point of contact is William Ellingson at
(312) 972-5068.

4.0 Superconductivity Developments

Argonne has a quarter century of leadership in the field of superconductivity. In
the early 1960s, Argonne developed practical superconducting cables, a breakthrough for
superconductivity applications. Argonne was a pioneer in the construction of large
superconducting magnets based on this technology. Other applications include the
world's first superconducting accelerator for heavy ions, a superconducting tunnel
junction transistor, and an experimental coal-cleaning unit using a superconducting
magnet to separate sulfur from coal.Presently, Argonne has about 110 staff working in



various aspects of superconductivity, from basic research, to fabrication, to economics.
Argonne was among the first laboratories in the world to grow single crystals of a
ceramic superconductor, and the first to discover its complete crystalline structure.
Argonne was the first American research organization to make a superconducting wire
from the new materials. President Reagan has designated Argonne as the nation's
Superconductivity Research Center for Applications. Argonne also has an industrial
residency program in which industry staff can work with Argonne staff on particular
applications. Because of expertise in ceramic fabrication technology, Argonne has
substantial experience casting wires, tapes, cylinders, and other objects from the
material. In May of 1988 the Department of Energy (DOE) named Argonne as one of the
Superconductivity Pilot Centers for transferring high-temperature superconductor
technology to industry. In addition, the state of Illinois has taken an aggressive approach
in forming an Illinois Superconductor Institute (ISI) which will match or leverage federal
and industry funding for superconductivity R&D. Argonne also is a member of the ISI
backed proposal ror a $38 million Science and Technology Center in Superconductivity
that could be funded by the National Science Foundation.

Further, in December 1987, ARCH Development Corporation and Argonne
established an Affiliates Program in Superconductivity. The program will provide
industry first-hand access to Argonne's cutting-edge research in superconductivity. This
close interaction will allow industries to assess the market impact of this new
technology, and to determine the match between their corporate aims and Argonne's
research directions. Presently there are 17 industrial members in the Affiliates
Program. The fee structure is as follows: large company affiliates (>$100M annual sales)
$25,000, small company affiliates (< $100M annual sales) $15,000, and associate member,
$5000. The benefits of an affiliate included: 1) Journal and report preprints, publications
lists, 2) Newsletter, "flash" bulletins, 3) Argonne-based office for inquiries, visits, etc., 4)
Research results summaries, 5) Annual briefing on program and recent progress, 6)
Market surveys of potential applications, 7) One consulting day per year, 8) List of
available lecturers, 9) Other specific services as needs evolve, and 10) Liaison (MBA
graduate student) to monitor programs on your behalf (additional fee). Associate
membership is geared toward those companies who want a limited participation and
receive only the first four listed benefits as affiliate members. The point of contact for
the Affiliates program is Clint Bybee at (312) 972-9728.

The key point here is that the superconductivity R&D is still a very rapidly
developing area and that Argonne has many of the technology transfer mechanisms in
place. For more information on superconductivity applications please call the director of
the pilot center, Elton Kaufmann at (312) 972-3606.

5.0 Metal Casting Using the COMMIX Code

Casting is one of the most direct methods of producing industrial parts, or
components, in a desired shape. It permits economical fabrication of streamlined,
intricate, integral parts. Because casting provides design flexibility, metallurgical
versatility, and economic benefits, each year many thousands of cast shapes are
produced, ranging in size and weight from a fraction of an inch to many feet and from a
few ounces to over 250 tons.

Although the casting process has been used for hundreds of years, it involves a host
of complex phenomena that are still not thoroughly understood and is somewhat more of
an art than science. The dominant phenomena are fluid motion and heat transfer, which
control the quality of the final product—grain size and shape, porosity, and segregation



of alloying elements. Often the desired casting shape is highly irregular. Consequently,
the flow region in a casting mold is geometrically complicated, involving runners, gates,
branching channels, etc., arranged in various combinations. Furthermore, flows into the
mold are moving, and change from liquid melt to solid. Air and other gases may be
trapped within the molten material, forming a multicomponent flow mixture.
Nonuniform heat transfer, coupled with large temperature gradients and buoyancy
forces, can produce natural-convection currents in molten regions. Under certain
conditions, the flow may be turbulent. It is only now, with the development of advanced
computer technology and sophisticated numerical methods that permit characterization
of detailed flow fields and temperature distribution along with motions of mold filling
and solidification in a complex shape.

COMMIX (COMponent Mixing) is a fully three-dimensional, steady-state/transient,
single/multispecies, and single/multiphase code for thermal hydraulic analysis of single
and multicomponent systems. Approximately 10 million dollars have been spent in its
development, and the code is currently being used worldwide at more than 50
installations. Among the unique features of COMMIX, the new porous-medium
formulation is perhaps the most significant. With this formulation and its associated
parameters of volume porosity, directional surface porosity, distributed resistance and
distributed heat source or sink, COMMIX can, for the first time and in a unified and
consistent manner, model anisotropic flow and temperature fields with stationary
structures, as well as simulate multidimensional thermal hydraulic environment of either
a single component (e.g., a fuel rod bundle or heat exchanger) or a multicomponent
system that is a combination of these components.

COMMIX can readily be applied to model the complex shapes inherent in casting.
It can be used for any material to produce any shape or size of casting. The
modifications needed to describe stages of the casting process can be done relatively
easily, quickly, and inexpensively. A COMMIX-generated time sequence of a gas/liquid
interface within a mold is shown in Fig. 5. The code can be run either on an IBM or Sun
System computer. A consortia is in the process of being formed, and for more
information interested parties should contact William Sha at (312) 972-5910,

6.0 Tribology Using Ion-assisted Deposition (IAD)

Engineering materials for use in advanced propulsion systems (i.e., low-heat-
rejection engines, aerospace bearings, turbomachinery, etc.) are required to operate
under harsh environmental and tribological conditions. Cyclic and long-term exposures
to high temperatures, high speeds and high loads, with little or no lubrication, can take
place and cause severe wear damage and high friction on most conventional
tribomaterials. Consequently, development of alternative tribomaterials and lubricants
which possess adequate resistance to environmental as well as tribological degradation is
urgently needed. At present, the number of tribomaterials possessing high potential for
such applications appears very limited. Ceramics, owing to their high hardness, high
elastic limits, and excellent chemical and mechanical stabilities, are promising. Some
nickel and cobalt base superalloys, as well as high-Cr cast irons, are also considered as
potential tribomaterials for such applications. Insofar as tht- lubricants are concerned,
the conventional liquid lubricants are known to vaporize and r decompose when used in
advanced propulsion systems.



While many facets of the tribology of ceramics are yet to be investigated in detail,
existing studies indicate that the commercial exploitation of these materials for use in
advanced tribosystems will have to incorporate some forms of surface modification. The
tribological characteristics of alumina and sapphire ceramics coated with silver, by
means of ion beam assisted deposition (IAD), were investigated. Unlike other coating
processes, IAD relies on the use of an ion gun which bombards the surface of the
substrate with energetic ions during the nucleation and growth stages of film formation.
This in turn, results in excellent adhesion between the ceramic and coating materials.
Microstructural modifications are also feasible.

Silver, which has long been used as a solid lubricant in various tribological
applications, combines a very high heat conductivity, with a quite low shear strength and
chemical inertness. It should therefore be able to (1) effectively dissipate the frictional
heat that causes thermomeehanical wear of ceramics; (2) shear easily, thereby reducing
the friction and microfraeture-induced wear of ceramic surfaces; and (3) protect the
surface against environmental and/or tribochemical degradation.

The IAD coatings were performed in a vacwm chamber equipped with a dual-
crueible electron beam evaporator. The evaporation rate was measured and controlled
during deposition with the aid of quartz-crystal rate monitors positioned above and to the
side of the substrate. A movable shutter was used to shield the substrate from the metal
vapor while the evaporation conditions were being stabilized. Ion bombardment of the
growing film was accomplished with a hot-cathode Kaufman type ion gun. Argon ions
that are emitted from the source were neutralized by a hot-wire filament, thereby
reducing the charging of insulating substrates. The current density of energetic flux
incident on the substrate was measured with a calorimeter that could be inserted into the
path of the beam directly in front of the substrate. Argon ions with a beam energy of
1000 eV were used during the deposition of silver on ceramic substrates. Typical base
pressure in the system was in the 10~5 Pa range; Argon pressure during coating was
typically 5 x 10 Pa. Figure 6 is a schematic diagram of the IAD system.

The wear and friction tests were performed on a pin-on-disc machine under dry
sliding conditions. For better system stability, the machine was placed on a vibration
isolation platform. An air-tight Plexiglass enclosure allowed tests to be run in controlled
environments. The wear data in Table 1 indicate that, compared to uncoated sliding
pairs, pairs coated with IAD or plasma vapor deposition (PVD) silver were, in general,
capable of significantly reducing the wear rates of both pin and disc specimens. Figure 7
shows the friction coefficients for the test materials. The longer wear life of 2 micron-
thick IAD silver coatings can be attributed to a mechanism that involves lateral heat
dissipation, keeping flash temperatures lower, and the transfer of silver from one rubbing
face to another.

The conclusions are that for tribological applications, the ion-assisted deposition
process can produce adherent, low-friction coatings on ceramics for friction and wear
control. Silver coatings produced by a PVD process delaminate during tribocontact and
provide very little lubrication to ceramics. Also, because of the high degree of ceramic-
to-ceramic contact, the steady state friction coefficients of ceramics with PVD and thin
IAD silver coatings can be high. Finally, when IAD silver films on ceramics are
sufficiently thick, they can effectively reduce the wear rates of both pin and disc
specimens and the friction coefficients of these tribosystems. For more information on
the IAD process, contact Fred Nichols at (312) 972-8292.
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