Quarterly Highlights

High Temperature Materials Laboratory

Oak Ridge National Laboratory
October — December 2007

contact: Edgar Lara-Curzio, HTML Director, laracurzioe@ornl.gov, 865/574-1749

Diffraction User Center (DUC)
contact: Andrew Payzant, Leader, payzanta@ornl.gov, 865/574-6538

University of Florida studies photovoltaic films by in situ x-ray diffraction

Research problem: To develop efficient and inexpensive processing methods for producing
photovoltaic cells with polycrystalline thin films

Implications: Potential development of highly efficient and low cost photovoltaic cells

Description of Work: Copper indium/gallium selenide (CIGS) is

used to make polycrystalline thin films photovoltaic cells. This

material may be manufactured as athin film by several different technologies, and their potential
high efficiency and low cost make them an attractive alternative to crystalline silicon solar cells.
However, the quaternary phase diagram for polycrystalline thin filmsis not well understood, and
the equilibrium phases and reaction kinetics have not been fully explored. Therefore, graduate
students Vaibhav Chaudhari and Rakesh Mahadevapuram as well as postdoctoral fellow Kyoung
Kim from Dr. Tim Anderson’s group at the University of Florida traveled to ORNL and worked
with Andrew Payzant and Robbie Meisner to collect new data on the CIGS system, extending
work undertaken through two previous HTML user proposals. The unique in situ high-temperature
x-ray diffraction instruments at the HTML enabled quantitative analysis of time-resolved data
collected as precursor thin-film materials reacted at high temperature to form the desired phases
(Fig. 1). Thisproject focused on understanding the selenium binaries Cu-Se, Ga-Se, In-Se, in
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Fig. 1. A typical high-temperature x-ray diffraction data set, which displays a series of
X-ray scans on an In/Se bilayer film as the temperature is increased from 27°C (front)
to 720°C (back). The Indium precursor is observed to melt first, then the Selenium,
and the In,Se; phase forms at high temperatures.
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order to determine the reaction pathways and provide quantitative values for the reaction kinetics
that can be used in predictive modeling of the CIGS system. An understanding of the reaction
pathways and their kinetics could enable the development of efficient and inexpensive processing
methods for producing photovoltaic cells with polycrystalline thin films.

Materials Analysis User Center (MAUC)
contact: Larry Allard, Leader, allardifjr@ornl.gov, 865/574-4981

University of Missouri-St. Louis researchers study fuel cell catalysts using
HTML’s ACEM

Research problem: To investigate microstructure and chemistry of Pd/ZnO nanocatalysts

Implications: Ability to identify mechanisms for enhancing catalytic activity of nanostructured
catalysts in fuel cells and other energy-production devices

Description of Work: Developing an understanding of new catalytic materials

for direct methanol fuel cell applications is possible with the latest generation

HTML electron microscopes. The results from thiswork are critical to efforts

directed toward enhancing the catalytic activity and selectivity of nanostructured

catalysts. Under anew HTML project, Prof. Jimmy Liu and his student Jinfeng

Wang (Fig. 2) are working with ORNL researcher Larry Allard usingthe HTML's
aberration-corrected electron
microscope (ACEM) to study
novel catalysts for on-board
reforming of methanol to
provide hydrogen for PEM fuel
cells. Anincreaseinthe
efficiency in such devicesis
needed to make it afavorable
route for advanced fuel cell
vehicles. The present study
involves anew catalyst based
on palladium on zinc oxide
supports, where the zinc oxide
isasynthesized material with a
“nanobelt” microstructure.

Fig. 2. Prof. Jimmy Liu (foreground) and graduate student Jinfeng T he support is an ideal model
Wang from the University of Missouri, St. Louis. catalyst system for this study, as

the nanobelts are single crystal of uniform thickness that provide an optimum structure for high

resolution studies. Theimagesin Fig. 3 (next page) show the overall structure of the material

(Ieft), where the bright contrast features are the Pd particles. The crystal lattice of the Pd relative

to the ZnO nanobelt is shown in the high resolution image (right), indicating the kind of

information yielded by the ACEM on the catalyst microstructure. Ultimately, this research can

have a significant impact on understanding and predicting the general behavior of metal-oxide

interactions and how these interactions affect the performance of nanostructured catalysts for

fuel cell and other energy-production applications.
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Fig. 3. (left) Overall structure of new catalyst material based on palladium on zinc oxide support, where the
bright contrast features are the Pd particles. Zinc oxide is a synthesized material with a “nanobelt”
microstructure, as shown in the image at right of the crystal lattice of the Pd relative to the ZnO nanobelt.

University of Maine project analyzes structures of bimetallic fuel-cell catalysts

Research problem: To analyze the atomic-level structure of a series of zeolite-based catalysts
designed for fuel cells
Implications: To develop improved techniques for removing impurities from hydrogen prior to
its use in PEM fuel cells

Description of Work: Prof. Howard Patterson from University

of Maine and his graduate student Robert Gomez are studying the

atomic structure of a series of

zeolite-based monometallic and

bimetallic catalysts designed to remove carbon impurities such as

carbon monoxide from hydrogen that is supplied to fuel cells.

Such fuel cells are being considering for powering electric

vehiclesin the future. Zeolites are aluminosilicate materials with

acrystal structure that exhibits large “cages,” in which heavy

metals such as cobalt and molybdenum can sit. The question was

to try to determine if the different atoms actually infiltrated into

the crystal structure, or smply agglomerated into larger particles

sitting on the surface of the zeolite. ORNL researcher Larry
Allard worked with Robert Gomez (Fig. 4) using the HTML's
aberration-corrected el ectron microscope (ACEM) to obtain
dark-field images (in which high atomic number atoms appear in
bright contrast) to characterize the catalyst microstructure and to

identify the location of cobalt and molybdenum compounds. An example of the structure of a

Mo/zeolite sample is shown in the dark-field image (Fig. 5 next page), which shows Mo(l11)

atomsin ZSM5 zeolite. Theindividual Mo(l11) atoms (seen in bright contrast) appear to occupy

the negatively-charged 3-chambers of the zeolite, which are ordered in aregular grid-like

Fig. 4. Robert Gomez
(foreground) works at the ACEM
with the HTML's Larry Allard.
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pattern. Animprovement in fuel cell efficiency with
significant energy savingsis expected as these
catalysts are improved and effectively utilized to
remove carbon impurities from hydrogen.

Fig. 5. Structure of a Mo/zeolite sample in
a dark-field image shows Mo(lll) atoms, in
bright contrast, in ZSM5 zeolite.

Capstone Turbine assesses effects of water ingestion on C60/Cé5 MicroTurbine™
components

Research Problem: Determine the detrimental effect of operating a microturbine with 0.05
gpm of water ingested with inlet air

Implications: Reduced microturbine operating life due to premature failure of various
components due to water ingestion

Description of Work: Capstone has thousands of C60 & C65

MicroTurbines installed around the world. In hot, dry climates, the

introduction of water into theinlet air of aturbineincreasesinlet air

density and thereby increases turbine power, accompanied by ~30%

more water vapor in combustion by-products at levels of .05 gpm

of water entering the turbine. However, gas turbine research has

established that the introduction of water along with the inlet air, while increasing power, tends
to reduce component life. To assess the effects of water ingestion on the various microturbine
components, a C60 engine that operated for ~13,000 hours with water ingestion of 0.05 gpm was
decommissioned, torn down, and the hot section components sectioned for analysis at the
HTML. Capstone Turbine's Wendy Matthews utilized the electron microprobe (JEOL 8200
EPMA) and scanning electron microscope (Hitachi S-3400 Environmental SEM) available at
HTML to examine samples taken from the compressor impeller, combustor, fuel injectors,
turbine nozzle, turbine wheel, and recuperator. Components analysis revealed accel erated
corrosion rates for both the combustor and recuperator materials, and the presence of pitting
corrosion on the compressor impeller. HTML staff Dr. Karren More and Larry Walker worked
with Ms. Matthews to identify the contaminants present in the pitting corrosion on the stainless
steel compressor impeller. Elemental mapping at the location shown in Fig. 6 (next page, left
image) confirmed the presence of sulfur, calcium, sodium, chlorine and potassium throughout
the corrosion product (Fig. 6, center and right images). The presence of these contaminants
seems to indicate that the pitting corrosion on the compressor impeller occurred as aresult of the
increased content of the water and the contaminants within the water.
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Fig. 6. Environmental SEM images of gas turbine compressor impeller. Left: pitting corrosion; center and
right: elemental mapping showing presence of sulfur, calcium, sodium, chlorine and potassium.

In situ heating of Au-Pd nanoparticles reveals interesting phenomena in
University of Texas-Austin catalyst user project

Research problem: To better understand behavior of catalyst bimetallic nanoparticles during
heating and gas reactions

Implications: Develop catalyst materials for automotive applications

Description of Work: University of Texas-Austin researcher Prof. Miguel Jose-

Y acaman (below) and the HTML' s Dr. Larry Allard continued studies of

catalyst nanoparticle structure and morphology on the HTML' s aberration-

corrected electron microscope (ACEM), which allows the atomic imaging at sub-Angstrém
resolution that is imperative for such
research. The work has been extended into
the area of in situ heating to better
understand both changes in particle structure
and also the sintering behavior of particles at
elevated temperatures. A unique heating
capability that provides the ability to record
ultra-high-resolution images at high
temperature (see Protochips Co. highlight,
page 26) was applied to imaging the behavior
of Au-Pd particleswith anovel 3-layer

structure (core with two surrounding shells). Theimagesin Fig. 7 (next page) show the

homogenization of the 3-layer particle (Pd-rich core, Au-rich first shell and Pd-rich outer shell)

with time at temperature. Interestingly, it was observed that adjacent particles would sometimes

not sinter together, or agglomerate, but instead one particle would gradually reduce in size while

the grain in aclosely adjacent particle concomitantly grew. This phenomenon is shown in the

second and third images of Fig. 7. Asamore complete understanding of in situ heating system is

developed, systematic experiments will be conducted to further clarify behavior of catalyst

materials to be used in fuel cells and other vehicle-related applications.
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Fig. 7. Homogenization of the 3-layer particle (Pd-rich
core, Au-rich first shell and Pd-rich outer shell) with
time at temperature. Upper left image of three layers;
upper right and lower left images illustrate the observed
behavior in which one particle gradually reduces in size
while the grain in a closely adjacent particle
concomitantly grows.

Florida State analyzes Ru/Sr2RuQO4 metal/superconductor interface

Research problem: To understand the structure of superconductors and metals at the
interface of oxide materials
Implications: Insights into behavior of superconductor microstructure under high-temperature
conditions
Description of Work: Dr. Larry Allard has been collaborating with Dr. Yan
Xin from the National High Magnetic Field Laboratory at Florida State
University to characterize the microstructure of super-conductors using
advanced high resolution STEM techniques, e.g., atomic resolution high-
angle annular dark-field (HA-ADF) imaging and atomic resolution EELS.
During arecent visit they studied the interfaces between Ru metal and an
unconventional superconductor, strontium ruthenate (SroRuQ,). Thislayered
superconductor is the first perovskite superconductor that shares the same crystal structure as
high critical temperature (high-Tc) superconductors of copper oxides, but without Cu. ItsTcis
1.5K. A surprising discovery was a remarkable enhancement of Tc by a about afactor 2 in a
two-phase composite eutectic system made of a single-crystalline matrix of Sr,RuQy, in which
microdomains of ruthenium metal are embedded. Figure 8 (next page) shows a Ru metal lamella
in bright contrast (left), and a spectacular atomic resolution HA-ADF image of the Ru/Sr,RuQ,
interface (middle). Itisimmediately clear from the image that the terminating plane for the
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Sr,RuQ, is parallel to the c axis, i.e. aor b plane terminates at the Sr atoms, leaving the RuO,
octahedron intact (asindicated by the schematic at right). Preliminary EEL S data of the oxygen
core loss spectra from the interface compared with the bulk shows some difference, indicating
the distortion/rotation of the RuO, octahedron at the interface. Further experiments using the
HTML’s ACEM will confirm these results. Possible insightsinto the 3K superconducting phase
will be obtained through our continuing investigation.

Fig. 8. (left) ACEM image of Ru metal lamella in bright contrast; (middle) atomic resolution
HA-ADF image of the Ru/Sr,RuQy, interface; (right) Ru/Sr,RuO, schematic.

PNNL continues collaborative electron microscopy studies of NOXx trap catalysts
Research problem: To develop a thorough understanding of the properties and behavior of
lean NOX trap catalyst systems using ultra-high-resolution electron
microscopy techniques
Implications: Improvements in diesel engine emission reduction may ultimately allow the highly
fuel-efficient diesel engine to be more fully incorporated into the U.S fleet of
passenger vehicles

Description of Work: Usingthe HTML’s JEOL 2200FS- Pacific Northwest National Laboratory
AC aberration-corrected electron microscope (ACEM), both  opersted by sl forthe 1.5, Depsrment of ey
Ba-alumina and Pt-alumina compositions of lean NOXx trap catalysts are being studied by
PNNL’s Dr. Chuck Peden and HTML researcher Dr. Larry Allard. In recent follow-up work to a
user visit in 2007, Allard imaged Pt/alumina samples calcined at both 300°C and 600°C, to
determine the structure and morphology of the Pt species at atomic resolution. Because of a
relatively high loading (10% Pt by weight), the sample at 300°C showed some discrete crystals
in the 3-5nm size range, but also a uniform dispersion of single atoms, small clusters, and “rafts’
of atoms with irregular periodicity. The 600°C sample, however, showed a bimodal distribution
of species, with some large perfect Pt crystals 10nm or larger, although with some remaining
clusters and rafts of atoms. The latter features areillustrated in Fig. 9 (left, next page), while the
perfect crystalline structure appearsin Fig. 9 (right, next page). Work is continuing with new
samples having significantly lower Pt loadings.
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Fig. 9. (left) Pt-alumina trap catalyst material
showing clusters and “rafts” of atoms; (right)
crystalline structure of Pt-alumina trap catalyst
material.

Mechanical Characterization and Analysis User Center (MCAUC)
contact: Edgar Lara-Curzio, L eader, |aracurzioe@ornl.gov, 865/574-1749

Michigan State evaluates thermal cycling effect on elastic modulus of
thermoelectric materials

Research problem: To characterize the physical and mechanical properties of silver and
antimony doped PbTe thermoelectric materials

Implications: Energy recovery through thermoelectric materials could significantly increase
overall engine efficiency.

Description of Work: Thermoelectric materias are being considered
for applications in waste heat recovery, which would improve the
efficiency of transportation systems. New compositions, such as lead-

antimony-silver-tellurium (LAST) and lead-antimony-silver-tellurium-tin (LAST-T) are being
developed by the department of Chemical Engineering and Materials Science at Michigan State
University (MSU). Professor Eldon Case and graduate students Fei Ren, Jennifer Ni, and Brad
Hall visited the HTML to work with MCAUC researchers Rosa Trejo, Amit Shyam, and Edgar
Lara-Curzio to assess the effect of temperature and thermal cycling on the elastic properties of
these materials. They used the HTML’sinfrared (IR) lamp and IR camera systems to thermal
cycle the samples (Fig. 10, next page). After each thermal cycle, the resonant ultrasound
spectrometer (RUS) was used to determine the resonant frequencies of the material, which are
subsequently used to determine the elastic constants of the material. In addition to thermal
cycling, the MSU group also continued using RUS to determine the elastic constants as a
function of temperature of test specimens obtained from new ingots of cast and hot-pressed
thermoelectrics. It was found that the Y oung’ s modulus decreases linearly as a function of
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temperature, and no hysteresis or kinks were found (Fig. 11). The results of thisinvestigation
will provide necessary information for design purposes and for the calculation of thermal stresses
present during operation of waste heat recovery devices

Fig. 10. MSU student Jennifer Ni using
the infrared (IR) set-up to thermal cycle

thermoelectric materials. Fig. 11. Elastic and shear modulus as a
function of temperature for a hot pressed
n-type thermoelectric.

Army Corps of Engineers R&D Center conducts heat-of-deformation study

Research problem: To investigate the effects of strain-rate and heat-of-deformation on energy
absorption processes during dynamic progressive crush deformation
Implications: Ability to develop accurate predictive computational material models and obtain
advanced material solutions for protective structures applications
Description of Work: Ductile, metal alloy structures that rely on controlled,
progressive plastic deformation along specific paths or “traveling fold-lines’
have the potential of achieving extremely high energy absorption capability
to provide advanced levels of impact and blast load protection. However,
under these conditions the material response is very complex because it
experiences a severe transient, nonlinear, multi-axial state of stress. In
addition, the maximum load and the amount of energy absorption capability are influenced by
inertia, strain rate, temperature and heat-of-deformation. Researchers at the Army Corps of
Engineers are participating in a multi-scale modeling and experimental research program to
obtain critical knowledge and physically-based material models for the development of advanced
material solutions for the design or defeat of structures subjected to extreme impact and blast
loading conditions. Dr. Beverly DiPaolo of the Army Corps of Engineers R&D Center visited
the HTML to work with MCAUC researchers Don Erdman, Mike Starbuck and Ralph Dinwiddie
(TTPUC) to study material deformation mechanisms, and to develop physically-based
constitutive models for structural components that utilize severe plastic deformation to absorb
high levels of energy. As part of thisHTML user project dynamic axial crush tests of thin-wall
tubular structures were carried out using ORNL’s unique Test Machine for Automotive
Crashworthiness (TMAC) at a constant speed of 6 m/s. The tube specimens had groove collapse
initiators and were quasi-statically pre-crushed. Four different steel materials were evaluated:
A36 structural steel, A513 mechanical steel, 316SS stainless steel and 304SS stainless stedl. In
addition to high speed video, the tests were recorded using a high-speed infrared camera (Fig. 12,
next page) to determine the temperature distribution of the tubular components during the test
(Fig. 13). Theresults of this research are expected to lead to better protective structures, e.g.,
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improved vehicle crash-worthiness. Partial support for the operation of TMAC was provided by
DOE's Automotive Lightweighting Materials Program.

Fig. 12. High-speed and thermography Fig. 13. Beverly DiPaolo (ERDC) discusses
cameras ready for high-rate testing of thermography results from axial-crush
steel crush tubes. testing with the HTML'’s Don Erdman (left)

and Ralph Dinwiddie.

Pratt & Whitney investigates long-term residual properties of ceramic matrix
composite materials

Research problem: To predict durability and life of melt infiltrated SiC/SiC based on interfacial
shear strength
Implications: Development of CMC systems that could significantly improve fuel efficiency and
lower emissions of gas turbines.
Description of Work: Insertions of ceramic matrix composite Pratt & Whitney
(CMC) materials are key to more efficient internal combustion  Unind Technoiogies Gompany
engines. Currently melt infiltrated SIC/SIC CMCs are leading
candidate material systems for the manufacture of hot section components in gas turbine engines.
Pratt & Whitney’s Dr. Greg Ojard worked with HTML staff Rosa Trejo, Laura Riester, and Dr.
Edgar Lara-Curzio to characterize the fiber/coating/matrix interfacial diding in this composite
system. Using the HTML’ s nanoindenter, many independent fibers were pushed out from CMC
materialsin the as-received state and also from test specimens that had been subjected to creep or
fatigue testing for thousands of hours at 1204°C. Figure 14 (next page) shows force-displacement
curves obtained from single-fiber push-out testsin test specimensin the as-received state or after
being subjected to 1204°C for 1508 hours under a constant tensile stress of 165 MPa. It was
found that the interfacial shear strength decreases from an average of 30MPafor materialsin the
as-received state to 18MPa for comosites that had been subjected to creep testing. The declinein
the interfacial shear strength after exposure is an indication that the interface deteriorates due to a
combination of stress and environment (i.e. the boron nitride interface oxidized). Knowing how
the interfacia shear strength of these materialsis affected by stress, temperature, environment
and time will aid in the prediction of durability and life of the CMC for power generation systems.
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Fig. 14. Fiber push-out curves and pushed out fibers on test specimens in the as-received
state (top) and after exposure to 1204°C for 1508 hours at 165 MPa (bottom). It was found
that the interfacial shear strength decreases in the exposed composites.

L&L Products conducts exploratory high-rate testing of hybrid box beams

Research problem: To collect test data on crash resistance of composite/steel vehicle
structural components

Implications: Knowledge of the mechanical performance of automotive structural components
at high rates is needed to ensure vehicle safety.

Description of Work: L & L Products manufactures structures .,
known as Composite Body Solutions®, which are macro-

composites made of a metal, thermoplastic or thermoset carrier IF L&L Products
and heat-activated expanding adhesive. These structures can be used at key locationsto
reinforce vehicles and improve their crashworthiness. Ken Takahashi and Dean Schneider from
L & L Products collaborated with an HTML research team of Don Erdman, Mike Starbuck, Rick
Battiste, and Barbara Frame (Fig. 15, next page) to perform preliminary bend crush teststo
establish baseline data on the suitability of L & L’s custom three point bend test fixture and to
verify the reliability of the test configuration for collecting the desired high-rate data. All
preliminary tests were successfully completed (Fig. 16, next page), and future testing has been
scheduled in early FY 2009 to complete the test matrix, which consists of over 100 specimens at
various rates up to 8 m/sec. Partial support for the operation of TMAC was provided by DOE's
Automotive Lightweighting Materials Program.
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Fig. 16. 3-point bend test equipment
(left) and crushed bend specimens after

Fig. 15. The research team reviews test successful testing (right).
results. (back to front): Dean Schneider (L&L),

Ken Takahashi (L&L), Mike Starbuck and

Barbara Frame (ORNL Polymer Matrix

Composites Group), and Rick Battiste

Mississippi State Tests Combined Creep-Fatigue Model for Composites

Research problem: To develop and evaluate a constitutive spectrum-based model for
composite materials used for lightweighting vehicles
Implications: Models are needed to optimize the design of composite components and to
predict their serviceability and lifetimes.

Description of Work: The primary benefit of using lightweight

advanced materials in transportation applicationsis the increase

in fuel economy, but high performance is also realized from the

use of these materials. Mississippi State University researchers

Dr. Rani Sullivan and student Jutima Simsiriwong (Fig. 17) have

developed a predictive model of creep and fatigue behavior of an E-glass/vinyl ester composite,
and they visited the HTML to acquire the necessary material creep and fatigue input parameters

Fig. 17. (left) Dr. Rani Sullivan (at left) and
Jutima Simsiriwong review data from the
servohydraulic testing machine. (above) J.
Simsiriwong (left) and R. Sullivan continue
mechanical testing at the MCAUC.

for this modeling endeavor. Working with ORNL researcher Don Erdman, the MSU researchers
initiated the first phase of their user project by conducting monotonic tensile tests at ambient and
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dlightly elevated temperatures (90°C) to determine strength and stiffness values that can be used
to select creep load levels. All monotonic tensile testing was completed, and creep tests were
initiated to determine creep rupture times as a function of applied stress. Additional testing to
determine rupture parameters at higher temperatures and lower stress levels will also be
conducted. The response from this model will be used to define a damage function that
describes the degradation in stiffness due to cyclic loading.

Colorado School of Mines Conducts /n Situ Raman Analysis of Beta-Eucryptite
Pressure-Induced Transformation
Research problem: To understand the fundamentals of phase transformations in B-eucryptite

Implications: Possible development and manufacture of tough, durable catalyst supports and
diesel particulate filters

Description of Work: To address the stringent diesel engine emissions

regulations adopted in the United States, attention has focused on developing

improved high-temperature-resistant, high-thermal-shock-resistant, low cost

honeycomb soot filter compatible with advanced emissions control catalyst

technol ogies that can replace current high-cost and/or uncatalyzed particul ate

filters. Among the catalyst-compatible ceramic particulate filter designs being developed for this

application are the low-expansion alkali aluminosilicates such as B-eucryptite.

Professor Ivar Reimanis and his research group at the Colorado School of Mines recently
reported a unigue phenomenon in which particles are gected
from the surface of a3-eucryptite subsequent to indentation.

It is hypothesized that a reversible phase transformation to

orthorhombic e-eucryptite occurs under compressive loads,

and that the reverse transformation to -eucryptite leads to

particle gection. Since this transformation may occur

during material processing, it opens the possibility of a

novel transformation-toughened material that could lead to

significantly reduced cost of materials for applicationsin

catalyst support and filtration of diesel particulates. To test

this hypothesis, graduate student Tim Jochum (Fig. 18)

visited the HTML to work with MCAUC researcher

Michael Lance to quantify the effect of stressonthephase  Fig. 18. Tim Jochum collecting
transformations of B-eucryptite in situ under a diamond Raman spectra on his B-eucryptite
indenter using Raman spectroscopy. sample.

The incident laser light was focused through a ~100 pm diameter flat diamond punch
which was loaded from 1 to 6.5 kg. Figure 19 (next page) shows the spectra acquired over the
applied load range. The B-eucryptite peak occurs at 490 cm™ and a background peak from the
diamond indenter occurs at 650 cm™. At an applied load of ~3 kg, a shoulder appears on the 490
cm™ peak that doesn’t shift away gradually from theinitial peak, but rather it grows independently.
This strongly suggests that it is produced by a phase transformation occurring at high loads as
opposed to a high compressive stress region under the indenter, which would produce a peak
shift to higher frequencies with more load. This peak may be the sought-after high pressure &
phase which is the hypothesized cause of the gection phenomenon being investigated. Additional
work is underway to verify these results, which could lead to the development of diesel
particulate filters with improved resistance to high exhaust temperatures encountered during
filter regeneration cycles, aswell as to the thermal shock conditions arising during the course of
startup and regeneration.
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Fig. 19. B-eucryptite exhibits a Raman
peak near 490 cm™. The peak at
around 625 cm™ is from the diamond
punch. At roughly 3 kg of applied load,
a shoulder emerges at ~525 cm™ that
may be due to g-eucryptite formation.

Mattson Technology characterizes properties of high-dose implant strip (HDIS)
residues

Research problem: To characterize residues created by plasma stripping process during
integrated circuit manufacturing

Implications: Efficient residue removal is a major step toward accomplishing the goal of
reducing energy usage while increasing reliability of microelectronics.

Description of Work: Mattson Technology, Inc. manufactures integrated

circuits viaion-implantation methods. Application of reactive plasmaisa

very efficient processto strip photoresists on silicon wafers, but it leaves

unfavorable residues on the strips that cause yield problems. High-Dose

Implant Strip (HDIS) residues are typically removed through chemical etching and/or physical

force, but this produces hazardous chemical waste and mechanical damage to the underlying

substrate. A plasma stripping process used to remove an implantation photoresist mask normally

leaves behind aresidue that causes yield problems and hence waste and excess energy usagein

the manufacturing process.

Dr. Andreas Kadanavich (Fig. 20, next page) from Mattson Technology collaborated with
research staff in the MCAUC aswell asinthe MAUC to identify location and composition of
residue material left behind following stripping of the photoresist. MCAUC staff member
Sanghoon Shim and Dr. Kadanavich used nanoindentation to examine representative samples of
wafers that were previously stripped by the user to determine the strength of the residue itself
and also the adhesion strength of the residues on awafer. Based on scratch testing data (Fig. 21,
next page), the residues appeared to be much stronger than expected, and their adhesion strength
is even greater than that of the strips. In addition, nanoindentation revealed the presence of
lengthwise shallow grooves along the strip edges. The grooves are believed to be produced
during the fabrication process, but have not been observed previously, since thisis the first time
nano-indentation scratch tests have been performed. Mattson will investigate further to
determine if these grooves must be taken into account during the fabrication process. Figure 22
(next page) shows an SEM micrograph image of residue and an image of a post-scratch sample.
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Fig. 20. Dr. Andreas Kadanavich
places sample in nanoindenter.

Fig. 21. Morphology profile showing grooves
revealed during nanoindentation testing.

AKI7A 9.0kV 7.4mm x100k SE(V) 6/6/07 Y 20 micron
Fig. 22. SEM micrograph of residue (left) and post-scratch sample image (right).

In Mattson’ s characterization work conducted with Dr. Harry Meyer of the MAUC, the
Scanning Auger Nanoprobe was used to characterize the structure of the residue and its chemical
composition. Fig. 23 shows atypical area; the white diamond pointsto “lines’ containing
residue. Fig. 24 isamicrograph obtained in the Auger system for a 2-micron line feature. Line

Fig. 23. SEM of typical analysis area. Fig. 24. SEM of 2.0 micron line containing

photoresist residue. Horizontal white lines
indicate where elemental scans were
taken to identify the composition as a
function of position.

scans were made in two areas to determine atomic composition of the surface and the residue
seen in the center. In Fig. 25 (next page), the line scan identified the residue as silicon oxide, not
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containing any arsenic (arsenic was one of the species being ion-implanted). Low levels of
arsenic were detected in the substrate outside the etched line. Thiswas clear indication that the
photoresist stripping process was working as designed.

Indensity (arb. Unita)
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Distance {um

0
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Fig. 25. Line scan for carbon, arsenic,
oxygen, and silicon as a function of
position along line 1 in Fig. 24. Residue
in the center is clearly identified as a
silicon oxide material.
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Mattson Technology hopes to use the microscopy and nanoindentation results to improve
both the fabrication of silicon wafers as well asthe removal of the residues created as byproducts
during manufacturing, thereby leading to higher performance of these key components of vehicle

system microel ectronics.

University of Akron (OH) investigates the effect of processing on high-

temperature ceramics

Research problem: Processing influences on microstructure, hardness and mechanical
response of fine-grained ceramic materials

Implications: Develop durable and reliable fine-grained ceramic materials through better

processing

Description of Work: Fine-grained ceramic materials, such as boron carbide,
are widely used for high temperature, wear and scratch resistance applications.
Professor Tirumalai Srivatsan of the University of Akron (Fig. 26) worked
with HTML staff Rosa Tregjo, Laura Riester, Sanghoon Shim and Edgar Lara-

Fig. 26. Professor Tirumalai Srivatsan uses
an HTML nanoindenter to measure elastic
modulus and hardness of boron carbide
samples.
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Curzio on the mechanical characterization of boron
carbide samples with different compositions and
processing techniques (Reactive Sintering [RS], Hot
Press[HP], and Plasma Pressure Compaction
[P2C]). One finding from nanoindentation
measurements at room temperature and at 400°C
suggests that the hardness of boron carbide samples
is not affected by the processing routes examined in
this project (Fig. 27, next page). Theresultsfrom
this project have provided important information to
identify the most effective processing technique to
synthesize boron carbide and other fine-grained
ceramics.
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Fig. 27. Hardness vs. processing technique for boron carbide samples.

Brown University investigates ceramic-like geologic materials by nanoindentation

Research problem: To investigate fundamental theories of rock friction and their contribution
to rate and state friction effects
Implications: Better understanding of creep behavior and friction effects of ceramic-like
geological materials could contribute to a better understanding of the time-
dependent mechanical and tribological behavior of hard materials.
Description of Work: A hallmark observation from laboratory _
experiments on rocks and other geological materialsis that the coefficient &%
of ?riction increases linearly witﬁ the Igog of the time of stationary contact oo BROWN
of the sliding surfaces. The magnitude of this “log time strengthening” Qo
determines the conditions for unstable, “stick dlip” siding, which is thought to be the primary
mechanism responsible for earthquakes. The increase in strength is usually attributed to an
increase in thereal area of contact between the nanoscal e asperities on the contacting rough
surfaces of ageological fault in the earth's crust. Curiously, then, the mechanism governing the
"megascale" event of an earthquake isinherently controlled by "nanoscale" mechanical
phenomena. In an effort to understand the important rate that controls the physical processes
involved, Brown University’s Dr. David Goldsby (Fig. 28) and HTML's Dr. Sanghoon Shim
used nanoindentation techniques to study
the time-dependent deformation and the
friction processes that occur during small
contacts in rocks and minerals. The
technigues were applied to quartz (Fig. 29,
next page) and olivine, important rock-
forming minerals of the earth’scrust. The
newly developed dynamic techniques allow
measurement of the changes in contact area.
Measurements revealed that the fractional
indentation areaincreases linearly with the
log of the creep time for times up to 15
hours (Fig. 30, next page), congruent with
Fig. 28. David Goldsby monitors nanoindentation _the Increasein fraCt'(_)nz_"I real are_a of contact
measurement of quartz creep. inferred from rock friction experiments over
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similar time scales. Knowledge obtained from this investigation could be used to design better
systems that are subjected to frictional loading at high homol ogous temperatures.

Fig. 29. SEM micrograph of an
indent on quartz (scale = 10um).

Fig. 30. Increase of fractional indentation area with the
log of the creep time and a comparison with a rock
friction experiments.

Residual Stress User Center (RSUC)
contact: Camden Hubbard, Leader, hubbardcr@ornl.gov, 865/574-4472

Georgia Tech investigates residual stresses and mechanical properties of white layer
on Inconel 718

Research problem: To measure residual stress and characterize the Inconel 718 white layer
after wire-electrical discharge machining (EDM)
Implications: Potential to apply advantageous EDM to a nickel alloy that improves
performance and efficiency of combustion systems
Description of Work: Due to the high temperature
properties of nickel alloy materials such as Inconel 718, ||| Georaialns it
they are widely used in vehicles, turbines, pumps, and 1 ,._,ﬁf-:;-eg,':'ﬁ":!f!-;']_‘.'..‘_.,.';-'E,=_,__"'
tools. Electric discharge machining (EDM) isacommon - -
process for manufacturing Inconel 718 parts because of its many advantages over traditional
machining. During EDM, a pulsed voltage difference between a wire electrode and a conductive
workpiece initiates sparks that erode workpiece material, forming arecast (“white”) layer on the
surface of the part. Thislayer contains an altered microstructure, tensile stresses, microcracks,
impurities, and other undesirable features that have a detrimental impact on the surface integrity
of machined surfaces, potentially leading to premature part failure. Therefore, thislayer is
removed to restore the mechanical properties of the material.

Four Inconel 718 samples were examined by Georgia Tech graduate student Tommy
Newton using x-ray diffraction (XRD) with Dr. Thomas Watkins, an RSUC researcher, and
nanoindentation with MCAUC staff Rosa Tregjo, Laura Riester and Edgar Lara-Curzio. The
RSUC research focused on determining the impact of EDM wire diameter and “energy/spark” on
the resulting residual stressesin the white layer. While little difference was found regarding wire

A
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