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ABSTRACT
NSF Workshop on Research Needs in Thermal Aspects of Material
Removal Processes was held from June 10 - 12, 2003 in the Advanced
Technology Research Center (ATRC) of the Oklahoma State University in
Stillwater, OK. The purpose of the workshop is to assess the status of current
research and propose research needs for future research in this area. This
project has been funded by a grant (DMI-0236289) from the Division of Design,

Manufacture, and Industrial Innovations of the National Science Foundation.

1. INTRODUCTION

Most material removal operations, such as machining, grinding, polishing
involve considerable plastic deformation in the primary shear zone and friction
between the sliding chip and the tool as well as between the worn tool and the
machined surface. The mechanical work expended in these processes is
converted almost exclusively into heat and results in high temperatures at the
chip-tool interface. The productivity in material removal operations is, thus,
limited by the cutting speed that can be used, without undue tool wear. While
coolants are used to dissipate some of the heat generated, the type of fluid used
is becoming of increasing concern from an environmental point-of-view. Different
approaches are used to implement “green” manufacturing. In some cases the
quantity of lubricant used is drastically reduced. In other cases new hard
coatings, such as numerous multiple nanocoatings of alternate hard and tough or

hard and lubricating coatings, are being developed and used.
In addition to the conventional material removal processes, there are non-

traditional material removal processes, such as electrical discharge machining



(EDM); electro chemical machining (ECM), laser material removal which are
equally important and where considerable heat is generated during the process.
The Workshop made an attempt to address the research issues and future
directions in this field as well. Instead of specific material removal processes to
be considered, the Workshop was organized into the following six generic groups

for consideration of the research issues:

Group 1: Analytical Aspects

Group 2: Numerical Modeling/Simulation

Group 3: Experimental Techniques

Group 4: Non-traditional Manufacturing

Group 5: Nanomanufacturing

Group 6: Education, Human Resources, and Infrastructure

Appendix A of this report is a Guest Editorial prepared for the Heat
Transfer Engineering Journal by Komanduri on a Proposal for a New Course on
Thermal Aspects of Manufacturing Process. It is hoped that this article would
serve as a background for further consideration by academic community involved
in research and educational issues in thermal aspects of the material removal
processes. Appendix B is the program listing various papers presented at the
Workshop as a prelude to the discussion of the research issues. Appendix C is a
list of participants at the Workshop.

The Workshop was planned to be interactive in nature where speakers,
moderators, and the audience were encouraged to participate in the deliberations
of the Workshop. The participants were given the choice to be associated with
one or more of the above six groups depending on their expertise and interest.

Each group deliberated under the leadership of a Chair and a Co-Chair
and prepared a brief report. These reports were then presented to the entire
group the following day for additional inputs. The following report is a
compendium of their contributions. In the following, the individual reports of the

six groups are presented.



2. WORKSHOP REPORT

1. ANALYTICAL ASPECTS

Group Participants: B. von Turkovich (Chair), A. Chandra (Co-Chair), D. Durham
(NSF)
Y. Matsumoto, W. Olson, R. Komanduri, and Z. J. Pei

The group’s discussion began with the selection of issues pertaining to the
analytical approaches as applied to material removal processes in general and
thermo-mechanical aspects as a special topic. It was recognized that research
on the machining process has mostly been an experimental endeavor. There
also exist numerous papers on the specific issues, such as the temperatures in
chip formation that have a strong analytical flavor. Efforts have also been made
to construct a general theoretical model of the cutting process. The group
recognizes that such a model would be very valuable for gaining an overview of

all of removal processes.
Recommendations to the National Science Foundation

1. Thermodynamically motivated models of material removal or detachment

. Nano-scale modeling (Quantum Mechanics Description)

. Statistical Mechanics or Monte Carlo modeling

It can be asserted apodictically that the essence of the material removal
process is its thermo-mechanical nature. Basically the process is the conversion
of mechanical work into heat through plastic deformation, fracture, creation of
new surfaces, followed by heat transfer and possible phase changes in the
workmaterial. The heating due to irreversible deformation causes synergistic
coupling that can lead to instabilities in the deformation field, which eventually
manifest itself as the detached material. The process occurs on a wide range of
spatial scales i.e. from the conventional level of machining to the nano-scale
operations. The macro-scale operations require an exploration of nano-scale

(quantum mechanics) based models and statistical mechanics of such models.



In the three sessions of this workshop, which dealt with nano-manufacturing,
some of these issues have been approached from a variety of viewpoints.
2. Instabilities

. Surface instabilities

. Others

. Non-Equilibrium Design States

Plastic deformation, an essentially non-equilibrium process, at high strain
rates and very high strains displays non-uniform patterns and associated
instabilities. These problems result into adiabatic shear bands, surface damage
and large fluctuations of forces. A systematic treatment of these phenomena is
necessary in order to formulate the appropriate analytical models of the process
not only in the macro-scale but presumably also on the micro- and nano-scales.
The design of processes (cutting, grinding, non-traditional machining, example
EDM, ECM, laser) that takes into account the essential non-equilibrium nature of

physical (thermodynamic) aspects would benefit from such a model.
3. Develop analytical methods to aid the design process.

o Aid in hybrid manufacturing process designs

The process design is a synthesis operation. In practice, the design is
based most frequently on past experience primarily experimental because the
analytical methods are very scarce or totally non-existent.

The development of analytical methods is needed to remedy this problem.
The methods should be operation specific, i.e., applicable to machining, grinding
etc. However, an attempt is necessary to devise the analytical models that would
be applicable in the design of hybrid manufacturing operations such as laser
assisted cutting, or a combination of hither to separate procedures to achieve
specific results such as surface quality, tool life enhancement, etc. Recently
developed (IBM 1983) Chemical Mechanical Planarization (CMP) process is an
example of such a synthesis.

4. Development of prognostic and diagnostic capabilities for manufacturing

processes



Prevision is a characteristic of design. A successful prevision results in a
successful design. The prevision rests upon the accumulated progresses, aided
by a good diagnostic ability. The analytical methods are particularly helpful in
prognosis of a successful operation, where as, the diagnostic capability rests
upon the full understanding of the process. It is therefore suggested that the
development of analytically accurate methods of prognosis and diagnosis would

be very useful in manufacturing.

5. Amalgamation/Development of Meta-models for manufacturing (and bridging

across phenomenological domains and vertically through levels of complexity)

The manufacturing has specific goals. It is conceivable that these goals
can be achieved by a variety of methods. An amalgamation of methods is
frequently employed when a single method is insufficient to realize a desired
result. Examples abound: e.g., turning or milling followed by grinding to achieve
a particular surface characteristic economically, polishing after grinding, etc. The
amalgamation of processes suggests that there are certain possibilities for
development of meta-models of process design. Such models may provide a
new insight on how certain manufacturing goals can be achieved. The meta-
models, if based on finer theoretical foundation would provide a deeper

understanding of manufacturing activity.
6. Robust Model development

e Problem- accommodating variance or uncertainties: i.e.. inherent
inaccuracies in parameters for constitutive equations (or other measurements
that are input to models). Need to develop methodology, such that the
analytical solution techniques will be robust in spite of such inaccuracies
The constitutive relations relate various mechanical and thermal
parameters on material to each other. They are not the equation of state and do
not have a thermodynamic justification. The majority of constitutive relations are
gleaned from appropriate best and basically efficient curve fitting. In the case of
metals and alloys, and ceramics we can obtain the relations on the basis of

physical metallurgy arguments (i.e., dislocations or other crystalline defects).



For the purpose of analysis and modeling, it is irrelevant how the
constitutive equations are obtained. The numerical and computational schemes
and analyses depend upon the selection of appropriate constitutive equations.
The way to check whether they are correct requires (in the case of pure plastic
flow) a calorimetric study.

Since metal cutting and the removal processes exhibit frequently very
strong instabilities, the conventional constitutive equation should be used with
great caution since the errors are fatal for the accuracy of predictions. It is
suggested that the best way to overcome these difficulties is to use the chip

formation process itself to develop the appropriate equations.
7. Understanding influence of one scale on another — Multi-Scale Analysis

Carrying the analysis of a process from one scale to another is a tricky
process. The significance and even the numerical values of material parameters
change with the scale (specially for constitutive equations). In the case of nano-
scale processing the details of crystalline/atomic nature are fundamental even
though some models seem to fit all scales. Many open questions remain.

8. Math formulation of complex multi-scale phenomenon based on physical
principles so as to facilitate synthesis. Here, the focus should be on how to

accomplish this for specific manufacturing missions.

It appears that there is the need for mathematical formulation of complex
multiscale phenomena based on the physical principles to facilitate the
synthesis. It is not clear that at the present time there is any agreement on what
is specifically needed. It is apparent, however, that in the case of cutting and
grinding a much more aggressive application of physical metallurgy/materials

science is highly recommended.



2. NUMERICAL MODELING/SIMULATION
Group Participants: C.R. Liu, J. Dhananjay, A. Parchure, M. Malshe, V.
Karuppiah, N. Daphalapurkar, R. Shivpuri, Y. Ohbuchi, S. Lei, J. Berry, J.
Hershberger, T. Wong, O. Dillon (Co-Chair), R. Biswas, T. Shirakashi, R.
Komanduri, A. Shih (Chair).

Machining parameters and
conditions for advanced, complex,
and competitive products

Advances in hardware

technologies: sensors, Resolution of research
machines, computers . .-
1ssues for critical

A//technologies (details
follow)

Advances in new data Virtual

handling techniques:

data mining, data —» Machining
transfer, visualization,
Systems

Advances in computing \

techniques: algorithms, = 4 Infrastructure for
parallelization, grid

computing, efficiencies, technology creation
accuracies. and transfer

1. Strengthen and sustain American
manufacturing industry by a new wave of
innovation

2. Radically improve productivity, quality,
and competitiveness

3. Create new manufacturing industries

Overview of the Modeling/Simulation

Inputs - material properties, computational methods - efficiencies, scale of

modeling (multi-scale), 3D effects, complex geometry, chemical/reactive



environment and effects, process parameters and conditions, discrete element

simulation.

Outputs: tool life, subsurface damage, quality of workpiece and finished products,

cost/economics, fatigue, wear, and tribological performance, design of machine

tools.

Research Needs are summarized into the following two groups:

1. Traditional machining, including, hard machining and grinding

Goal -- Virtual machining system

Multi-scale simulation (molecular, nano, micro, meso, macro)

Material properties and behaviors for modeling (data-base)

Round robin study, understand the limitations of existing models

Modeling of damages and failures, chip formation, separation,
microstructure mechanics

Finish process applied to components that are critical in performance
Develop accurate, robust material, thermal models for wear, fatigue,
fracture, toughness, surface finish, residual stress, microstructure, micro-
damage, dimensional accuracy.

Thermophysical processes, transient effects, interfaces

Couple with the modeling of machine tools

Application of new techniques, such as multi-processor, molecular level
modeling, probabilistic/stochastic modeling, etc.

Integration of models, such as machine tool, across from molecular to
microscale, etc.

Molecule modeling, microscale, dislocation level, grain level, macroscale
Modeling tool/workpiece diffusion wear, gradient of material properties,
coatings,

Modeling of machining new materials, such as nano composites, etc.

Modeling of machining for environmental sustainability

2. Nano-Machining, Molecular Machining, Machining for Biological Applications



Produce nano-machines, bio-devices, etc.

Different materials/scales -- cutting bone, cutting tissues, a few atomic
layers on the surface, thermal gradient build-up.

Different/change in material properties, very different from the traditional
materials

Reactive kinetics is important. Toxicity may be an issue.

Multiscale modeling, heterogeneous, ionic or atomic level simulation.
(bridge between different scales, material point method, Voroni cell). How
to make a link to macro scale from micro scale?

Modeling of reaction and dissolution phenomena by sub molecular level
modeling

Modeling of discrete events

Account for time scale issues

FEM models may have limitations. Molecular dynamics and Monte Carlo
simulation techniques are promising techniques

Effect of nano coating to be studied, particularly in modeling of kinetics
and nucleation growth of nano coatings

Modeling of nano particle effect and nano cutting fluids.

Modeling to enable environmentally sustainable machining

Modeling of atomic friction, portability of data

Need experimental validation and numerical strategy for experimental
validation

Modeling of damages and failures, chip formation, and separation in the

nano-scale

Industrial Involvement —

The model needs to move out of universities and use in practical applications.

Industry has much to be gained and hence should play an active role in

accomplishing this task.

Need to have outreach and impact



e Motivate companies to understand and utilize the research (exchange
person, summer workshop, K-12, etc.)

e Paradigm shift to apply modeling in practical applications
Recommendations to the National Science Foundation

1. Length scales and time scales: building bridges, high fidelity

2. Validation: Innovative experimental techniques and procedures, new
measurement techniques, repeatability and reproducibility

3. Innovative modeling methods: Molecular level, micro level, molecular
dynamics, Monte-Carlo, reactive dynamics, probabilistic methods, advanced
finite element methods, high efficiency computing, etc.

4. Frontier material models: mechanical (ultra high strain rate and steep thermal
gradient material models), microstructure/phase transformation models,
chemical, biological, electrical, nano-scale, MEMS, etc.

Breakthroughs in high-performance machining: new processing concepts,

machines, tools, processes, cells and subsystems, human interactions,

education, environment, infrastructure, industrial involvement/disseminate.
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3. EXPERIMENTAL TECHNIQUES

Group Participants: S. Chandrasekar (Chair), R. lvester (Co-Chair), S. Kalidas,
A. Bhome, J. Mason, A. Adibi, P. Kwon, V. Bedekar, J. Yan, B. Kramer, D. Bhat,
K. Vernaza, M. Yoshino

A National Initiative for Smart Multi-Scale Manufacturing

The dramatic decline in the U.S. manufacturing industry necessitates
some form of action by the federal government in order to ensure the availability
of critical infrastructural manufacturing capabilities in times of need without
reliance on foreign allies. Discussions in the Experimental Techniques subgroup
initially focused on this idea, and widespread support was expressed when
reporting to the entire workshop group. In the remainder of the discussion, the
subgroup identified three areas of research needs within experimental
techniques: (1) development of new experimental techniques, (2) utilization of

cyber infrastructure, and (3) enabling smart factories.
1. Development of New Experimental Techniques:

It is clear that machining is an experimentally intensive subject and that,
due in large part to the complexity of the machining process on a material level,
most machining investigations and innovations are driven by experiments.
Therefore, experimental methods in machining research should be a major
priority for funding agents. Specifically, there are several current challenges in
experimental machining research today.

First, it is clear that as modeling abilities and understanding of the
complex phenomena in machining are going beyond the microstructural level and
approaching the molecular level, experimental methods need to go below the
microstructural level as well. Second, the events in typical manufacturing or
machining operations are of short duration, involve transient effects and 3-D
interactions that cannot be ignored. Current techniques typically emphasize
spatial resolution at the expense of temporal resolution, or vice versa. Also, most

currently available measurement techniques only provide 2-D information. New

11



experimental measurement techniques need to be developed to provide high
temporal and spatial resolutions simultaneously.  Where possible, these
techniques also need to provide full 3-D imaging capabilities. These techniques
would not only allow support and validation of micro/nano-scale simulation of
processes (and their link to product performance) but would also drive innovation
by illuminating unforeseen effects and phenomena.

These techniques should be focused on the complex tribological-
mechanical-thermal-chemical effects seen in current machining practice as well
in new practices using innovative materials and coatings. There should be a log-
linear progression down to nanometer and microsecond length and time scales.
That is, each year efforts should be made to increase simultaneous spatial and
temporal resolution by orders of magnitude. Measured parameters of interest
include geometry, temperature, forces and torques, residual stress,
microstructure, and chemical composition. Where possible these techniques
should allow remote (non-intrusive) probing of the processes to facilitate in-
process monitoring and control, e.g. MEMS, NEMS.

Of course, these innovations could be funded through traditional research
grants, but in reality a large new equipment grant program focused on increasing
simultaneous temporal and spatial resolution in experimental machining
techniques would be required. The innovations required in bringing resolution in
time and space simultaneously down to the microsecond and micrometer scale
will require large expenditures on equipment development. As is the case in all
such innovations, the first prototype devices are the most expensive; therefore
significant resources would be required. The impact resulting from such an
investment would be well-justified if such techniques achieve the desired
performance—thereby illuminating phenomena liked never before—and become
commercially available to all. In fact, it should be the goal of the new equipment
grant program to make such techniques industrially practical. If a new program is
not possible, reinstatement of the engineering research equipment grant program

for DMII should be seriously considered for this purpose.

2. Research Needs — Utilization of Cyber Infrastructure
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The Experimental Techniques subgroup identified “utilization of cyber
infrastructure” as the second area of need. In order to achieve the desired level
of technical accomplishment and associated impact on industry, dramatically
improved leveraging of geographically distributed research resources must
occur. Research groups addressing thermal aspects of material removal
processes across the United States suffer from their geographically diverse
locations and the associated expenses of traditional collaboration through travel
and exchange of personnel. Much like research groups in other technical areas,
researchers in this area must make more effective use of the developing cyber
infrastructure in order to efficiently leverage their collective strengths and
accomplishments. Researchers from industrial centers, national laboratories,
and university facilities must develop effective methods for sharing data and
facilities, cross-validation of data, and exchange of ideas for the development of
new techniques, processes, and systems. Results and achievements should be
communicated and disseminated through some form of archival knowledge
repositories. These knowledge repositories would be more effective than
traditional archival journals by incorporating electronic resources, allowing more
detailed reporting of techniques and results, and encouraging approaches to

experiments that can be combined or compared more readily.
3. Research Needs — Enabling Smart Factories

The Experimental Techniques subgroup identified “enabling smart
factories” as the third area of need. For this research area, critical capabilities for
factories of the future must be enabled. This should be done through
infrastructural developments that would provide the capability to display and
interpret large streams of sensor data. It may be necessary to monitor and
intervene in a manufacturing plant from a ‘remote’ control room across corporate,
state, and national boundaries, as well as to improve machine/process capability
through a fusion of new developments in process knowledge,

sensors/instrumentation, and control.
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4. NON-TRADITIONAL MACHINING

Group Participants: H. Chen, P. Wadhwa, R. Raghavan, V. Jain, R. V.
Hariprasad, J. Choi, K-L. Lee, J. Mazumder (Chair), C. Haggins, S. Ong, S.
Cathapuram, R. G. Reddy, P. Leys, L. Dong, J. Jiang, and W. Zhang.

Research Needs in Electrical Discharge Machining (EDM)

Formation and composition of plasma channel

Energy distribution at the gap

Modes of heat transfer

Stochastic and transient behavior of the discharge process

Effect of debris particles on the discharge/arcing processMulti-phase
dielectric flow

Expansion and eventual implosion of the plasma channel

Molten material ejection at the end of the pulse on —time

Overall qualitative and quantitative aspects of ejection mechanism

Generation and effect of subsequent shock wavesEffect of thermal processes
at the spark gap on the generation of gases including metallic fumes and
vapors of decomposed dielectric liquid generated during erosion needs to be
quantitatively studied to avoid or minimize the related environmental concern

and potentially unsafe working conditions. Research Needs in Electro

Chemical Machining (ECM)

In ECM/PECM, the stochastic and transient nature of anodic dissolution
phenomena is far from being completely understood.

The variation of electrolyte conductivity, multiphase (liquid, gas bubbles,
products of electrolyte decomposition and debris) flow, electrolyte boiling and
stray effect current need more investigation.

The temperature distribution across the gap and determination of the
maximum temperature increment in the working zone are important issues for
the determination of 3D temperature field in machining 3D sculptured

surfaces.
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¢ In general, a complete study of thermo-chemical electrochemical phenomena
is important for micro/macro ECM/PECM processes.

Research Needs in Laser Processing

e Simulation of light scattering in metal vapor during laser processing

e Laser-plasma/photon electron interaction

e Simulation of ns to fs laser interaction mechanisms

e Application of simulation results to model based process control
— Laser response time ~ 100 us to 2ms)
— Computer cluster and grid computing etc making calculation faster and
cheaper

e Application of simulation results for faster and repeatable fabrication of micro-
channels and bio-technology (e.g. vascular channels for tissue engineering),

electronics, aerospace
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5. NANOMANUFACTURING

Group Participants: Y.F. Lu (Chair), A. P. Malshe, S. Chen, S. Verghese, K. L.
Choo, L. Li, J. Shi, J. Hammonds, D. Willis, X. Wang, G. Kanbargi, H. Chen, Y.
Ogawa, W. Zhang, C. P. Grigoropoulos (Co-Chair).

1. Introduction

Recent advances in nanotechnology are led primarily by curiosity-driven
research. One needs to transform the curiosity-driven approach to methodically
understood, developed and scaled up manufacturing process to create regional
and national economic engines. The group has a grand vision that realization of
nano-manufactured products and hence, desired knowledge base, equipment,
education and infrastructure are the grandest challenges for the next 5-10 years.

The group has identified seven important aspects in future research and
development of nanomanufacturing, namely, general concepts, process,
properties, metrology, education, services and products. These will be briefly

summarized in the following.
2. General concepts

In general, nanomanufacturing includes issues related to different levels,
from basic elements to assembly, manipulation and systems. We need basic
understanding and efficient methods to synthesize and fabricate the elements or
the basic building blocks to be used in nanomanufacturing; to assemble and
manipulate these elements to form functional materials, structures and devices;
and finally to construct systems which have the advantages of containing
nanoscale features. In an effort to gain fundamental understanding and to
develop efficient methods for nanomanufacturing, we need to develop process
and metrology tools which will be of critical importance to realize multi-scale
integration from nanoscale basic elements to microscale devices/structures, and
macroscale systems.

There are a few important issues in the development of

nanomanufacturing which may have significant social impacts. One of them is
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the environmental issue. For example, further research is required to understand
the impact of nanoparticles on human health. From the clear understanding of
environmental impact of nanoscale materials and structures, we can direct our
research to develop environmentally-benign nanomanufacturing processes.

In order to achieve the efficiency and functionality in nanomanufacturing,
we need to explore innovative approaches to synthesizing and fabricating nano-
building blocks (for example, bio-inspired processes) and to understand the

transport in emerging nanoprocesses.
3. Process

Future development of nanomanufacturing relies on a full range of new
processes in addition to the conventional lithographic approaches used in
microelectronics. Further research is required to develop and improve processes
to manipulate and assemble nanoscale elements, such as photo/ion/electron-
assisted nanoprocessing, nanoimprinting, surface nano-structuring, chemically/
thermo-mechanically/optically-driven conjugate processes, and self-replicating
processes. Further research is required to explore the fundamental laws and
concepts governing the transport phenomena in nanomanufacturing.

As important as the experimental approaches, theoretical and numerical
modeling such as molecular-dynamic and ab-initio simulation will be critical tools
in research and development of nanomanufacturing. Further research is required
to gain better understanding of thermal aspects in nanomanufacturing including
melting, solidification, nucleation and stress in material processing at nanoscale.

To understand the scale limit and how to scale up nanoprocess is always
a critical issue in the development of nanomanufacturing. We need further
understanding on how the scale limit is determined by the transport phenomena
and tool parameters. Meanwhile, we need to scale up the nanomanufacturing
methods by combining parallel, serial, and batch processes.

Finally, controllability (how to control and size and shape) and maintaining
nanoness (specific properties associated with nanoscale structures) at multi-

scale are important issues in nanomanufacturing research.
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4. Properties

Transport, mechanical and chemical properties of materials are important
to nanomanufacturing. Theoretical and numerical modeling methods, from
molecular dynamics to multi-scale simulation should be established to predict the
dimensional and temporal dependence of material and structural behaviors in
nanomanufacturing. Computing algorithms should be improved to gain better
efficiency in computational methods.

Property measurements of nanoscale materials and structures will be
required to characterize thermal, optical, electrical, magnetic, mechanical and
chemical properties involved in nanomanufacturing.

Due to the vast amount of information involved in nanoscale properties of
materials and structures, establishment of data-bases pertinent to process
details, structures, phase properties and standards are critically important. This
effort will improve the efficiency in nationwide effort to develop innovative
nanomanufacturing methods. Due to the nature of this effort, government
organizations such as National Institute of Standards and Technology,
universities and industries should be included in the working groups. The final
goal is to establish a free on-line data-base as an infrastructure of

nanomanufacturing.
5. Metrology

Metrology for nanoscale measurement and characterization is the
foundation of nanomanufacturing. We need analytical methods to characterize
compositional and structural properties of nanoscale materials and structures.
Instrumentation needs to be further developed for nanoscale transport
characterization. On-line/real-time monitoring and feedback control will be
required in nanomanufacturing. Design tools including CAD and input interfaces
are needed. New standards need to be established to meet the new
requirements. Modeling of nanoscale metrology needs to be explored to
complement the experimental approaches. In addition, new tools need to be

developed to characterize complicated nanostructures.
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6. Education

Education is an important part in the research and development effort in
nanomanufacturing. The educational effort includes training skilled manpower,
outreach to the public for their understanding. The education effort will be carried
out by different means including cross-disciplinary effort to develop tutorials,

websites, and course materials for undergraduate and graduate students.
7. Services and products (research output)

The research effort in nano-manufacturing will contribute towards
technology and economic development in a large number of areas that includes
nano-composites and coating, logic functional materials/devices, three-
dimensional packaging and interconnection, hybrid-heterogeneous structures
and systems, nano-photonics, nano-electronics, nano-fluidics, as well as

modeling tools for material/structural properties, reliability of assembly.
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6. EDUCATION, HUMAN RESOURCES, AND INFRASTRUCTURE

Group Participants: Thomas N. Farris (Purdue University) (Co-Chair), Lionel M.
Raff (Oklahoma State University (Co-Chair), Jamal Sheikh-Ahmad (Wichita State
University), Yuebin Guo (University of Alabama), Ranga Komanduri (Oklahoma
State University), Karinna M. Vernaza (Notre Dame University), Jim Mason

(Notre Dame University), George Hazelrigg (NSF), Warren DeVries (NSF)

Perceived Problems

1. Lack of United States citizens in graduate engineering and science
programs.

At the present time, the composition of the graduate engineering and
science programs in a large majority of the graduate schools in the United States
is predominately international. Since the international students are generally well
qualified, this situation does not work to reduce the quality of U.S. graduate
programs. However, it raises a red flag of danger for the future. If other
countries should tire of supplying the United States with technical engineering
and science personnel to keep the engines of our technological society running
and erect barriers, the situation could rapidly become grim for this country. Over
and above this pressing consideration is the moral issue that we are not doing a
very good job of training our own citizens in engineering and science. Part of this
problem lies in the failure of the K-12 education provided in the U.S., but some of
the responsibility lies elsewhere.

2. Failure of U.S. universities to adequately integrate research into the
undergraduate curriculum.

This failure is closely linked to the problem involving the lack of U.S.
citizens in graduate programs. Research is where the excitement is. If students
complete an entire undergraduate degree program and never have the
opportunity to work with state-of-the-art research equipment in meaningful
experimental and theoretical research projects, few will be sufficiently excited to
pursue a graduate career in these disciplines. Although some undergraduates

are introduced to research by participation in the programs of individual faculty
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members, the formal structure of many degree plans is woefully lacking in
research experience.

3. The new knowledge required in today's highly technological society is
often not provided in the usual science and engineering curriculum.

Many engineering programs closely adhere to the traditional topics of the
discipline rather than expanding and changing their course offerings to reflect
modern research needs. Examples include the following:

A. Few departments offer courses in molecular dynamics, statistical
Monte Carlo methods, and quantum mechanics. Many departments will insist
that such topics are of no use to engineers. An examination of the papers
presented at this workshop will quickly demonstrate how shortsighted this view
is.

B. While the differential equations describing engineering phenomena are
all presented, there is little emphasis on the physical and mathematical principles
that lead to these equations. Without a firm grounding in these principles,
students will find themselves unable to extend the principles to meet the new
challenges of our society.

C. Many important topics in mathematics are being neglected. These
include group and set theory, probability theory as it relates to logic and decision
making, real and complex variables.

4. Facilities/laboratories that provide hands-on experience and training in
large-scale production/manufacturing are often not available.

It is clear that most departments do not have the financial resources to
provide large-scale production laboratories that concentrate on making more
than a few of whatever device is being investigated. Yet, this is precisely the
experience that is needed by engineers going into the industrial workplace.

5. Entrepreneurial training of scientists and engineers is being neglected.
This is also true of training in economic and marketplace issues.

If our capitalist economic system is to grow and prosper, it is essential that
the individuals who run the engines of our technology have training in these

areas.
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6. There is a general lack of cross-disciplinary efforts.

In many situations, the technical expertise needed to solve pressing
problems in science and engineering is readily available in other disciplines but
that fact is unknown to the very people who are in need of the expertise. As a
result, problems are either not solved or the solution must be delayed until the
persons involved can "reinvent the wheel", so to speak. Conferences and
workshops designed to bring together scientists and engineers in different areas
would help greatly to reduce this problem.

7. If it often hard for new professional faculty to obtain external funding.

The problem here is obvious. Research costs money and new faculty

need help in getting started.

Recommendations to the National Science Foundation

Many of the above problems are very hard to address effectively.
Nevertheless, we need to begin. The panel advances the following
recommendations in order of importance as viewed by the participants.

1. Establish national manufacturing centers for training of students,
postdoctoral fellows, and faculty in new areas such as nanoscience. Funding
should be a joint venture between industry and the National Science Foundation,
perhaps with participation from other agencies of the government. Applications
to conduct studies at these centers should be handled in a manner similar to that
employed to grant time on nationally sponsored supercomputers.

The establishment of such centers would directly impact Problem # 4, as
previously listed. It would assist in the solution to Problems #5 and #6.

2. (Tie vote with 3): Initiate a program that provides direct support (30K to

50 K per year) to U.S. students who wish to pursue graduate studies in

engineering or science in public universities. These students would, in effect, be
"free agents" for whom science and engineering faculty would compete.

The implementation of such a program would directly address Problem #7
in that new faculty would have the opportunity to attract high-quality students
without needing major grants. It would also address Problem #1 by encouraging

more U.S. students to pursue graduate careers in engineering and science.
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3. (Tie vote with 2) Modify the current NSF career development awards by
reducing the period from 5 to 3 years with the possibility of an accomplishment-
based extension for an additional period with additional funding.

Such a program would impact Problem #7. It would also make the
program more effective by requiring productivity as a condition for an extension
of funding.

4. Institute new competitive programs similar to NSF research
instrumentation initiatives, but ones that are aimed at the development of state-
of-the-art undergraduate research laboratories for experimental and theoretical
research.

Such a program would directly address Problem #3. It also has the
possibility of making an impact on Problem #1 by exciting U.S. undergraduates to
enter graduate programs in science and engineering. At present, there is very,
very little financial support for the development of such laboratories.

5. Provide some smaller educational grants to faculty who wish to
collaborate in producing educational materials for interdisciplinary courses that
will encourage expansion of the curriculum and foster interdisciplinary research.

At present, no such funding is available. It need not be large. Summer
support with an additional supplement for supplies would probably be sufficient.
The return on such an investment could be enormous. Such a program has the
possibility of solving a major portion of the problems listed under Problems #3
and #6.
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APPENDIX A

editorial

Proposal for a New Course on the Thermal Aspects of

Manufacturing Processes

It is a welcome opportunity and an honor to prepare this guest editorial on the
Thermal Aspects of Manufacturing, a topic of great personal interest and of significant
importance to the global economy and to share it with our distinguished heat transfer
colleagues around the world. Various manufacturing processes used in the production of
a wide range of products and tribology (friction, lubrication, and wear) applications
account for a significant fraction of GNP. Several hundred billion dollars per year is
consumed in the U.S. alone for these activities. The plastic deformation and/or frictional
energy involved in the above operations manifest as heat energy generating high
temperatures as well as high temperature gradients that can have detrimental effects on
the finished parts as well as on the cutting and forming tools. Consequently, thermal
aspects of manufacturing are a very important activity that can have profound influence
on the optimization of process parameters, the quality and reliability of the parts
produced, and finally the economics of the process itself.

Jaeger, in his classical paper on “Moving Sources of Heat and the Temperature at
Sliding Contacts,” [1] commences his article with the following statement: “Problems
involving moving sources of heat arise frequently in practice in the calculation of
temperatures at sliding or cutting contacts, but despite their importance they have not
been studied systematically.” Similarly, Schneider in his book on Conduction Heat
Transfer [2] points out that the subject of transient heat flow originating from a moving
source of heat has extensive application in sliding friction, internal ballistics, machining,
and numerous metal treatment operations such as welding, casting, quenching, and flame-
hardening. It is clear from the above, the importance of thermal aspects of manufacturing
as a research and a teaching endeavor.

Exact mathematical analysis of moving heat sources using the Fourier's partial
differential equation of heat conduction was developed by Rosenthal in the U. S. from the
mid-1930's to the mid-1940's [3]. For addressing welding problems, Rosenthal introduced
the moving coordinate system and considered quasi-steady state conditions. Around the
same time, Herman Blok of the Netherlands introduced an ingenious principle of heat
partition between a stationary and a moving heat source for the case of sliding friction by
matching the temperature of the two bodies at the interface [4]. He also brought into
focus the importance of flash temperatures in sliding contacts. Jaeger from Tasmania,
Australia developed the mathematical analysis of moving heat sources and the
temperature at sliding contacts using the heat source method in 1942 [1] that became the
basis for much of the analytical work that followed for addressing various manufacturing
processes and tribological problems. Many other researchers extended this work for
various applications.

24



Even though, Heat Transfer is an important part of the mechanical engineering
curriculum (often with three courses — Conduction, Convection, and Radiation), its
application to manufacturing and tribology is generally not addressed in the
undergraduate curriculum. Similarly, many Heat Transfer books including those that limit
the scope to Heat Conduction either cover this topic very briefly or not at all; instead the
emphasis is on the traditional issues in stationary conduction bodies. This by no means is
a criticism either of the course content or the contents of the textbooks but merely a
reflection of certain preferences that were made years ago by the mechanical engineering
community-at-large. The main problem, in an ever growing scientific and engineering
knowledge-base in manufacturing and limited available time due to tight course schedule,
the question arises at to which topics should be included and which should face sun set.
Or, in other words, the problem is one of establishing the priorities. For example,
electronic cooling, a very important topic, is now included in the course curriculum.
Similarly, it is our hope that thermal aspects of manufacturing and tribology will also be
considered by our distinguished colleagues for inclusion as part of the course curriculum,
as a minimum, if not as a new elective course.

At Oklahoma State University (OSU) we have been actively engaged in research
on the thermal aspects of manufacturing and have been investigating a range of
manufacturing processes and tribological applications, including, welding [5,6], laser
transformation hardening of gears [7], high-speed machining [8], temperature distribution
due to shear plane heat source and the frictional heat at the chip-tool interface in
cutting [9-11], polishing [12-14], general solutions [15], and tribological problems, such
as sleeve bearings [16] and sliding systems [17]. My distinguished colleague, Zhen Bing
Hou, a Visiting Professor at OSU and originally from Shanghai, China is an active
collaborator with strong background in heat transfer. While one researcher can master
both manufacturing and heat transfer aspects of manufacturing as we sometimes
encounter in the literature, it appears that a right collaboration between two researchers
one with expertise in manufacturing and the other with heat transfer may be an
appropriate alternative. Many funding agencies also encourage such collaboration for
they believe significant advances can be made with collaboration. A case in point and one
that is familiar to me, is the classical work of BT Chao and Ken Trigger of the University
of Illinois at Urbana, IL in the 1950's and 1960's that resulted in outstanding research on
the thermal aspects of machining. My collaboration with Professor Hou, though not at the
same level as that of Chao and Trigger, is somewhat similar.

We recently developed a one semester graduate course on Thermal Aspects of
Manufacturing and Tribology based entirely on Jaeger's classical heat source method and
would like to briefly share the scope with you with the hope that similar courses will be
introduced at other institutions in the U.S. as well as abroad. The course comprises of the
following: 1. Introduction to the thermal aspects of manufacturing, 2. Fundamentals of
various manufacturing processes, 3. Fundamentals of heat transfer, 4. Fundamentals of
heat conduction, 5. Various analytical methods for solving temperature field problems,
such as solutions by partial differential equations (PDE) method, separation of variables
method, Fourier transform method, Laplace transform method, and Bessel function
method. They provide a wide range of methods to solve the PDE of heat conduction with
their associated complexities, advantages, and limitations, 6. Principles of the moving
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heat source theory. Topics covered include moving coordinate system, quasi-steady state,
and flash temperature and flash times, 7. Application of the heat source method to
address a range of stationary and moving heat source problems, including instantaneous
and continuous heat sources as well as point, line, band, and plane heat sources,
8. General solutions for addressing a range of stationary and moving heat sources of
various shapes and heat intensity distributions, 9. Boundary effects and image heat
sources, 10. Principles of heat partition between two bodies of which one is stationary
and the other moving relative to the first. Functional analysis approach is used to address
variable heat partition problems, 11. Numerical techniques, such as finite difference and
finite element methods (FEM) used in solving temperature field problems,
12. Experimental methods for the measurement of heat and temperatures generated in
various manufacturing processes and tribological applications including thermocouples —
the embedded thermocouple and the dynamic thermocouple (or the chip-tool
thermocouple in the case of cutting); infra-red photography; infrared optical pyrometers;
thermal paints; materials of known melting temperatures, either in the powder form, or,
as a thin film; and change in microstructure with temperature in the case of high-speed
steel tools, and finally 13. Application of the heat source method for solving a wide range
of thermal problems encountered in various manufacturing processes and tribology
including problems in welding, laser transformation hardening of gears, temperature
distribution in the chip, the work material, and the tool due to shear plane heat source and
the chip-tool interface frictional heat source, high-speed machining of difficult-to-
machine materials, polishing, and tribological applications of siding surfaces. There are
numerous other applications that can be included, such as the temperature distribution in
finish grinding, creep feed grinding, abrasive cut-off grinding, metal forming operations
as well as temperature distribution in many non-traditional machining operations, such as
electrical discharge machining, laser machining. In addition to the course work, the
student works on a term project on one application of thermal aspects of manufacturing
processes or tribological applications. This way, the student is prepared to apply the
theory learned immediately.

In view of the significant importance of manufacturing and tribology in everyday
life, it is our humble opinion that students of mechanical engineering should be
adequately trained to address the thermal aspects of manufacturing and tribology, perhaps
either as an optional course or include a substantial portion of this material in the course
on Conduction Heat Transfer. A graduate course on Thermal Aspects of Manufacturing
would no doubt be a welcome addition to graduate students specializing in manufacturing
and tribology and would also provide the necessary background for an appreciation of the
physics of these processes. In conclusion, it is hoped that our distinguished colleagues
would examine this proposal and consider it for adoption in the curriculum. I will be glad
to share our experience and participate in developing similar courses at sister institutions.
I can be reached by phone: (405) 744-5900 or Fax: (405) 744-7873, or e-mail:
ranga(@ceat.okstate.edu.

Ranga Komanduri
Stillwater, Oklahoma
Contributing Editor
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Monday, June 9, 2003

6.00 — 8.00 p.m.

Tuesday, June 10, 2003

8.00 — 8.45 a.m.

8.45-10.00 a.m.

10.00 - 10.30 a.m.

10.30 - 12.30 a.m.

APPENDIX B
Program for the Workshop

WELCOME and PRE-REGISTRATION
Hampton Inn & Suites

REGISTRATION

Introductory Remarks

Welcome to OSU — President, OSU

Dr. Karl N. Reid, Dean CEAT, OSU

Dr. W. DeVries, Division Director, DMII, NSF

Dr. G. A. Hazelrigg, Program Director, DMII, NSF
Dedication of the Commemorative Volume

Remarks by Dr. B. F. von Turkovich

2003 SME Jiri Tlusty Outstanding Young Manufacturing
Engineer Awards

Dr.Mallika Kamarajagadda, Seagate Technology,
Minneapolis, MN

Ms. Sujatha lyengar, Saint-Gobain Abrasives, Worcester,
MA

Dr. Naga Chandrasekaran, Micron technology Inc, Boise,
ID

Charge to the Workshop participants — Ranga Komanduri

BREAK

MACHINING -1

Session Chairs: R. Komanduri and Shiv Kapoor

“Thermo-Mechanical Aspects of Chip Formation”
B. F. von Turkovich, University of Vermont, Burlington, VT

‘Effect of Thermo-Physical Properties of Interface on the Temperature
Distribution in Machining Ti-6Al-4V”
R. Shivpuri and J. Hua, Ohio State University, Columbus, OH

“‘On the Role of Microcracking in the Flow Instability During the
Machining of CP Titanium”
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J. Y. Sheikh-Ahmad, Wichita State University, Wichita, KS, and V.
Quarless and J. Bailey, North Carolina State University, Raleigh, NC

“‘Modeling Temperature Difference Between Work and Tool Along the Flank Face
in Orthogonal Turning”

P. K. Wong and P. Kwon, Michigan State University, East Lansing, Ml
10.30 — 12.30 a.m. NANO MANUFACTURING -1
Session Chairs: J. Majumdar and A. Chandra

“Experimental Analysis of Deformation Mechanisms and Thermal Cycling During
Micro and Nano Surface Machining of Ductile Materials”
A. F. Bastawros and A. Chandra, lowa State University, Ames, I1A

“‘Nanomanufacturing Using Laser-Induced Optical Resonance in Microspheres”
Y. F. Lu, University of Nebraska, Lincoln, NE

“Nanostructure Fabrication by Laser-Assisted Scanning Probe Microscope”
J. Shi and Y. F. Lu, University of Nebraska, Lincoln, NE

“Fabrication of Hemispherical Arrays on Silicon Substrate Using Laser-Assisted
Nanoimprinting”

L.P.Li,Y.F. Lu,D. W. Doerr, D. R. Alexander and J. C. Li, University of
Nebraska, Lincoln, NE

12.30 — 1.45 p.m. LUNCH
2.00 - 3.30 p.m. MACHINING -2
Session Chair: B. F. von Turkovich

“Measurement of Temperature Field at the Tool-Chip Interface in Machining”
V. Narayanan, K. Krishnamurthy, J. Hwang, S. Chandrasekar and T.
N. Farris, Purdue University, West Lafayette, IN, and V. Madhavan,
Wichita State University, Wichita, KS

“Simultaneous Visual and Infrared Imaging for Improved Machining Methods”
R. W. Ivester and E. W. Whitenton, National Institute of Standards and
Technology, Germantown, MD

“‘Experimental Investigation of the Temperature Fields Generated During
Orthogonal Machining”

K. M. Vernaza-Penha, J. J. Mason and T. C. Ovaert, University of Notre
Dame, Notre Dame, IN and M. Li, Alcoa Technical Center, Pittsburgh, PA
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2.00 - 3.30 p.m. NANOMANUFACTURING -2
Session Chairs: T. Shirakashi and A. Malshe

“A Novel MEMS-based Machining System for Nano Mechanical Machining”
A. Malshe, C. O'Neal, and N. Joshi, University of Arkansas, Fayetteville,
AR

“‘Femtosecond Materials Processing and Nanomachining”
C. P. Grigoropoulos, A. Chimmalgi, T. Choi, D. Hwang and A.
Panayotopoulos, University of California, Berkeley, CA

“Modeling laser-assisted chemical etching of BSG for micromachining of
MEMS structures,*
James S. Hammonds Jr., The City College, New York, NY, and Mark A.
Shannon, University of lllinois at Urbana-Champaign, IL

3.30-4.00 p.m BREAK
4.00 - 6.00 p.m. NUMERICAL SIMULATIONS
Session Chairs: O. Dillon and L. M. Raff

“‘FEM Analysis of Orthogonal Cutting Using Round Nosed Tools”
O. Dillon, University of Kentucky, Lexington, KY

“‘Numerical Investigation of Heat Partition in Machining Using Finite Element
Analysis”
H. Adibi-Sedeh, R. He, and V. Madhavan, Wichita State University,
Wichita, KS

“Molecular Dynamics Simulation of Thermal Effects and Material Removal in the
Ultra Precision Machining of Copper”
Y. Y. Ye, R. Biswas, J. R. Morris, A. Bastawros and A. Chandra, lowa
State University, Ames, IA

“Monte Carlo Simulation of Nanometric Cutting”
R. Narulkar, L. M. Raff, and R. Komanduri, Oklahoma State University,
Stillwater, OK

‘Large Scale Molecular Dynamics Investigation of Laser Materials
Nanomanufacturing”
Xinwei Wang, The University of Nebraska, Lincoln, NE

4.00 - 6.00 p.m. NANOMANUFACTURING -3
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Session Chairs: Y. F. Lu and C. P. Grigoropoulos

‘Femtosecond Laser Ablation: Challenges and Opportunities”
L. Jiang and H. L. Tsai, University of Missouri-Rolla, Rolla, Missouri

“Concentrating Light in a Nanometric Domain and Its Engineering Applications”
Xianfan Xu, Purdue University, West Lafayette, IN

“‘Marangoni Effect in Nanosphere-enhanced Laser Nanopatterning of Silicon”

Y. Lu, and S. Theppakuttai, and S.C. Chen, University of Texas, Austin,
™

‘A Study of Laser-Materials Interaction Using Self-Consistent Laser Drilling

Model,”
H.S.Ki, D.Lim and J. Mazumder, University of Michigan, Ann Arbor, MI

6.30 p.m. OPENING RECEPTION

Wednesday, June 11, 2003

8.30-10.30 a.m. GRINDING -1
Session Chairs: B. M. Kramer and Steven Liang

“Analysis and Measurement of Grinding Temperatures”
I.Hanna, GM Powertrain Division, S. Kompella, GE Superabrasives, T. N.
Farris and S. Chandrasekar, Purdue University, West Lafayette, IN

“On the Mechanics of the Grinding Process”
Z. B. Hou and R. Komanduri, Oklahoma State University, Stillwater, OK

“Thermal Aspects of Abrasive Grain Machining Processes — Chip Formation with

Large Negative Rake”
Y. Ohbuchi, Kumamoto University, Kumamoto, Japan, and T. Obikawa,

Tokyo Institute of Technology, Tokyo, Japan
‘A Preliminary Study of Chemical Solubility of Ultrahard Ceramic AIMgB14 in
Titanium and Ti-6Al-4V: Reconciliation of Model with Experiment,”

D. G. Bhat, V. M. Bedekar and S. A. Batzer, University of Arkansas,
Fayetteville, AR

8.30-10.30 a.m. NON-TRADITIONAL MACHINING -1
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Session Chairs: Y. L Yao and R. Shivpuri

“Thermal Aspects in Laser Materials Processing”

Y. Lawrence Yao, Hongqiang Chen, Columbia University, New York, NY
and W. Zhang, G.E. Global Research Center, Nishkayuna, NY.

“Thermal Modeling of EDM and ECM”
K. P. Rajurkar, University of Nebraska-Lincoln, NE; J. Kozak, Warsaw

University of Technology, Poland; and H. Ramasamy, University of
Mauritus, Maritius.

“Surface and Sub-surface Quality in Electrical Discharge Machining of Steel”

P. Bleys, J.-P. Kruth, B. Lauwers, and B. Schacht, Katholicke
Universiteit, Leuven , Belgium

“Striation Phenomena in Oxygen-Assisted Laser Cutting of Steels”
A. Joardar and H. L. Tsai, University of Missouri-Rolla, Rolla, MO

10.30 — 11.00 a.m. BREAK

11.00 — 12.30 p.m. HARD/BRITTLE MATERIALS -1

Session Chairs: M. Yoshino and R. W. Ivester

“‘Mechanistic Understanding of Material Detachment During CMP Processing”
W. Che, A. Chandra, and A. Bastawros, lowa State University, Ames, IA

“Effects of Hydrostatic Stress and Thermal Aspects on Machining Defects of
Hard Brittle Materials”

M. Yoshino, S. Aravindan and Y. Ogawa, Tokyo Institute of Technology,
Tokyo, Japan

“‘Decomposition of Thermal and Mechanical Effects on Microstructure and
Hardness of Hard Turned Surface”

Jing Shi and C. Richard Liu, Purdue University, West Lafayette, IN

“‘Advanced CBN-TiN Composite Coatings for Hard Turning Applications”

A. S. More, W. Jiang, and A. P. Malshe, University of Arkansas,
Fayetteville, AR

12.30 - 1.45 p.m. LUNCH

2.00 - 3.30 p.m. GRINDING - 2

Session Chairs: K. Rajurkar and S. Chandrasekar

34



“Thermal Aspects in Grinding of Silicon Wafers”
Z. J. Pei, Kansas State University, Manhattan, KS, A. Strasbaugh,
Strasbaugh inc., San Luis Obispo, CA., and T. Puthanangady, Saint-
Gobain Inc., Worcester, MA

“Nano Indentation of Thermally Treated Hard Brittle Materials”
S. Aravindan, M. Yoshino and N. Fuji, Tokyo Institute of Technology,
Tokyo, Japan

“Thermal Analysis of Fine Grinding”
Z. B. Hou and R. Komanduri, Oklahoma State University, Stillwater, OK

“‘How Much is the Energy Flowing Rate to Work in Surface Grinding?”
T. Shirakashi, Tokyo Denki University, Tokyo, Japan

2.00 - 3.30 p.m. NON-TRADITIONAL MACHINING -2
Session Chairs: D. Durham and Richard Liu

‘Parametric Study of Temperature Distribution in Electro-Discharge Diamond
Grinding”
V. Yadava, Motilal National Institute of Technology, Allahabad, India, V.
K. Jain and P. M. Dixit, Indian Institute of Technology, Kanpur,U.P., India

“Effects of Coolant in Rotary Ultrasonic Machining of Ceramic Materials”
Ping Hu, Xuekun Sun and Z. J. Pei, Kansas State University, Manhattan,
KS

“Some Aspects of Micromachining of Silicon and Glass by an Excimer Pulse
Laser Deposition”
K. L. Choo, Y.Ogawa, G. Kanbargi, L. M. Raff, and R. Komanduri,
Oklahoma State University, Stillwater, OK

‘Combined Research and Curriculum Development:  Non-traditional
Manufacturing”
Y. Lawrence Yao, Columbia University, New York, NY; K. P. Rajurkar,
University of Nebraska-Lincoln; R. Kovacevic, Southern Methodist
University, Dullas, TX; and W. Zhang, G. E. Global Research Center,
Nishkayuna, NY; and Jin Cheng, Washington State University

2.00 - 3.30 p.m. BRITTLE MATERIALS -2

Session Chairs: T. N. Farris and A. J. Shih
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“Temperature Measurement in Ceramic Grinding, Machining of Bulk Metallic
Glass, and Electrical Discharge Machining”
J. Kong, M. Bakkal, S. F. Miller,and R. Scattergood, North Carolina
State University, Raleigh, NC, and A. J. Shih, University of Michigan, Ann
Arbor, Ml

“‘Hard Turning versus Grinding — A Comparative Study of the White Layer
Properties”
Y. B. Guo and J. Sahni, University of Alabama, Tuscaloosa, AL.

“Thermal Analysis of the Cut-off Operation”
Z. B. Hou and R. Komanduri, Oklahoma State University, Stillwater, OK

3.30 -4.00 p.m. BREAK

4.00-6.00 p.m. Charge to Various Groups and Identification of Research
Needs
1. Analytical Aspects — B. F von Turkovich and A. Chandra (NSF: D.
Durham)
2. Numerical modeling/Simulation — A. J. Shih and T. Shirakashi (O.
Dillon)
3. Experimental Techniques - S. Chandrasekar and R. W. Ivester (NSF: B.
M. Kramer)
4, Nano Manufacturing - Y. F. Lu and C. P. Grigoropoulos (NSF: C. C.
Doumanidis)
Non-traditional machining — R. Kovacevic and J Mazumder
6. Education, human resources, and infrastructure — L. M. Raff and T. N.
Farris (NSF: G. Hazelrigg and W. DeVries)

6.15 p.m. BANQUET

Thursday, June 12, 2003

8.30 - 10.00 a.m. Concurrent Sessions — Research Needs

10.00 — 10.30 a.m. BREAK

10.30 - 12.00 a.m. Presentation of Research Needs and Discussion
12.00 noon LUNCH
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